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1 | INTRODUCTION

The importance of electron-positron (e-p) plasmas has been realized in many natural space environments, such as the
Milky Way, neutron stars, pulsar magnetosphere, and active galactic nuclei, as well as in intense laser field plasmas.!'->!
The presence of ions in astrophysical e-p plasmas and positron injection in usual electron-ion (e-i) laboratory plasmas
would result in the formation of electron-positron-ion (e-p-i) plasmas.[®8] The e-p-i plasmas have remained one of the
most studied areas in the plasma physics community for the last couple of decades. Several studies have been devoted to
non-linear electrostatic waves in e-p-i plasmas,|°* and it has been well established that wave propagation is considerably
modified by the presence of positrons in e-i plasmas.[15-17]

Ion-acoustic solitary (IAS) waves have been the most studied plasma waves in collisionless e-i plasmas since the 60s,
beginning with the seminal work of Washimi and Taniuitil’8!, who derived the Korteweg-de Vries (KdV) equation for
these waves. Later, a non-linear ion-acoustic (IA) wave was investigated in e-p-i plasmas, and it was found that the addition
of positron as a third component in a plasma with singly charged ions and Boltzmannian electrons supressed the soliton
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amplitude.l'®] In another study, the effect of ion temperature has been investigated for arbitrary amplitude IAS waves, and
it was found that soliton amplitude decreases, but there is an increase in upper Mach number with enhancement in ion
temperature. 2] El-Awady et al.[?!] studied IA waves in non-Maxwellian e-p-i plasmas, both in small and finite amplitude
limits, in which kappa distribution was used to model both electrons and positrons. Several studies on non-Maxwellian
plasmas have shown that wave characteristics change significantly due to the presence of non-thermal distributions and
provided a better insight into the underlying physical processes.[?2-20]

Kappa distribution has been used extensively to study various electrostatic and electromagnetic non-linear waves in
astrophysical and space plasmas and is characterized by the spectral index x, which basically models the particles with
velocities greater than the thermal velocity. A smaller value of « signifies a larger number of high-energy particles in the
distribution and vice versa. In the large kappa limit, the kappa distribution tends to become Maxwellian distribution.[2”]
Vasyliunas!?3! was the first who proposed kappa distribution to model the magnetospheric electrons. It has been observed
that, for Earth’s foreshock and planetary magnetospheres, it has values 3 < x <6 [29], and in solar wind, its values lie
between 2 < « < 6.130-31] In addition to space plasmas, kappa distribution has also been observed in laboratory plasmas,
such as in laser-matter interaction.[*?] It has been shown that the presence of super-thermal particles predominantly mod-
ifies the IA shocks.[33! Studies on IA waves in arbitrary amplitude limit have shown that the solitary wave characteristics
are modified due to the presence of non-thermal particles.[23-2434-3¢]

In recent years, a more general distribution function has successfully been used to model the observed non-thermal
particle distributions known as the generalized (r, q) distribution function.[?5-26:37] In the last decade, Qureshi et al.,[*! in
their pioneering work, empirically formulated this distribution function to fit the observed flat top in the particle veloc-
ity distribution profiles, which could not otherwise fit, by using other non-Maxwellian distribution functions. The (r, q)
distribution not only gives flat tops but also models spikes at low energies along with the modelling of high-energy parti-

cles. The (r, g) distribution function is the generalizes of the Druyvesteyn-Davydov distribution f « exp[—(V? /vfh)’], the
—(k+1)

Maxwellian distribution f o exp[—(?/ vfh)], and the power law kappa distribution f o |1 + ‘;—vz , and in the limit-
KV

ing cases (r>0,q - o), (r=0,q - o), and (r =0, g — (x + 1)) reduces to Druyvesteyn-Davydov, Maxwellian, and kappa
distributions, respectively. The (7, q) distribution has successfully been applied to interpret density humps and depletion
non-linear structures while studying electrostatic solitary waves in a series of papers.[?23] Saba et al.[23-30:40] studied linear
and non-linear kinetic Alfven waves and their coupling with IA waves and successfully applied their results to interpret
the observations of non-linear structures in space plasmas. In a simulation study, Khalilpour!*!! modelled a hot electron
beam with (r, q) distribution to simulate Langmuir waves in plasmas. As (r, q) distribution has been successfully used
to model electron distributions from space plasmas and can mimic other distributions by altering the values of r and g,
we will use this distribution in this paper, along with kappa distribution, to investigate the propagation characteristics of
IAS structures in e-p-i plasmas. A more general study in which both electrons and positrons will be considered to be (7,
q) distributed is out of the scope of this first basic study and is left for future investigation.

2 | MODEL EQUATIONS

The non-linear propagation of IAS waves has been considered in e-p-i plasma. The model comprises unmagnetized, col-
lisionless e-p-i plasma in which electrons are modelled by (7, q) distribution and positrons by the kappa distribution
function. The non-linear dynamics of IA waves in one dimension are considered by the following model equations:

on;  o(mvy)
e =0, 1
ot o0x @
av,- dvl- od
— +vy—+—=0, 2
ot T Vox T ox @
0*d
oz e +n;+n, =0. (3)

kyT,

1
In the above set of Equations (1)—(3), v; is the ion fluid velocity normalized by vy = ( >2; T, is the electron tem-

i

perature, and kg is the Boltzmann’s constant; and »n., n;, and n, are the electron, ion, and positron densities, respectively,
1

normalized by the unperturbed electron density. The time ¢ and space coordinate x are normalized by w,™ = ( o ) ’
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and Debye length Ap = 4/ 4’;’;22, respectively. The electrostatic potential @ is normalized by kBTT and the equilibrium
0
condition is n. = npo + nyo.

Electrons are assumed to follow the (r, q) distribution function for which the total electron density can be written
[22,36]
as

ne = (1+ Ay @ + By @), )
where
(g—1) am» <2(1+r)> r <q 2(1+r)>
Ay = C (3
r <2(1+r) > r q9- 2(1+r) >
3g-1am T (1 2<1+r>> r ( 2(1+r>>
qu = 8 C2 l" F > (6)
(1 + 2(1+r)> ( 2(1+r)>
and
sa-vefy 2 ]r]
C= 242 r 242 r (7)

5
ZF[q— 2+2r] lﬂ[2+2r]

We note that the spectral indices r and g follow the conditions g > 1 and (1 +r) > 5/2, [3¢-° and constants A,; and
By, reduce to A,y = 1 and B,; = 1/2 and A,y = A, and B,; = B, for the Maxwellian and kappa values (given below),
respectively.[2436]

Kappa distribution is used to model the positrons!*?), as follows

—k+1/2
O ®)
(x-3)
By expanding the above Equation (8) in the limit ® « 1, we obtain
n,=p(1—35A, ®+5*B, ®?, 9)
where § = ;—pp = Z—";’ A = 2:33,{ = % and the limit on kappa is « > %
3 | SOLITARY SOLUTIONS
3.1 | Amplitude Limit
The KdV equation is derived by using the following stretched coordinates
E=¢i(x— Abandr = e:t, (10)

where A is the linear phase velocity, and strength of non-linearity is measured by € (0 < € < 1). The dependent quantities
n;, v, and @ in perturbed form can be written as:

=1-p +en +en+ ..., (11)



40f16 Contributions to KOUSER ET AL.
Plasma Physics

Vi=Vo+ev + W+ ..., (12)
P=eD +2Dy+ ..., (13)

Upon using Equation (9) and the above perturbed quantities of Equations (10)-(12) in the set of Equations (1)-(3), by

collecting terms in the lowest order in “c”, we get
(1-pw
= 14
m (A=) (14)
D,
_ ’ 15
%! A=) (15)
np
oy=— . 16
' (Ag+pAc0) (e
For the next order in €, we obtain the following set of equations
0n1 ()nz 0v2 0(n1v1)
—L _A-vw)—=+A-p—=+—E =0, 17
5, VO)ag ( p)a5 oF a7)
()Vl 01)2 0\)1 0@2
— —(A=V)—= +V— +—==0, 18
I ( VO)ag V1a§ o7 (18)
0*®, 2. 2
o :(Arq+pAK5)(D2_n2+(qu_pBK5)‘I)l . (19)

We solve the above Equations (16)—(18) to eliminate second-order quantities in @ and yield the following KdV equation
in ®;:

@ o2 00
901 | (IR 507Dy

or % e PE (20)

is the dispersion coefficient.

— 3 . . . — 3
where a = 1 ( 3 _ U (Byg — p B, 6?) ) is the non-linear coefficient, and f = Gt

2\ 2(4-v ) (1-p) 2(1-p)
Upon introducing the new variable # = (¢ — u 7), where u is the velocity of the non-linear structure, we write the solution

of KdV Equation (19) as

® = B, Sech? [%] . (1)

o

Here A = 4/ % is the width, and ®,, = 3 s the amplitude of the soliton.

3.2 | Arbitrary amplitude solitary waves

In the previous section, we have applied the reductive perturbation technique and derived the KdV equation to study
the ion-acoustic solitons. Solitary solution of the KdV equation gives us only small-amplitude non-linear structures, and
we could not obtain arbitrary amplitude solitary structures, which can allow us to investigate other kinds of non-linear
structures. Such fully non-linear structures have been studied in e-p-i and dusty plasmas.[**-*7] Therefore, in this section,
we study the arbitrary amplitude solitary waves and assume that all the dependent variables depend on a single variable
n = x— Mt. Here, M is the Mach number, which is defined as the moving speed of the non-linear structure normalized
by acoustic speed. By solving and integrating Equations (1) and (2) by using the boundary conditions n; = (1 — p), n, = p,
n.— 1,v; — 0, and ® - 0 when # — + oo, we can obtain the ion number density as follows:

n; = —(1 _p) . (22)

20
V1i-az



KOUSER ET AL. Contributions to 50f16
Plasma Physics
Upon using Equations (4), (9), and (21) in Equation (3), we can obtain
2 1- oV (®
0_;’=(p_1)—(A,q+p5AK)cb+(B,q—pazBK)d>2+ a-p __ a;). (23)

20
) P
M?2

The above equation is analogous to the particle in a one-dimensional potential well, where V(®) is the pseudopotential
or Sagdeev potential. Integrating Equation (22) once using the same boundary conditions given above, the energy integral
can be obtained as

2
%(%’) + V(@) =0, (24)

and the Sagdeev potential has the following form:

V(@) =(p-1)® - %(A,q +p8AND* — %(qu —p %> B)®* + M*(1 - p) <1 —4/1- %) ) (25)

In order to obtain a soliton solution, Sagdeev potential Equation (25) must satisfy the following conditions:

V@lpeo =0 V' @lpp=0 V"(@)y, <0

V(®)|peo, =0 V’(q>)|¢=q,m >0, (26)

where ®,, is the maximum value of potential. From the above Equation (26), Mach number M must fulfil the following
condition to obtain a soliton solution from Equation (25).

1-
M>[—P 27)
Arg+pd A

4 | NUMERICAL RESULTS

Numerical analysis of the solitary wave solution (Equation (20)) for the KdV Equation (19) is presented in this section.
We note that, in all the following figures, change in spectral indices r and g corresponds to the electron distribution, and
a change in « corresponds to positron distribution except in Figure 2, where we will consider kappa-distributed electrons
to be the limiting case. Figure 1 depicts the hump soliton profiles for different values of x = 2, 3, 20 for fixed values of
r =1, g = 2, except for the soliton shown in red, where k¥ = 2 and r = 4, g = 2, which corresponds to a flat top electron
distribution as the flatness of the distribution increases when r increases. From Figure 1, we can see that the soliton
becomes taller and wider with the increase in kappa index, that is, positrons tend to behave in a Maxwellian manner, and
electrons exhibit a flat top nature. We can also note that the amplitude and width increase when the flat top nature of the
electron distribution becomes more prominent, that is, spectral indices take the value r = 4, ¢ = 2 even if the positrons
exhibit a maximum high-energy tail, that is, when x = 2.

Figure 2 shows the ion acoustic hump solitons when positrons are considered kappa distributed with a fixed « = 20,
and electrons are also considered to be kappa distributed with « = 2, 3, 20, except the soliton in red where electrons are
considered (7, q) distributed with r = 4, g = 2, which corresponds to a greater flat top electron distribution. It is evident
from Figure 2 that a soliton becomes taller and its width becomes wider as the kappa increases when electrons follow the
kappa distribution. However, when electrons are considered (r, q) distributed, both width and amplitude remain larger
than the kappa case. Moreover, we only obtain compressive solitons for the cases of Maxwellian and kappa distributions.

Figure 3 depicts the maximum amplitude of hump solitons versus kappa index for different values of r =1, 2, 3, 4, and
q = 2. From Figure 3, we can see that the soliton’s amplitude remains maximal for a larger value of r, which corresponds to
a more flat top nature of the electron distribution. It is also evident from Figure 3 that the soliton becomes taller as kappa
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FIGURE 1 Ion-acoustic hump solitons
when r =1, g = 2 except for soliton in red, for

which r = 4, g = 2 and different values of
kappa k =2, 3, 20 and x = 2. The other
parametersareu =0.1,p=04,6 =1

FIGURE 2 Ion-acoustic hump solitons
when x = 2 for positrons in all solitons and

kK =2,3,20 and r =4, g = 2 for electron
distribution. The other parameters are

4 u=01,p=04,6=1

FIGURE 3 Maximum amplitude of

compressive solitons versus kappa for

2 4 s s 0 12 e different values of » =1, 2, 3 and 4 when
K q=2,u=01,p=04,6=1
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FIGURE 4 Maximum amplitude ‘
of compressive solitons versus kappa for t
different values of ¢ = 2, 3, 5 and 20 0-28
whenr=1,u=0.1,p=04,6=1
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FIGURE 5 Maximum amplitude 08
of compressive and rarefactive ’
ion-acoustic solitons versus kappa for =-03
different negative values of 06k |
r=-0.1,-0.2,- 0.3 and — 0.4 when b r=-0.2
qg=5u=01,p=04,6=1 [
0.4
@y
ool / ]
0.0k r=-0.1 ]
r=-04
-02+ .
| | | | |
2 4 6 8 10 12 14
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increases, but the increase is much sharper for 2 < k¥ < 6, after which the increase in amplitude levels off. Figure 4 depicts
the maximum amplitude of the IA hump solitons versus kappa index for different values of g = 2, 3, 5, 20, and r = 1. From
Figure 4, we can see that the soliton’s amplitude remains maximum for larger values of q, which shows that electron
distribution tends to behave in a Maxwellian way. It can also be seen from Figure 4 that the soliton becomes taller with the
increase in kappa, but again, the increase is much sharper for 2 < k¥ < 6, after which the increase in amplitude becomes
almost constant. A comparison of Figures 3 and 4 shows that the change in maximum amplitude is less significant with
the change in g than with the change in r.

Figure 5 depicts the maximum amplitude of solitons versus kappa for different negative values of
r=-0.1,-0.2,-0.3,-0.4 and g = 5 and portrays a very interesting result that cannot be shown in Maxwellian- or
kappa-distributed plasmas. From Figure 5, we can see that soliton switches its polarity from positive to negative when the
negative value of r increases, that is, electron distribution has more of spiky nature. We can note that, for the fixed value
of k, the maximum amplitude of compressive soliton increases as the negative value of r increases, and then, its polarity
changes when —0.3 <7 < — 0.4 for the particular value of g = 5; for other values of g, the soliton may change its polarity
for different values of r, which is evident from the condition q(1 + r) > 5/2. Figure 6 depicts the maximum amplitude of
the rarefactive solitons versus kappa index for different values of g = 5, 7,9, 11 and r = — 0.4. It is evident from Figure 6
that the maximum amplitude of rarefactive soliton increases when the value of g increases, that is, high-energy tail of the
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0.0 — — — — — — ‘ FIGURE 6 Maximum amplitude
| — q=5 7 of rarefactive solitons versus kappa for
different values of g = 5, 7,9 and 11,

q=7 § whenr= -04,u=0.1,p=04,6=1

q=9
q=1
1 1 1
10 12 14
FIGURE 7 Maximum amplitude
of compressive solitons versus kappa for
different values of positron
concentration p =0, 3, 0.4, 0.5, 0.6
whenr=1,9g=2,u=0.1,6=1
| | | | | 1 1 | 1 1 |
2 4 6 8 10 12 14
K

electron distribution becomes less significant. We can see that the change in maximum amplitude of rarefactive soliton
is more significant for larger values of q and for smaller values of «.

Figure 7 depicts the maximum amplitude versus kappa index for different values of positron concentration p = 0.3,
0.4, 0.5, 0.6 when r = 1, g = 2. We can see that, for a fixed value of x, the maximum amplitude of compressive solitons
remains higher for the lower positron concentration. For the fixed value of positron concentration, maximum amplitude
of compressive solitons increases with kappa, and this increase is significant for 2 < ¥ <8, after which an increase in
amplitude becomes almost constant. Figure 8 shows the maximum amplitude of the rarefactive IA solitons versus kappa
index for different values of positron concentration p = 0.3, 0.4, 0.5, 0.6 when r = — 0.4, ¢ = 5. We can see that, for
the fixed value of x, maximum amplitude of rarefactive solitons increases with the increase in positron concentration
in contrast to Figure 7, where it increases with the decrease in concentration. We can also see that, for a fixed value of
positron concentration, the maximum amplitude of compressive solitons decreases with an increase in kappa index, and
this increase is significant for 2 < k <4, after which the decrease in amplitude becomes almost constant.

Figure 9 depicts the maximum amplitude of the compressive ion-acoustic solitons versus kappa index for different
values of electron to positron temperature ratio 6 = 0.98, 1.0, 1.02 when r = 1, g = 2 for electrons. We can see that, for the
fixed value of «, the maximum amplitude of compressive solitons increases with the increase in positron temperature.
Moreover, for a fixed value of temperature ratio, the maximum amplitude of compressive solitons increases with the kappa
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FIGURE 8 Maximum amplitude ool ‘ ‘ o o ‘ ‘ ‘ b o
of rarefactive solitons for different values ’
of positron concentration p =0, 3, 0.4,

0.5,0.6 whenr= —0.4,q=5,u=0.1, -0.05 f

6=1 F p=0.4
_ p=05

-0.10r ' ,
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FIGURE 9 Maximum amplitude 026 [ ]
of compressive solitons versus kappa for - ]
different values of electron to positron
temperature ratio § = 0.98, 1.0 and 1.02 r — /
whenp=04,r=1,g=2,u=0.1 0.24 )
3 4
L 6=0.98
0.22
b, b 6=1.0
6=1.02
0.20
0181 | 8
2 4 6 8 10 12 14
K

index, and this increase is significant for 2 < k¥ < 8, after which the increase in amplitude becomes almost constant. We
also investigated the effect of positron temperature on the maximum amplitude of rarefactive solitons for the negative
value of r and found that, for the fixed value of x, the maximum amplitude of rarefactive solitons increases with the
decrease in positron temperature as shown in Figure 10, in contrast to the compressive solitons (Figure 9). We can also
see that, for the fixed value of temperature ratio, the maximum amplitude of compressive solitons decreases when kappa
increases.

Sagdeev potential and corresponding solitons are plotted in Figures 11-16, for which Equation (27) allows us to obtain
subsonic and supersonic solitary structures. Figure 11 shows the Sagdeev potential and corresponding soliton structures
for different values of ¥ = 2, 3, 7 when M = 0.8. We can see that solitons become taller, but their width decreases as
decreases. Figure 12 shows the Sagdeev potential and corresponding soliton structures for different values of x =2, 3, 7
and for supersonic Mach number M = 1.2. We can see that solitons become taller, but their width decreases as x increases
in contrast to the subsonic case shown in Figure 11.

Figure 13 depicts the solitary structures for different values of Mach number ranging from subsonic to supersonic for
the positive value of r. It can be seen that solitons become taller, and their width increases with the increase of Mach
number from subsonic value to supersonic value. Figure 14 depicts the solitary structures of both polarity compressive
and rarefactive simultaneously present for different values of subsonic Mach number and for negative value of r. It can
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0.060 T T R o o i FIGURE 10 Maximum amplitude
’ of rarefactive solitons versus kappa for
different values of electron to positron
L I—— temperature ratio 6 = 0.98, 1.0 and 1.02
-0.065 ///,,,,,/—f——/*’*””””777 - whenp=04,r=-04,g=2,u=0.1
I 4 i J
&, -0070- 6=0.98 ]
‘ 6=1.0
-0.075 6=1.02
-0.080 |- 1
2 4 6 8 10 12 14

FIGURE 11 Sagdeev potential (a) and corresponding
compressive solitons (b) for different values of kappa k¥ = 2, 3, and 7
when M = 0.8. The other parametersarer=1.0,q=2,u=0.1,6 =1,
p=04

—0.010L

be seen that both compressive and rarefactive solitons become taller, but their width decreases with the increase of Mach
number.

Figure 15 shows a very interesting result for different negative values of r in the subsonic regime. From Figure 15, we
can see that as we increase the negative value of r, the soliton first shows a compressive nature and then both compressive
and rarefactive behaviour simultaneously at a certain value of r and then switches its polarity to become rarefactive when
negative r further increases. This behaviour could not be seen with a small amplitude limit. For compressive solitons,
amplitude increases but width decreases as the negative values of r increases. For rarefactive solitons, amplitude and
width both increase as negative values of r decrease. Figure 16 shows compressive solitary structures for different positive
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FIGURE 12 Sagdeev potential (a) and corresponding
compressive solitons (b) for different values of kappa k = 2, 3, and 7
when M = 1.2. The other parameters are r =1.0,q=2,u=0.1,6 =1,
p=04

FIGURE 13 Sagdeev potential (a) and corresponding
compressive solitons (b) for different values of Mach number

M =0.9, 1.2 and 1.5. The other parameters are k =2, r = 1.0, g = 2,
u=01,6=1,p=04




KOUSER ET AL.

12 of 16 Contributions to
Plasma Physics

FIGURE 14 Sagdeev potential (a) and corresponding
compressive (b) and rarefactive (c) solitons for different values of
Mach number M = 0.4, 0.45 and 0.5 when r = — 0.3. The other
parametersarex =2,q=5,u=0.1,6=1,p=0.4

-0.05
-0.10

-0.15

-0.20+-

values of 7 in the supersonic regime. We note that solitons become taller, but their width decreases as r decreases. Figure 17
depicts the compressive solitary structures for positive r and different values of g in the supersonic regime. We can note
that solitons become taller, but their width decreases as q decreases.

5 | SUMMARY AND CONCLUSION

For the first time, our investigations considered the non-linear propagation of IAS waves in a plasma comprising (7,
q)-distributed electrons and kappa-distributed positrons to elucidate the importance and applicability of the complete dis-
tribution profile. Our investigation is based upon a generalized distribution for electrons, which could exhibit a spiky and
flat top nature at low energies and super-thermal tails in the high-energy limit. We applied both the reductive perturbation
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FIGURE 15 Sagdeev potential (a) and corresponding ( a) V(®)
compressive (b) and rarefactive (c) solitons for different negative 0.002-
values of r = — 0.2, — 0.3, and — 0.35 when M = 0.5. The other \ —0.35\ 3 _0'7 ’
parametersarex =2,q=5,u=0.1,6=1,p=0.4 PN W EE BRI VI S . I | o
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technique to derive the KdV equation and arbitrary amplitude pseudopotential technique to investigate the propagation
characteristics of IAS waves based on the distribution profile by manipulating the values of spectral indices r and q. Our
numerical results showed that the maximum amplitude of solitons turns out to be large for larger values of r and q for
electron distribution, which correspond to the flat top nature of distribution, and remains minimum for kappa distribu-
tion. The interesting feature of the current study is the presence of solitons with both polarities, positive (compressive)
and negative (rarefactive), for negative values of r, which could not be found in Maxwellian- and kappa-distributed plas-
mas. We found that compressive solitary wave amplitude increases as the negative value of r increases, and after a certain
value, the polarity of the solitary wave reverses. For positive values of r, which correspond to flat top distribution, we only
obtained compressive solitons whose amplitude increases with the increase in r. However, for negative values of r, which
correspond to spiky distribution, both compressive and rarefactive solitons are obtained. Such spiky distributions have
been observed in solar wind and Earth’s magnetosphere.[*3#°] Kiran et al.[>*! successfully used (r, q) distribution with
negative values of 7 to explain the adiabatic heating of solar wind, which could not be explained earlier when Maxwellian
distribution was utilized. We also studied the effect of positron concentration on the amplitude characteristics of solitons.
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Our results showed that the maximum amplitude of compressive solitons decreases, whereas the maximum amplitude
of rarefactive solitons increases with the increase in positron concentration. The effect of the electron to positron temper-
ature ratio has also been investigated, and we found that maximum amplitudes of compressive and rarefactive solitons
increase with the decrease and increase in the temperature ratio, respectively, although the changes are not very large.

We also numerically solved the Sagdeev potential (25) and obtained the solitons by following the conditions (26) and
(27). Our numerical results showed that solitons can be obtained for subsonic and supersonic regimes in kappa-distributed
plasmas. In the subsonic regime, amplitude of the soliton increases, but in the supersonic regime, it decreases with the
increase of super-thermal particles (i.e., k — 3/2). We also found that soliton amplitude increases with the increase in
Mach number. In contrast to KdV solitons, amplitude of solitons corresponding to Sagdeev potentials decreases with
flatness and when tails tends to be Maxwellian, that is, for large values of r and q. An interesting result of this study is
the presence of compressive and rarefactive solitons simultaneously for a fixed value of negative r; the amplitude of such
compressive and rarefactive structures increases with the increase in Mach number. Such a simultaneous presence of
compressive and rarefactive solitons could not be found with a small amplitude limit. However, similar to KdV solitons,
we found that the polarity of the soliton switches from compressive to rarefactive as we increase the negative value of r.
The amplitude of compressive solitons increases, but the amplitude of rarefactive solitons decreases with the increase of
negative value of r.

In conclusion, we would like to mention that the non-linear results presented in this paper are general, and the in
situ observations of such non-linear waves in astrophysical plasmas are very difficult. However, the rapid development
of laser technology, which includes chirped pulse amplification!>!! and radiative blast waves,!*! would hopefully make it
possible for us to compare the theory with experiments in future. Therefore, the results presented in this study elucidate
the fundamental understanding of the complete profile of the electron distribution function, high- and low-energy parts,
in the formation of compressive and rarefactive small and arbitrary amplitude solitons in both space and astrophysical
plasmas.
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