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We herein analyze the instability dynamics associated with the nonextensive nonthermal gravito-
electrostatic sheath (GES) model for the perturbed solar plasma portraiture. The usual neutral gas
approximation is herewith judiciously relaxed and the laboratory plasma-wall interaction physics is pro-
cedurally incorporated amid barotropic nonlinearity. The main motivation here stems from the true nat-
ure of the solar plasma system as a set of concentric nonlocal nonthermal sub-layers as evidenced from
different multi-space satellite probes and missions. The formalism couples the solar interior plasma (SIP,
bounded) and solar wind plasma (SWP, unbounded) via the diffused solar surface boundary (SSB) formed
due to an exact long-range gravito-electrostatic force-equilibration. A linear normal mode ansatz reveals
both dispersive and non-dispersive features of the modified GES collective wave excitations. It is seen
that the thermostatistical GES stability depends solely on the electron-to-ion temperature ratio. The
damping behavior on both the scales is more pronounced in the acoustic domain, K — oo, than the grav-
itational domain, K — 0; where, K is the Jeans-normalized angular wave number. It offers a unique quasi-
linear coupling of the gravitational and acoustic fluctuations amid the GES force action. The results may
be useful to see the excitation dynamics of natural normal modes in bounded nonextensive astero-
environs from a new viewpoint of the plasma-wall coupling mechanism.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The standard solar model (SSM) has widely been successful in
explaining many fundamental issues related to both the equilib-
rium as well as fluctuation dynamics of the solar plasma system
for the last few decades [1,2]. The plasma wall-interaction pro-
cesses, however, have most probably never been addressed to that
extent on the astrophysical scales of space and time, except in the
experimental laboratory domains, in this context of the gravita-
tionally bounded Sun. In order to apply the laboratory sheath phy-
sics on the astrophysical scales, a few remarkable points are to be
noted. Normally, the plasmas on laboratory scales are confined in a
vacuum chamber of finite size. Thus, there appears a thin non-
neutral space charge layer at the vicinity of the wall, whenever
plasmas interact with absorbing boundary walls [3]. This non-
neutral space charge layer (dark) formed in the vicinity of confin-
ing wall is termed as the plasma sheath. The underlying condition
required to be fulfilled in the non-neutral lab-sheath formation
processes is called the Bohm ionic-flow criterion [3]. This is a local
criterion stating that the ion flow speed at the sheath entrance
zone must be at least comparable with the ion sound phase speed.
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Applying the basic physics of laboratory plasma sheath formation
[4], the GES model has recently been reported, emphasizing on
both the equilibrium [5-8] and fluctuation [9] eigen-structures of
the Sun and its circumvent atmosphere.

An analogous Bohm flow condition needed for the quasineutral
isothermal GES formation in terms of the ion escape velocity (M..)
across the gravitational potential barrier as an indicative strength
of the self-gravitational potential wall is given as M., > v2 [6].
The strength of the gravitational potential barrier is such that the
heavier ions (colder) cannot overcome it at the solar surface
boundary (SSB); but, the lighter electrons (hotter) can. Conse-
quently, the thermal leakage of the electrons against the ions at
the SSB develops an electrostatic polarization-induced electric
charge evolving as the GES. A more detailed description on the
GES structure formation could be found in Refs. [5,6]. In contrast,
if the ionic temperature varies in the presence of ion-neutral colli-
sions, this equivalent Bohm condition might have two extreme
flow limits, with the lower limit affected by the ionic temperature
[10]. Besides, the perturbed GES model formulation relative to a
nonlocal equilibrium has successfully proposed the excitation of
the GES-oscillator mode, GES-wave mode and electrostatic acoustic
mode having time periods in agreement with the earlier SSM-
based predictions [9] These modes, in turn, might enlighten the
internal structure of the Sun and its morphodynamic evolution
[1,2,11,12].
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It is well known on a broader horizon that most of the astro-
physical bounded structures and ambient atmospheres are usually
the consequences of naturalistic gravito-electrostatic or gravito-
acoustic interactions [1,2]. The precise gravito-electrostatic cou-
pling in the presence of large-scale nonlocal effects caused by the
long-range interparticle functional processes is ensured by the
nonextensivity nonthermal parameter, also known as entropic
index [13-15], given in the Tsallis thermostatistical framework by
a quasi-hydrostatic equilibrium condition (i.e., nonequilibrium sta-
tionary state) as g =1+ (VT/VUg); where, T is the temperature
(in energy units) and Ug the gravitational potential energy (in
the same units). Thus, ¢ = 1 only when VT = 0, which corresponds
to a thermalized state (constant thermodynamic potential). This
nonextensivity parameter not only modifies the basic fluctuation
characteristics, but also the polarities of the evolving diversified
eigen-mode structures in diversified astrophysical environs in the
form of bipolar, quadrupolar, multipolar patterns, and so forth
[16]. In addition to the g-exponential nonextensive distribution,
it may be pertinent to add here that there exists another nonther-
mal type of thermostatistical distribution law, termed as the
kappa-distribution (x), bearing a fine equivalent inter-
relationship, ¢ = (1 + 1/k) [17]. At this backdrop, the true nature
of the solar plasma system as a nonthermal typecast has been con-
firmed and validated by various multi-space satellites, such as
Ulysses, Voyager, Helios, Cluster, and so on [17,18]. So, the nonther-
mal distributions are quite significant in the realistic thermostatis-
tical study of diversified astro-cosmic environs, such as stellar
polytropes, velocity distribution of galaxy clusters, instability of
self-gravitating systems, and so forth [13-15].

In recent past, the plasma-wall interaction-based GES model
structure has been revisited by considering the g-nonextensive
nonthermal electron density distribution law [19]. It has been
semi-analytically shown that the equilibrium GES structure gets
considerably modified due to the inclusion of the nonextensive
nonequilibrium thermostatistical distribution of the electrons. As
an instant illustrative outcome, the nonextensive GES field
strength for the bounded solar structure solution to exist is found
to decrease by 21.67%, and the electrostatic potential by 30%. The
GES fluctuations in the framework of the nonextensive electrons
have, however, been never analyzed in the past, although it is
likely to be important in the astroplasma community, particularly,
from a theoretical helioseismic viewpoint [11]. Evidently, there has
been a long-sought necessity for a theoretical model formulation to
investigate the true nature of diversified collective waves and
oscillations in self-gravitating nonthermal plasmas. In addition to
molecular clouds [20-22], it includes the gravitationally bounded
Sun and its unbounded atmosphere in the presence of realistic
thermostatistically modified nonthermal plasma-wall interaction
processes.

In this report, the nonthermal GES model fluctuation dynamics
is studied in the framework of the g-nonextensive nonthermal
electrons under the auspice of the basic plasma-wall interaction
physics insofar applied in the laboratory confined plasmas solely
[3-9]. It considers the nonlinear logatropic pressure effects arising
due to erratic plasma dynamics in the mathematical setup. The
standard technique of a Fourier-based normal mode analysis
[1-3,9] is employed over the derived linearized GES structure
equations to arrive at linear dispersion relations interconnected
via the GES force field action [9]. The propagatory, dispersive and
growth-related characteristics are analyzed in a constructive
numerical illustrative standpoint. It is reported that, in both the
solar interior plasma (SIP) and solar wind plasma (SWP) coupled
via the diffuse SSB amid the GES force fields, the fluctuations show
sharp damping behavior of unique type with the wave number
variation; but with stable oscillatory characters with no damping

at all in the coordination space. It specifically reveals a unique form
of quasi-linear dynamic coupling mechanism existing between the
gravitational (Jeansean) and acoustic (electrostatic) modes surviv-
ing in the proposed GES-based nonextensive solar plasma system
on the astrophysical fluid scales of space and time. Lastly, a synop-
sis on the non-trivial implications and applications of the study is
briefly outlined.

Model and formalism

A simplified bi-fluidic quasineutral solar plasma model is con-
sidered in the spherically symmetric GES model (radial, 1-D,
reduced degrees of freedom) framework [5-9]. It dynamically cou-
ples the bounded SIP and unbounded SWP scales via the interfacial
SSB formed under the action of the long-range non-local gravito-
electrostatic force balancing. The precise location of the SSB on
the radial space is determined by the maximization of the SIP
self-gravity [5-9]. The considered model consists of the
g-nonextensive electrons (nonthermal) and constitutive inertial
ions (fluid) in the presence of nonlinear logatropic fluid pressure
effects. The presence of neutrals and heavier species is ignored
for idealization. The origin of such logatropic pressure effects
may be due to the energy cascading processes via fluid turbulence.
The turbulence effects may be observable only at the higher orders
of perturbation. The existence of multi-layered magnetically cou-
pled structures [1,2] is excluded for analytic simplicity. The pres-
ence of any other constituent massive neutral and charged
species is ignored to construct a pure form of the GES structure
fluctuations. The global electrical quasineutrality is justifiable on
the ground that the asymptotic value of the Debye-to-Jeans length

ratio is almost zero (Jpe//; ~ 1072°) [5-9]. It may be noted further-
more that, even after the Sun (SIP) is formed via the Jeansean
dynamic molecular cloud collapse [1,2], it continues dynamically
to remain self-gravitating in nature. It allows us to choose the
Jeansean scales as a standard normalization for the investigation.
The outward randomizing thermal and organizing electrostatic
forces (non-gravitational) jointly prevent the Sun to undergo any
further self-gravitational collapse by defeating the inward self-
gravity towards a balanced condition. Thus, the gravitating SIP
(subsonic) is closed by the gravitational Poisson equation describ-
ing the gravitational potential distribution (non-Newtonian) aris-
ing due to the collective material density fields. In contrast, for
the SWP, the bounded SIP acts as a source of transformed external
gravity to the outflowing (supersonic) SWP. Thus, the solar self-
gravity is naturalistically switched off and the Poisson equation
gets redundant for the SWP description (Newtonian) without vio-
lation of any generality [6-9].

SIP calculation scheme

The electron dynamics in the spherically symmetric SIP with all
the usual notations is governed by the nonextensive nonthermal
population distribution law [17,18] with entropic index ¢, in a
standard astrophysical normalized form [19] as

Ne = [1+ (1 —q,)0]"/ %) (1)

The ion continuity equation for flux density conservation and
momentum equation describing the force density conservation
for the spherically symmetric gravitating plasma continuum along
with the closing gravito-electrostatic Poisson equations for poten-
tial distributions sourced in density fields are derived in the same
normalized form, respectively, given as
ON; ON; oM 2

EJrM R +N; 9z +EN,~M:O7 (2)
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The adopted standard astrophysical normalization scheme with
all the customary Jeansean notations [5-9] are reproducably
described and recast as

¢=f, T=tey, Ne=f, Ni=Z, M=%,
. (6)

ep _ ¥ __dy
Te ? ’7*3 gs*d_gv

where w; = cs/4 = VAntnom; G is the Jeans frequency and c¢s = @/,
is the plasma sound phase speed. Here, ¢ is the normalized position
coordinate relative to the centre of the entire SIP mass distribution, t
the normalized time, N, (N;) the normalized electron (ion) number
density, M the normalized ion Mach number, 0 the normalized elec-
trostatic potential and g (= dn/d¢) the normalized nonlocal self-
gravity. In addition, the other relevant parameters %;, po, and T,
(T;) represent the Jeans scale length, mean solar material density,
and electron (ion) temperature (in eV); respectively. Then,
G=6.67x10""m3 kg ' s~2 denotes the universal gravitational
coupling constant signifying the strength of gravitational interaction
of matter [1-3]. Moreover, €r = (T;/T.) stands for the ion-to-
electron temperature (in eV) ratio signifying parametrically the
electronic and ionic dynamics in the GES-based solar plasma
system.

It may be noted here that the appearance of the 2/¢-terms (in
Egs. (2), (4), (5)) is due to the consideration of a spherically sym-
metric geometry, which would clearly, otherwise, remain absent
in the case of a planar geometry approximation (¢ — oco). The
spherically symmetric Poisson equations (Eqgs. (4), (5)) are in
time-stationary form due to the fact that the gravito-electrostatic
interplay in the presented classical non-relativistic fabric is
time-independent. The appearance of the term, 1/N?(dN;/d¢), in
Eq. (3) is due to the presence of the nonlinear barotropic
(pressure-density correlation) effects given in the logatropic pres-
sure form as py,, = po l0g(p/p.); where, p, is the mean pressure, p
is the material density and p, is the heliospheric core (reference)
material density [20,21]. The application of such pressure effects
are realizable in a wide class of astrophysical inhomogeneous fluid
environs [19-22].

In the solar plasma environments, as already mentioned, the
Jeans spatial scale length is very much larger than the plasma
Debye length (pe/4 ~ 1072°). As a result, the entire solar plasma
system can be treated as a quasineutral fluid [5-9]. Thus, Eq. (1)
now interestingly yields the electron-ion quasineutrality condition
on the astrophysical scales of space and time as

Ni= N, =[1+(1-gq,)0)""%). (7)

Applying the quasineutrality condition (Eq. (7)), the SIP equa-
tions (Egs. (2)-(4)) in the presence of nonlocality-driven nonexten-
sivity and barometric effects transform respectively as
9
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We now consider linear (first-order) perturbations in the rele-

vant solar plasma parameters around the assumed homogeneous

hydrostatic equilibrium as, N=1+N;, M=0+M;, 0 =0+ 0,

and g, = 0+g,. The linearized set of the perturbed equations

now obtained from Eqgs. (8)-(10) are respectively given as
96, oMy 2

97 +Ti+EM1 :O7 (11)
oM 00

o =g (14260 — g, (12)
0, 2

S+ 5g -0 =0, (13)

The linear perturbations along the radial direction relative to
the SIP center are now assumed for simplicity to evolve crudely
in the form of plane waves as ~ exp[—i(Qt — K¢)], where Q is the
Jeans-normalized angular frequency and K the Jeans-normalized
angular wave number of the considered perturbations. Approxi-
mating the radial sinusoidal fluctuations in the form of plane
waves, with the exclusion of polar and azimuthal counterparts, is
based on a quasi-classic local approximation, mathematically
given as K¢ > 1 indicating short-wavelength fluctuations relative
to the plasma system size [1,2]. It validates the proposed perturba-
tion dynamics in the adopted simplified framework of normal
mode (local) analysis. As an outcome, Egs. (9)-(11) get respectively
transformed from the coordination space (¢, 7) into the wave space
(K, Q) as

00, + kKM, +%M1 =0, (14)
—iOM; = —iK0,(1 + 2€7) — g4, (15)
) 2

lKgsl + Egsl - 91 =0. (16)

By the method of decomposition and elimination over Egs.
(14)-(16), the linear quadratic dispersion relation is procedurally
derived and presented as

Q- K> —21(261-1—%1'1((1 +2er)+1=0. (17)

Thus, it is seen that the considered fluctuations are governed by
a generalized dispersion relation of quadratic form modified by
curvature effects. It may be noted that the instability here is trig-
gered by the free energy source lying in the non-zero plasma cur-
rents themselves. It is against the conventional picture of
sinusoidal eigenmodes of a linear dynamical system with a fixed
frequency unaffected by such (¢, €r)-parametric agencies [1,2].

Now, substituting Q = Q, + iQ; in Eq. (17) for stability analysis,
the respective real and imaginary parts are given as

Q- —K* - 2K*cr +1 =0, (18)
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2K

2Q.Q; + : (1+2¢r)=0. (19)

The roots (from Egs. (18) and (19)) for the real and imaginary
frequency parts are respectively given as

(&K, er) = 0.707 x (K2 +2K2e; - 1)"?

1/2
1/2
+ N(K2 +2K%er —1)° +4(1 + der +4€2) (g) | ,

(20)
Qe K, er) = 1414 x (1 +2e7) x (K2 +2K2er—1)
Y
) 5 2 K\ 2
+ |/ (K*+2K°er —1)" +4(1 + 4er +4€2) :
&)
x| =].
g
(21)

It is clearly evident from Eqgs. (20) and (21) that the thermosta-
tistically developed GES stability model depends purely on the
electron-to-ion temperature ratio.

SWP calculation scheme
The normalized set of the SWP governing equations comprises

of the nonextensivity-modified continuity and reduced momen-
tum equations respectively presented as

ON; . ONi  OM 2.

or +M€)é +N,6—C,+EN,M—O, (22)
oM 8M_ 1 aN,‘ 1 (’)N,» 00 ag

ar tMpe = T{N,»agwgag} a2 (23)

where gy = GMg/c%/; ~ 95 is a constant giving an indirect measure
of the solar wind temperature [5-9], and Mg is the mean (equilib-
rium) solar mass. The quasineutrality condition (Eq. (7)) applied in
Egs. (22) and (23) yields the respective perturbed forms as

00, oMy, 2.
oM, 90,
r = gp (1426, (25)

Applying the same technique as on the SIP scale, Egs. (24) and
(25) get transformed from the coordination space (¢, ) into the
wave space (K, Q) respectively given as

—iQ0; + iKM; + %Ml =0, (26)
—iQM; = —iK0y(1 + 2€7). (27)

Following the same procedure of decoupling over Eqs. (26) and
(27), the linear generalized dispersion relation is derived and writ-
ten as
(28)

Q* — K? — 2K*er +%i1<(1 +2er)=0

where the real and imaginary parts of Eq. (28) with Q = Q, + iQ; are
respectively cast as

Q2 -0 K- 2K%*cr =0, 29
T 1

2K
¢
The finally obtained roots for the frequency (from Egs. (29) and
(30)) are respectively presented as

20,0, +

(1+42er)=0. (30)

Q& K, er) = 0.707 x {K2(1 + 2}

1/2

)

2
+ {\/{Kz(l + 267)}2 +4(1 +4er +4¢€2) (g)

31)

Q&K er) = —1.414 x (1 + 2er) x {K2(1 + 2¢1)}

112
+ N{K% +2en) +4(1 + 4er + 4€2) (g) |
K
« (E)
(32)

It is manifest from Eqs. (31) and (32) that the thermostatisti-
cally developed GES stability of the SWP depends solely on the
electron-to-ion temperature ratio as a plausible parameter. The
frequency parts are functions of the position coordinate due to
geometric curvature effects. This is again against the conventional
picture of sinusoidal eigenmodes of a linear dynamical system with
a fixed frequency free from such (¢, er)-parametric agencies [1,2].

Results and discussions

A pair of dispersion relations is already obtained for both the SIP
(Eq.(17)) and SWP (Eq. (28)) scales by employing the normal mode
analysis with some radial restrictions. As already mentioned, the
bi-scale relationships are analytically and structurally auto-
coupled via the long-range non-local gravito-electrostatic force
fields [5-9]. In a broader sense, the auto-coupling is established
principally with the help of the solar internal self-gravity (non-
Newtonian, non-uniform, SIP) converted into an external gravity
(Newtonian, uniform, SWP) via the interfacial SSB. The pair of the
dispersion relations is now numerically analyzed in the framework
of judicious set of input initial values relevant in the real solar
plasma system [5-9].

In Fig. 1, we show the profile of the normalized (a) real
frequency part (Q;) and (b) imaginary frequency part (€;) associ-
ated with the SIP fluctuation dynamics on the bounded SIP scale
with variation in the normalized position (¢) and normalized wave
number (K). The fixed input physical parameter is
er = (T;/T,) = 0.4, a value chosen for exact hydrostatic force bal-
ancing for the SSB to form [5-9]. It is seen that, near the vicinity
of wave number K = 0, the waves show dispersive nature; while,
as K increases, the waves turn purely acoustic-like (non-
dispersive), as confirmed by the linear Q. = f(K) dependencies
(Fig. 1(a)). The microscopic appearance of dispersive characteris-
tics in the gravitational waves is due to the joint action of nonlinear
pressure field and strong self-gravitational pressure effects. On the
other hand, the real frequency sharply decreases and remains
almost constant with ¢, signifying stable oscillatory propagation
(Fig. 1(a)). Moreover, the waves show a sharp damping behavior
up to the vicinity of K = 50, beyond which there is a slight damping.
It is furthermore speculated that the imaginary frequency is found
to remain almost constant along ¢, thereby typifying quasi-stable
harmonic oscillations of the solar plasma in a linear order
(Fig. 1(b)).
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Fig. 1. Profile of the normalized (a) real frequency part (Q) and (b) imaginary frequency part (Q;) associated with the SIP fluctuation dynamics with variation in normalized
position (¢) and normalized wave number (K) on the bounded scale. The fine details are given in the text.

Next, in Fig. 2, we depict the profile of the normalized (a) real
frequency part (Q,) and (b) imaginary frequency part (€;) associ-
ated with the SWP fluctuation dynamics on the unbounded SWP
scale with variation in the normalized position (¢) and normalized
wave number (K). Here, the input parameters kept fixed are
er = (T;/T,) =0.1, and ao=95. It is observed that, on the
unbounded scale, the perturbation waves are purely acoustic-like
in nature, without any strong dispersive property exhibited. It
implicates that in the SWP regime, the effect of fluid pressure is
too weak to introduce any observable effect in the wave propaga-
tion dynamics. It is also seen that there is no significant variation of
the real frequency in the é-space (Fig. 2(a)). Thus, the SWP fluctu-
ations propagate as stable oscillatory modes. Furthermore, the GES
waves show sharp damping behavior while going from the large-
wavelength regime to the short-wavelength one (Fig. 2(b)). The
imaginary frequency variation with respect to ¢ (Fig. 2(b)) is simi-
lar to that observed in Fig. 1(b), signifying the existence of stable
oscillations on both the spatial scales, both bounded and
unbounded. It may therefore be summarily inferred that the oscil-

latory behaviors of the solar plasma perturbations in a linear order
are scale-invariant under the balanced GES force fields.

The results numerically presented above (Figs. 1-2) are purely
based on a standard scale-free mathematical analysis in the
framework of Jeansean calculation scheme to study the nonexten-
sive nonthermal GES perturbations on both the interior and
exterior. It is able to reveal a unique form of quasi-linear coupling
of the long-wavelength gravitational and short-wavelength
acoustic mode fluctuations naturalistically existing in the GES-
based solar plasma system (Fig. 1(a)-Fig. 2(a)). We now, for
a quantitative glimpse, use the standard estimated value of
@y = VATngm; G ~ 1.08 x 103 rads! [1,2]. The unnormalized
value of the g-modified GES mode periods can now be roughly esti-
mated as T ~ 1 min. The modes with such time periods approxi-
mately match with the average helioseismic modes and
oscillations (~3-5 min in reality as per standard solar model pre-
dictions [1,2,11]). Thus, it can be seen that, although in an infancy
stage yet to be well concretized, the reliability of the investigated
results can be approximately validated in reproducing the average

I
35 -3 2.5 2 1.5 -1 0.5 0

(b)

Fig. 2. Profile of the normalized (a) real frequency part (Q,) and (b) imaginary frequency part (Q;) associated with the SWP fluctuation dynamics with variation in normalized
position (¢) and normalized wave number (K) on the unbounded scale. The fine details are presented in the text.
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picture of the astro-plasmic fluctuations and wave activites
reported previously elsewhere [9,11].

Conclusions

This paper reports a semi-analytic classical study on the GES
stability behaviors conjointly modified by the nonthermal electron
dynamics and nonlinear logatropic fluid pressure effects on the
solar hydrodynamic scales of space and time. A quasi-linear cou-
pling of the long-wavelength gravitational waves and short-
wavelength electrostatic waves in the presence of all the possible
key realistic agencies relevant for the solar plasma sector is ana-
lyzed. In particular, it incorporates the basic physics of
laboratory-confined plasma sheath formation and fluctuations via
the nonlinear plasma wall-interaction processes. A normal mode
analysis in the form of plane radial waves with some indicated
restrictions reduces the solar plasma model into a unique pair of
generalized quadratic dispersion relations with unique
K-dependent coefficients. After a constructive canonical illustrative
analysis, it is shown that the thermostatistically developed lowest-
order GES stability depends solely on the electron-ion temperature
ratio and the radial position coordinate. The damping behavior of
the fluctuations on both the SIP and SWP scales is more pro-
nounced in the acoustic-like domain than the gravitational-like
one. The inter-coupling mechanism between the two separate
scales in terms of dispersion features is attributable to the exis-
tence of the long-range non-local gravito-electrostatic force field
action dynamically evolving via the interfacial SSB. A unique con-
formation of quasi-linear interaction of the gravitational (SIP)
and acoustic (SWP) modes is reported to exist. This is in good
agreement with the previous theoretical results, but as distinctive
special cases of the thermalized electronic species instead of the
nonthermal nonextensive ones [9]. The effects of fluid turbulence
probably contributing to the nonlinear logatropic barotropic law
do not appear in our linear analysis thereby indicating a fully non-
linear spectral power-law treatment as a futuristic refinement.

It may be further noted that the mathematical strategy con-
structed here is a simplified one owing to the consideration of a
spherically symmetric geometrical configuration with the polar
and azimuthal perspectives fully ignored. It means that a plane-
wave analysis in the radial direction is employed, which is based
on a quasi-classic local (short wavelength) approximation, given
as, K& > 1 [1,2]. In other words, it depicts the fluctuation spectra
of shorter wavelengths (relative to the plasma characteristic
length) in the radial direction alone. Thus, the signatures of spher-
ical waves are to be investigated in the framework of non-planar
harmonics and special functions [1,2]. In order to see the actual
picture, we must note that the application of the WKB method

[2] is the only remedial measure. The basic model setups to handle
the nonuniform (inhomogeneous) solar dynamics are still neces-
sary without invoking any kind of conventional approximations
in the light of non-local theory, proper energy transport equation,
solar differential rotation, radiation hydrodynamics, etc [1,2]. The
proposed study, despite facts and faults, may be useful as a first
elemental step to see the collective fluctuation dynamics in the
bounded nonthermal GES-based Sun and its unbounded atmo-
sphere from a new viewpoint of nonextensive nonthermal
plasma-wall interaction processes remaining previously employed
only on the laboratory scales of space and time.

Acknowledgements

It is our great pleasure to acknowledge the learned anonymous
referees for constructive comments, valuable remarks and insight-
ful suggesstions. Active cooperation from Tezpur University is duly
acknowledged. The financial support, DST SERB Fast Track Project
(Grant: 021/2011), is thankfully recognized.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.rinp.2017.12.063.

References

[1] Stix M. The sun: an introduction. Berlin: Springer; 1991.
[2] Priest E. Magnetohydrodynamics of the sun. New York: Cambridge; 2014.
[3] Stangeby PC. The plasma boundary of magnetic fusion devices. Bristol and
Philadelphia: IOP Publishing Ltd.; 2000.
[4] Riemann KU. J Phys D Appl Phys 1991;24:493.
[5] Dwivedi CB, Karmakar PK, Tripathy SC. Astrophys ] 2007;663:1340.
[6] Karmakar PK, Dwivedi CB. Int ] Astron Astrophys 2011;1:210.
[7] Goutam HP, Karmakar PK. Europhys Lett 2015;112:39001.
[8] Goutam HP, Karmakar PK. Europhys Lett 2016;115:29001.
[9] Karmakar PK, Goutam HP, Lal M, Dwivedi CB. Mon Not Royal Astron Soc
2016;460:2919.
[10] Ghomi H, Khoramabadi M. ] Plasma Phys 2009;76:247.
[11] Christensen-Dalsgaard J. Rev Mod Phys 2002;74:1073.
[12] Demarque P, Guenther DB. Proc Natl Acad Sci 1999;96:5356.
[13] Du J. Europhys Lett 2004;67:893.
[14] Du J. Astrophys Space Sci 2006;305:247.
[15] Du J. Astrophys Space Sci 2007;312:47.
[16] El-Hanbaly AM, El-Shewy EK, Elgarayhi A, Kassem Al. Commun Theor Phys
2015;64:529.
[17] Pierrard V, Lazar M. Sol Phys 2010;267:153.
[18] Livadiotis G, McComas DJ. Space Sci Rev 2013;175:183.
[19] Gohain M, Karmakar PK. Europhys Lett 2017;117:19001.
[20] Lizano S, Shu FH. Astrophys ] 1989;342:834.
[21] Adams FC, Fatuzzo M, Watkins R. Astrophys ] 1996;426:629.
[22] Karmakar PK. Res Phys 2012;2:77.


https://doi.org/10.1016/j.rinp.2017.12.063
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0005
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0010
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0015
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0015
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0020
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0025
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0030
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0035
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0040
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0045
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0045
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0050
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0055
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0060
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0065
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0070
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0075
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0080
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0080
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0085
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0090
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0095
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0100
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0105
http://refhub.elsevier.com/S2211-3797(17)32177-0/h0110

	Nonextensive GES instability with nonlinear pressure effects
	Introduction
	Model and formalism
	SIP calculation scheme
	SWP calculation scheme

	Results and discussions
	Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


