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The linear characteristics of the unstable mode of ion-acoustic waves are examined in an electrostatic electron-ion
plasma composed of streaming hot electrons, non-streaming cold electrons and dynamical positive ions. The plasma under
consideration is modeled by using a non-gyrotropic nonextensive q-distribution function in which the free energy source
for wave excitation is provided by the relative directed motion of streaming hot electrons with respect to the other plasma
species. In the frame work of kinetic model, a linearized set of Vlasov–Poisson’s equations are solved to obtain the
analytical expressions for dispersion relation and Landau damping rate. The threshold condition for the unstable ion-
acoustic wave is derived to assess the stability of the wave in the presence of nonextensive effects. Growth in the wave
spectrum and nontrivial effects of q-nonextensive parameter on the ion-acoustic waves can be of interest for the readers in
the regions of Saturns’s magnetosphere.
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1. Introduction
Plasma physics deals with a rich variety of linear and non-

linear structures and modes. Acoustic-like modes are energy
propagation through a medium exhibiting an adiabatic com-
pression and decompression. In this article, we restrict our-
selves on the discussion of low frequency ion-acoustic waves
amongst various other plasma modes. These waves were the-
oretically predicted by Tonks and Langmuir[1] while verified
experimentally by Revans.[2] Moreover, their Landau damping
was first measured in cesium and potassium by Wong, Motley
and D’Angelo.[3] An ion-acoustic wave can propagate both in
magnetized and unmagnetized plasmas under the constraints
vTi� ω/k� vTe, where vTi and vTe are the thermal speeds of
ions and electrons, respectively, while ω/k shows phase speed
of the wave. These waves have wide range of practical appli-
cations in classical, quantum, semiconductor, relativistic, non-
relativistic, and gaseous regimes of the laboratory and space
plasmas.

Many authors investigated the linear and nonlinear char-
acteristics of the ion-acoustic waves by considering var-
ious conditions and models in electron-ion Maxwellian
plasmas.[4–7] The investigations of the ion-acoustic waves
were carried out[8–10] on the basis of collisionless Boltzmann
equation and found that these waves exhibit strong Landau
damping when both electrons and ions are at the same tem-
perature. The collisional effects produced due to the mutual
interactions of ions were examined by Bhadra and Varma.[11]

Furthermore, the role of Coulomb collisions in the damping
of ion-acoustic waves was investigated by Buti,[12] who iden-

tified that such a type of collisions are responsible for the en-
hancement of damping.

Most frequently, the studies were carried out by assum-
ing a single component of electron. However, a few inves-
tigations were found[13–15] with the existence of two com-
ponents of electrons with different temperatures, referred to
as hot and cold electrons in both space plasmas[16,17] and
laboratory.[18,19] Sittler, Ogilvie and Scudder[20] predicted the
presence of hot and cold electron components in Saturn’s mag-
netosphere during the Voyager PLS observations and later con-
firmed by Young et al.[21] with the cassini plasma spectrom-
eter (CAPS) observations. The characteristics of ion-acoustic
waves are significantly modified in the presence of two dis-
tinct components of electrons.[22] The investigation of nonlin-
ear propagation of coupled Langmuir and ion-acoustic waves
was carried out[23] in a two-temperature electron plasma.
The study revealed the coupled Langmuir ion-acoustic soli-
tons propagating with the supersonic speed. Kourakis and
Shukla[24] studied the dispersive properties of ion-acoustic
waves in two-temperature electrons plasma and examined the
envelope excitations and oblique modulation. They found that
satellite observations are in good agreement with the local-
ized excitations concerning the magnetosphere environment.
The Voyager observations of Barbosa and Kurth[25] revealed
the nonthermal nature of electron velocity distributions in the
outer region of Saturn magnetosphere.

Many theoretical and experimental studies showed that
Boltzmann–Gibbs (BG) statistics is inappropriate for descrip-
tion of nonextensive systems, i.e. the systems exhibiting long
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range interactions. Due to this discrepancy of the BG statis-
tics, Tsallis[26] presented a new idea of the Tsallis statis-
tics by incorporating all the necessary informations of nonex-
tensive phenomenon which has attracted a considerable at-
tention of many researchers.[27–34] Recent literature shows
an increasing interest of investigating the plasma dynamics
with a new and more generalized statistical approach, i.e., q-
nonextensive statistics. Identification of nonthermal particles
in various environments of space plasmas has been verified
by many spacecraft measurements.[35–37] The generalized q-
distribution has best fits for the magnetosheath electron data
observed from the AMPTE satellite and solar wind data ob-
tained by CLUSTER. Several evidences showed the appropri-
ateness of the nonextensive statistics for effective modelling
of many physical systems, e.g., the turbulent systems,[38] the
plasma systems,[39,40] and the galaxy clusters.[41] The most
significant property of the Tsallis statistics is pseudoadditiv-
ity, which shows that the total Tsallis entropy[26] of a system
Sq(X +Y ) composed of two independent subsystems X and
Y satisfies Sq(X +Y ) = Sq(X)+ Sq(Y )+ (1−q)Sq(X)Sq(Y ).
The total entropy Sq(X +Y ) of a system is less than the sum
of the entropies of individual subsystems if q < 1, while it is
greater than the sum of the entropies of subsystems for q > 1.
It is interesting to note that the Tsallis entropy reduces to the
well-known Boltzmann–Gibbs entropy SBG = −kB∑i pi ln pi

in the limit q→ 1, so that the standard additivity property of
the entropy is retrieved. The statistical interpretation of the
nonextensive system leads to the nonextensive q-distribution
function for the particles. This distribution is the most gen-
eralized form of the particles distribution, as one can easily
retrieve a Maxwellian distribution function from it in the limit
q→ 1. Keeping in view of the generality of nonextensive q-
distribution function and its relevance to the observed situa-
tion of Saturn’s magnetosphere, we choose this distribution in
our present research work. Nonextensive statistics has various
applications in the investigation of plasma waves and instabil-
ities, such as the relativistic Langmuir waves,[42] the plasma
oscillations,[43] Jeans instability,[44] the linear and nonlinear
Landau damping rates.[45] Liu et al.[46] examined the current-
driven instability of ion-acoustic waves with nonextensive ap-
proach. The authors in their study assumed only one species of
electrons with dynamical ions and showed that nonextensivity
is not significant when electron temperature is much greater
than the ion temperature. However, investigation of unsta-
ble mode of ion-acoustic waves having two distinct species of
electrons, i.e. hot and cold electrons with nonextensive effects
is quite interesting.

In the present work, we employ kinetic theory to inves-
tigate the unstable mode of ion-acoustic waves in a collision-
less and magnetic-field free plasma, modelled by the nonex-
tensive q-distribution function. The ion-acoustic waves can be

excited to become unstable due to nonthermal equilibrium fea-
tures of the plasma components where the velocity distribution
function fα(vα) deviates from being a monotonically decreas-
ing function of square of the velocity, i.e., v2

α . The source of
free energy required for the excitation of ion-acoustic waves
is provided by the relative directed motion of streaming hot
electrons with respect to the other plasma species. A well-
known set of Vlasov–Poisson’s equations is used for the in-
vestigation of wave dynamics. The necessary condition for
unstable waves is obtained showing the threshold limit, above
which ion-acoustic wave becomes unstable. The dispersive
characteristics of ion-acoustic waves and associated instabil-
ity growth rate is analyzed both analytically and numerically.
The graphical discussion is presented in Section 3 followed by
summary of the work.

2. Basic description and mathematical formula-
tion
We consider an electrostatic and collisionless plasma con-

sisting of two distinct species of electrons, i.e., streaming hot
electrons and non-streaming cold electrons along with dynam-
ical positive ions. The distribution of the plasma species is de-
scribed by nonextensive q-distribution function. The plasma
under consideration exhibits following charge neutrality con-
dition, ni0 = nh0 + nc0, where ni0, nh0 and nc0 are the number
densities of dynamical ions, hot electrons and cold electrons,
respectively. The dynamics of ion-acoustic waves with two
components of electrons can be examined by the well-known
Vlasov equation

∂ fα1 (𝑟,𝑣α , t)
∂ t

+ vα ·∇ fα1 (𝑟,𝑣α , t)

+
Qα

mα

𝐸1 ·
∂ fα0(𝑣α)

∂v
= 0, (1)

where fα1 (𝑟,𝑣α , t) represents the perturbed distribution func-
tion and Qα(mα) is the charge (mass) of α th species with
α = h for hot electrons, α = c for cold electrons and α = i
for dynamical ions. For convenience, the electric field can be
expressed in terms of electrostatic potential, i.e., E1 = −∇V1.
Equation (1) must be coupled together with Poisson’s equation
for complete description of electrostatic ion-acoustic waves.
The linearized form of Poisson’s equation is expressed as

∇
2V1(𝑟, t) =−∑

α

4πQα

∫
fα1(𝑟,𝑣α , t)d𝑣α . (2)

Adopting the standard procedure of kinetic theory, Eqs. (1)
and (2) can be solved by eliminating fα1 to finally arrive at the
generalized dielectric response function[47] in a collisionless
unmagnetized plasma, as

D(k,ω)≡ 1+∑
α

ω2
pα

k2

∫
𝑘 ·∂ fα0/∂𝑣α

ω−𝑘 ·𝑣α

d3vα , (3)
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where ωpα

[
=
(
4πnα0e2/mα

)1/2
]

shows plasma frequency.
The constituents of the plasma (hot electrons, cold electrons
and positive ions) obey the nonextensive q-distribution func-
tion. The nonextensive q-distribution belongs to the non-
Maxwellian distribution which encounters the plasma species
that are not in thermal equilibrium, given by[48,49]

fα0 =
nα0ψq√

πvTα

(
1− (q−1)mα

v2
x + v2

y +(vz− vα0)
2

2kBTα

) 1
q−1

, (4)

where kB is the Boltzmann constant, vα0 shows the streaming
speed of the hot electrons, and Γ represents the usual Gamma
function; while vx, vy, and vz are the x, y, and z components of
the velocity, respectively. Moreover, the normalization con-
stant ψq is defined as ψq =

√
1−qΓ( 1

1−q )/Γ( 1
1−q −

1
2 ) for

0 < q ≤ 1, while ψq = (1 + q)
√

q−1Γ( 1
q−1 + 1

2 )/2Γ( 1
q−1 )

for q ≥ 1, where q is a parameter representing the devia-
tion of distribution from Maxwellian distribution while vTα [=

(2kBTα/mα)
1/2] is thermal speed of the α-species.

To examine the effect of nonextensivity on the stability of
ion-acoustic waves with two temperature electrons, we insert
the nonextensive q-distribution function fα0 back in Eq. (3)
and follow the same procedure as given in Ref. [50]. This ul-
timately leads to the kinetic dispersion relation of the form

Dq (k,ω) = 1+
1

k2λ 2
Dh

{
1+q

2
+ξhZq (ξh)

}
+

1
k2λ 2

Dc

{
1+q

2
+ξcZq (ξc)

}
+

1
k2λ 2

Di

{
1+q

2
+ξiZq (ξi)

}
, (5)

where the argument ξh [= (ω− kv0)/kvTh] for streaming hot
electrons, ξc [= ω/kvTc] for cold electrons and ξi [= ω/kvTi]

for dynamical ions while λDh

[
=
√

Th/4πnh0e2
]
,

λDc

[
=
√

Tc/4πnc0e2
]

and λDi

[
=
√

Ti/4πni0e2
]

are the De-
bye lengths of hot electrons, cold electrons and dynamical
ions, respectively. In the present analysis, the streaming hot
electrons are assumed to be hot enough in comparison with
the non-streaming cold electrons, i.e., Th� Tc and streaming
speed of the hot electrons, vh0 (= v0)� vTh, is considered in
the low-drift-velocity regime. Moreover, Zq (ξα) is the well-
known modified plasma dispersion function for α th species
and is given as

Zq(ξ α
) =

ψq√
π

∫ +∞

−∞

(
1− (q−1)χ2

) 2−q
q−1

χ−ξα

dχ. (6)

The modified plasma dispersion function (6) can be expanded
into asymptotic series by considering small and large argu-
ments. For small arguments, i.e., ξα = ω/kvTα � 1, Zq (ξα)

can be approximated[51] as

Zq (ξα) =−i
√

πψq
[
1− (q−1)ξ

2
α

] 2−q
q−1 , (7)

and for large arguments, i.e., ξα � 1, we have

Zq (ξα) = −1+q
2ξα

− 1
2ξ 3

α

− 3
2(3q−1)ξ 5

α

+ i
√

πψq
[
1− (q−1)ξ

2
α

] 2−q
q−1 . (8)

For ion-acoustic waves, the phase speed constraints in com-
parison with thermal speeds lead to vTi�ω/k < vTc,vTh. The
corresponding asymptotic expansions of dispersion function
Zq (ξα) can be made in Eq. (5) using the following approxima-
tions ξi� 1, ξh� 1 and ξc� 1 for dynamical positive ions,
streaming hot electrons and non-streaming cold electrons, re-
spectively. Hence, adopting the standard procedure, we even-
tually arrive at

Dq(k,ω) = 1+χh +χc +χi, (9)

where the susceptibilities of hot electrons, cold electrons and
dynamical ions are, respectively, defined as

χh =
1

k2λ 2
Dh

[
1+q

2
+ i
√

πψq
(ω− kv0)

kvTh

×
{

1− (q−1)
(

ω− kv0

kvTh

)2} 2−q
q−1
]
, (10)

χc =
1

k2λ 2
Dc

[
1+q

2
+ i
√

πψq
ω

kvTc

×
{

1− (q−1)
(

ω

kvTc

)2} 2−q
q−1
]
, (11)

χi =
i
√

πψq

k2λ 2
Di

ω

kvTi

{
1− (q−1)

ω2

k2v2
Ti

} 2−q
q−1

− 1
2k2λ 2

Di

(
kvTi

ω

)2
{

1+
3

(3q−1)

(
kvTi

ω

)2
}
. (12)

It is seen that the susceptibility of hot electrons is signifi-
cantly modified with streaming speed v0 while susceptibilities
of other two species are independent of v0. Equation (9) is
the generalized form of plasma response function for electro-
static ion-acoustic waves consisting of two temperature elec-
trons with dynamical ions and is consisted on real as well as
imaginary parts. If we ignore the effect of cold electrons by
assuming χc = 0, we can easily reduce Eq. (9) into the result
given in Ref. [46], which is confirmation of the correctness of
expressions (10)–(12). For longitudinal ion-acoustic waves,
the real part of dielectric constant Re(Dq(k,ω)) must be equal
to zero. Setting Re(Dq(k,ω)) = 0 and solving it for real fre-
quency of ion-acoustic waves, we obtain

ωia = kCia

√
1

1+ k2λ 2
Deff

+
3(1+q)
3q−1

{
Ti

Th

nh0

ni0
+

Ti

Tc

nc0

ni0

}
. (13)

Here, λDeff

[
=
(
1/λ 2

Dh +1/λ 2
Dc
)−1

2
√

2/(1+q)
]

represents

the effective Debye length. Moreover, Cia is the ion-acoustic
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speed given as

Cia = ωpiλDeff =

(
Tc

mi

1+ f
µq + f µq/σ

)1/2

, (14)

where ωpi

[
=
√

4πni0e2/mi

]
is the ion plasma frequency,

f (= nh0/nc0) is density ratio and σ (= Th/Tc) is the tempera-
ture ratio of hot-to-cold electrons while µq = (1+q)/2. Equa-
tion (13) shows that the real frequency of ion-acoustic waves
with two temperature electrons is significantly modified with
nonextensive q-parameter while it is independent of streaming
speed of the hot electrons. The imaginary part of the gener-
alized dielectric constant leads to the Landau damping rate,
given as

γia

|ωia|
= −

√
π

8

ψq

√
(1+ f )3

µ
3/2
q

√
(1+ f/σ)3 (1+ k2λ 2

Deff)
3

×

√(
Tc

Ti

)3 [
Ω

(
1− v0

ωia/k

)
+Λ

]
. (15)

Here, the auxiliary variables Ω and Λ are expressed as

Ω =

√
me

mi

(
Ti

Th

)3 f
1+ f

×

{
1− (q−1)

ω2
ia

k2v2
Th

(
1− v0

ωia/k

)2
} 2−q

1−q

, (16)

Λ =

√
me

mi

(
Ti

Tc

)3 1
1+ f

{
1− (q−1)

ω2
ia

k2v2
Tc

} 2−q
1−q

+

{
1− (q−1)

ω2
ia

k2v2
Ti

} 2−q
1−q

. (17)

Equation (15) shows the Landau damping rate of ion-acoustic
waves in two-temperature electron plasma. The damping rate
strongly depends on hot electron streaming speed and nonex-
tensive behavior of the plasma species. It can be seen from
Eq. (15) that an increase in the streaming speed reduces the
damping rate significantly and this fact will also be elaborated
graphically in the next section. The phenomenon of Landau
damping arises during the wave-particle interaction. If there
are a greater number of resonant particles having their speeds
smaller than phase speed of the wave. Then the wave will
transmit its energy to the resonant particles and looses its own
net energy. Consequently, the wave will suffer Landau damp-
ing. However, if free energy source is present in the plasma,
then the plasma wave may excite to produce growth rate of in-
stability. In our present study, the streaming of hot electrons is
the source of free energy. Therefore, an instability growth rate
must arise in the ion-acoustic plasma waves. In such a situa-
tion, we have to derive the threshold condition for an unstable
wave. The instability condition can be obtained as

v0 >
ωia

k

(
Ω +Λ

Ω

)
. (18)

This is the threshold of the streaming speed of hot electrons
above which the wave will become unstable. However, in the
opposite limit, i.e., v0 < [(Ω +Λ)/Ω ] (ωia/k) , the wave will
show damping.

3. Results
In this section, we numerically illustrate the analytical re-

sults of Eqs. (13) and (15) in accordance with the physical
situation. The inclusion of the effects of nonextensivity and
streaming speed of the hot electrons (v0) significantly modify
the growth rate of instability and threshold limit for unstable
ion-acoustic waves. The investigation of the impact of these
parameters on wave frequency and growth rate demands spe-
cial attention and care. It is interesting to note that our analyt-
ical results of Eqs. (13) and (15) simply reduce to the expres-
sions as obtained for Maxwellian distributed plasmas in the
limit q→ 1. Interestingly, the investigations of two-electron-
component plasmas have been reported after the satellite ob-
servations carried out by the recent spacecraft missions, for ex-
ample, the FAST at the auroral region,[52–54] Viking,[55] GEO-
TAIL and POLAR[54,56,57] missions in the magnetosphere.

To validate our numerical analysis, we choose some typi-
cal parameters of Saturn’s outer magnetosphere[58,59] as ob-
served from the spacecraft. The observations showed that
the Saturn’s magnetosphere has three regions, the inner re-
gion [D . (9–10)ρs], the middle region [D ∼ (7–14)ρs] and
the outer region of magnetosphere [D ∼ (12–20)ρs] with ρs

(= 60270 km) represents radius of the Saturn. For numer-
ical investigation, we choose outer region of the Saturn’s
magnetosphere where lighter ions having mass mi ≤ 10 a.u.,
such as protons, helium and lithium are frequently observed.
This region is characterized by low density variation n ≈
(0.1−0.5) cm−3. The other numerical values that are rep-
resentative of outer region of Saturn’s magnetosphere are Th =

900 eV, Tc = 70 eV, Ti = 0.4 eV and nc0/nh0 = 2.5. With the
help of these parameters, we can further compute the other
quantities, such as the ion thermal speed vTi = 8.8×105 cm/s,
the hot-electron thermal speed vTh = 1.8 × 109 cm/s, the
cold-electron thermal speed vTc = 4.9× 108 cm/s, the ion
plasma frequency, ωpi = 817.8 Hz and ion-acoustic speed
Cia = 1.38× 107 cm/s. Furthermore, the numerical analy-
sis is carried out by assuming the normalization constant as
ψq =

√
1−qΓ

(
1

1−q

)
/Γ

(
1

1−q −
1
2

)
, for 0 < q≤ 1.

Figure 1 shows the effects of (a) the cold electrons num-
ber density nc0 and (b) the dynamical ion temperature Ti, on
the profile of normalized ion-acoustic wave frequency ωia, ver-
sus wave number k.

The black solid curve in Fig. 1(a) shows real frequency of
ion-acoustic waves in an ordinary electron-ion plasma, i.e., for
nc0 = 0, while the other three curves are drawn with non-zero
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cold electron density (i.e., nc0 6= 0). It can be seen that the pres-
ence of cold electrons enhances the real wave frequency. This
shows that frequency of ion-acoustic waves is greater in ordi-
nary electron-ion plasma as compared to the two-component
electron-ion plasma. The impact of the dynamical ion tem-
perature on wave frequency is depicted in Fig. 1(b), which
shows an increase in the frequency with ion temperature. To
show the influence of nonextensive q-parameter on the real
frequency of the ion-acoustic wave in the two-component elec-
tron plasma, we have plotted the contour plots of normalized
wave frequency ωia against normalized wave number k and
q-parameter in Fig. 2, keeping all other parameters constant.
One can observe that as we increase the value of q-parameter,
the wave frequency reduces.
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Fig. 1. The normalized ion-acoustic wave frequency ωr = ωia/ωpi
against the normalized wave number k = kλDeff for varying (a) the
cold electron number density nc0 = 0 cm−3 (solid black curve), nc0 =
0.5 cm−3 (solid red curve), nc0 = 1.0 cm−3 (dashed blue curve),
nc0 = 1.5 cm−3 (dashed green curve) with fixed q = 0.5, Ti = 0.1 eV,
Th = 900 eV, Tc = 70 eV, and (b) the dynamical ion temperature Ti =
0.1 eV (solid black curve), Ti = 0.2 eV (solid red curve) and Ti = 0.3 eV
(dashed blue curve) with fixed q = 0.5, Th = 900 eV, Tc = 70 eV and
nc0/nh0 = 2.5.

It should be noted that q-nonextensive distribution char-
acterizes the plasmas having plentiful concentration of su-
perthermal particles. The wave frequency depends on the par-
ticles velocity distribution function which is controlled by the
value of q-parameter in our present case. The smaller val-
ues of q-parameter, i.e., q < 1, corresponds to the more de-
viations of distribution from the Maxwellian distribution and
ultimately show more nonextensivity. Furthermore, the pres-
ence of the superthermal particles contributes to the enhance-
ment of phase speed and hence wave frequency. We have
already discussed that nonextensive q-distribution reduces to
the Maxwellian distribution in the limit q→ 1. This implies

that frequency of ion-acoustic waves in the nonextensive q-
distributed plasma is larger as compared to the Maxwellian
distributed plasma. It is also observed that wave frequency
increases with normalized wave number. It shows that more
number of waves are passing through the unit area per second
in shorter wavelength limit.
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Fig. 3. Contour plots of instability growth rate (normalized with ion-
plasma frequency) are shown against wave number and streaming speed
of the hot electrons at fixed value of q-nonextensive parameter.

It is well-recognized that waves can be excited to become
unstable in the presence of free energy source. The excita-
tion of the ion-acoustic waves occurs due to the nonthermal
equilibrium features where the velocity distribution function
fα(vα) deviates from being a monotonically decreasing func-
tion of square of the velocity, i.e., v2

α . Therefore, the free en-
ergy source required for wave excitation is provided by the rel-
ative directed motion of streaming hot electrons with respect
to the other plasma species. Figure 3 displays the contour plots
of growth rate against wave number and streaming speed of the
hot electrons at constant value of q-nonextensive parameter. It
is observed that the instability of ion-acoustic waves increases
with streaming speed. Another important fact is that for un-
stable waves, there must be a threshold limit on streaming
speed, i.e., v0/(ωia/k)> (Ω +Λ)Ω for determining whether
the wave is stable or unstable. Same is highlighted in Fig. 3,
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as there exist a threshold value of v0, i.e., v0 = 100Cia, above
which the wave becomes unstable while below this value the
wave is landau damped.

Moreover, it should be noted that the threshold limit for
unstable waves is significantly modified with q-nonextensive
parameter and density of the plasma species [see Eq. (18)].

For highlighting the impact of nonextensivity on insta-
bility growth rate of ion-acoustic waves with two-temperature
electrons, we have shown plots of normalized growth rate
against normalized wave number at various values of nonex-
tensive q-parameter in Fig. 4. The plasma under consideration
has some species with speeds smaller than the phase speed of
ion-acoustic wave while some others have their speeds greater
than the phase speed of the wave. The species moving with the
speed closer to the phase speed of the ion-acoustic wave are
known as resonant particles. These species will transfer their
energy to the wave if more number of particles move with the
speed greater than phase speed of the wave which ultimately
leads to the instability growth rate. However, if a greater num-
ber of particles have speed less than the phase speed of the
wave, then resonant particles gain energy from the wave, and
the wave will exhibit Landau damping. Figure 4 shows the
significant modifications in the instability of growth rate with
the increase in the nonextensive parameter.
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Fig. 4. The growth rate γia (normalized with ion-plasma frequency)
against the wave number k for varying the nonextensive parameter, i.e.,
q = 0.35 (solid black curve), q = 0.55 (solid red curve), q = 0.75 (blue
curve), and q = 0.95 (green curve) with fixed Ti = 0.1 eV, Th = 900 eV,
Tc = 70 eV, 𝑣0 = 105Cia and nc0/nh0 = 2.5.

It indicates that more energy will be transmitted from res-
onant particles to the wave for larger values of the nonexten-
sive parameter during the wave–particles interactions. Hence,
ion-acoustic waves in a Maxwellian distributed plasmas (i.e.,
q→ 1) are more unstable as compared to the nonextensive q-
distributed plasmas (i.e., 0 < q < 1). Furthermore, plots of
the threshold value of streaming hot electron’s speed against
the nonextensive q-parameter at various values of hot-to-cold
electrons density ratio are shown in Fig. 5.

The dependence of the threshold limit of streaming speed
on the density ratio can be easily observed from Fig. 5. More-
over, at smaller values of q-parameter (more nonextensivity),
the threshold value is high and later reduces with increasing q.
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Fig. 5. The threshold value of streaming speed against the nonextensive
q-parameter at different values of hot-to-cold electron density ratio.

4. Summary
In summary, we have studied the dispersion characteris-

tics and associated kinetic instability of ion-acoustic waves in
an electrostatic collisionless electron-ion plasma, composed of
streaming hot electrons, non-streaming cold electrons and dy-
namical ions. In the kinetic framework, we employed Vlasov–
Poisson equations to obtain a generalized dielectric constant.
The ion-acoustic wave frequency and instability growth rate in
two-component electron plasma are derived and analyzed both
analytically and numerically. It is investigated that the real fre-
quency and growth rate of instability of ion-acoustic waves are
significantly modified with nonextensive effects. An increase
in the instability growth rate is noticed for streaming speed
of the hot electrons. Schippers et al.[58] have modeled su-
perthermal hot and cold electrons by non-Maxwellian distribu-
tion functions for the outer region of Saturn’s magnetosphere.
They have made the observations by the instruments such as
CAPS/ELS (0.6 eV–26 keV) and MIMI/LEMMS (15 keV–
10 MeV) on board Cassini. Later, Masters et al.[60] have ob-
served the plasma structures in Saturn’s dayside outer magne-
tosphere by discussing the consistency of observations relat-
ing to the inner edge of the boundary layer due to spacecraft
encounter with the vortex structures of highly energetic su-
perthermal electrons. We have applied our theoretical results
on the data extracted from the Cassini outbound trajectory[58]

for the Saturn’s outer magnetosphere. Our numerical results
indicate weakly damped ion-acoustic mode below the thresh-
old limit of streaming electron’s speed v0 while weakly grow-
ing mode above v0, which may be observable due to the rea-
son that its damping/growing time exceeds the wave period.
Same observations were carried out by Baluku and his co-
workers[61] for acoustic like plasma modes.
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