https://ajbas.journals.ekb.eg

Alfarama Journal of Basic & Applied Sciences ajbas@sci.psu.edu.eq
Faculty of Science Port Said University http://sci.psu.edu.eg/en/
ISSN  2682-275X January 2021, Volume 2, Issue 1 DOI: 10.21608/ajbas.2020.33110.1020

Submitted: 17-06-2020
Accepted: 01-09-2020 Pages: 97-104

The Role of Superthermal Electrons on The Escaping lons From The Upper Atmosphere
of Titan And Venus

Samy Salem”, Reda E. Tolba®, Waleed M. Moslem'?, and Salah K. El-Labany’
'Department of Physics, Faculty of Science, Port Said University, Port Said 42521, Egypt
?Basic and Applied Science Department, College of Engineering and Technology, Arab Academy for
Science and Technology (AAST), Port Said, Egypt
*Centre for Theoretical Physics, The British University in Egypt (BUE), El-Shorouk City 43, Cairo,
Egypt
*Department of Physics, Faculty of Science, Damietta University, New Damietta, 34517, Egypt

* Corresponding author: ssalem92@hotmail.com

ABSTRACT

The observed escape of ions from the ionosphere of planets and moons is of interest during
the last few years. Different mechanisms that can explain the escape of charged particles
were assumed. One of the recent mechanisms to explain the ionospheric loss is the plasma
expansion approach. In the present work, we investigate the ionic loss from the moon Titan
and planet Venus, where their ionospheres suffer from a continues loss reaches to several
tons of ions per day. For this purpose, we use a suitable set of hydrodynamic fluid equations
to describe the plasma system in either Titan or Venus. Interestingly, it is observed that
superthermal electrons are exist in both cases (i.e. Titan and Venus ionosphere). The self-
similar transformation is used to reduce the basic equations to ordinary differential equations
which can be solved numerically to obtain the profiles of the plasma ion density, velocity,
and potential during the expansion interval. Furthermore, it is of interest to examine the role
of the superthermal electrons on the expansion profile properties.
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1. INTRODUCTION

Unlike our planet Earth, Venus and Titan moon lack to a global internally generated magnetic field
[1], which make them heavily exposed to the solar wind strikes [2] and [3]. Although Titan is located
inside Saturn's magnetic umbrella for most of its orbiting time, it is magnetically unprotected orbiting
Saturn for about 7 hours out of Saturn's magnetosphere [4]. Due to the unique atmospheres of Venus
and Titan, many attentions have been drawn and also exploration missions have been sent individually
to both of them. For example, Venus express (VEX) was sent to Venus and Cassini-Huygens was sent to
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Titan and the whole Saturn’s system [5]. According to the Cassini lon and Neutral Mass Spectrometer
measurements of Titan’s ionosphere composition, three ions are the major dominant ions in Titan

ionosphere [6]. While the observations of Venus’ ionosphere indicate that only two ions are the major
ions [7].

Titan has the most dens atmosphere of any moon in the solar system, with pressure at the
surface larger than the Earth. Thus, Titan has a unique ionosphere, which is usually immersed in
Saturn’s magnetosphere [8]. Titan ionosphere's has mass loss process and its interaction with the solar
wind have been recently reviewed using data from Cassini-Huygens mission [9 and 10]. Indeed,
superthermal electron distribution "kappa distribution" has been involved in many space plasma
environment such as analyzing and interpreting observational data in Earth's magnetosphere [11], solar
wind [12], and Jupiter and Saturn [13]. These works showed that the deviation from isothermal
distribution "Maxwellian distribution™ is described by superthermal distribution that well-explained the
space observation. Richard et al. [14] have shown that Titan’s location in Saturn’s magnetosphere
determines the superthermal electron populations that exist and can precipitate along magnetic field
lines into the ionosphere [15]. Furthermore, Szego et al. [16] have shown that the interaction shock
between the solar wind and the planetary plasma in Venusian ionosphere could be the origin of the high
energetic (superthermal) electrons existing in Venus ionosphere.

Actually k parameter represents the deviation from Maxwellian distribution. In other words,
superthermal distribution indicates that there are some electrons have excess of energy, which represents
by « parameter. For low values of «, it means that the system deviates from Maxwellian case and some
electrons acquire excess of energy. While large values of «x restore the Maxwellian distribution
dominancy again [17 and 18]. Distributions with suprathermal tails have been observed in various space
plasmas, where the superthermality parameter 2 < k < 6 have been found to fit the observations and
satellite data in the solar wind [19 and 20].

Recently, Salem et al. [21] used self-similar plasma expansion approach to solve a plasma
model based on the losing phenomenon of Titan atmospheric composition composed of two positive
ions with different masses and isothermal electrons. The effects of different plasma parameters, i.e.,
density and temperature ratios, were studied on the expanding plasma profiles. Later, Moslem et al. [2]
investigated the ionic escape from the upper ionosphere of Titan triggered by the solar wind. In this
work, a plausible scenario using a hydrodynamic fluid approach for the plasma expansion in the upper
ionosphere of Titan, combining (Maxwellian) electrons and three different species of positive ions
which interact with the solar wind electrons and protons. It is found that increasing the solar wind proton
number density leads to a reduction of the ion escape, while the effect of electrons is opposite
stimulating the ion escape. Moreover, the expansion domain does not change for more energetic
protons. For a higher temperature contrast between ions and electrons, the depletion rate of the density
increases and the ions move faster, leading to a higher ionic loss. Very recently, Salem et al. [3] studied
the nature of ionospheric losses from Venus to understand the ionosphere dynamics of this
unmagnetized planet. A plausible mechanism that can explain the escape of charged particles involves
the solar wind interaction with the upper atmospheric layers of Venus. The behavior of plasma density,
velocity, and electric potential, as well as their reliance upon solar wind parameters have been
examined. It is found that for noon midnight sites, the oxygen ion-to-electron relative density may be the
main factor to enhance the ionic loss. However, the other parameters, like hydrogen density and solar
wind density and velocity seem to do not stimulate the runaway ions. For lower dawn-dusk region, the
plasma are composed of hydrogen and oxygen ions as well as electrons, but for higher altitudes only
hydrogen ions and electrons are encountered. All ionic densities play an important role either to reduce
or boost the ionic loss. The streaming solar wind velocity has no effect on the plasma escaping for lower
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altitudes, but it reduces the expansion at higher altitudes. All the above investigations considered a
Maxwellian electrons distributions. However, some space observation indicated that some electrons can
acquire excess of energy and fellow superthermal distribution [16]. This is the motivation of the present
work is to study the effect of superthermal distribution on the ionic loss of Titan and Venus ionosphere.

In this paper, we study the effect of superthermal electron distribution "x- distribution™ on the
ionospheric composition loss from Venus and Titan upper ionospheres using the plasma expansion
approach [21-23]. The paper is arranged as follows: the hydrodynamic fluid equations and the
theoretical model are presented in section 2. In section 3, we discuss the numerical results and the
summary follows in section 4.

2. THEORY AND MODEL EQUATIONS

We consider unmagnetized, collisionless plasma which is consisting of three positive
ions (two positive ions) in case of Titan (Venus), and superthermal electrons. The ions’
pressures are assumed to be adiabatic since the particles cool down during the expansion, while
the electrons distribution is assumed to be superthermal which is deviated from the Maxwellian
distribution with factor k. The basic set of fluid equations is governed by the following one-
dimensional nonlinear partial differential equations [24] as:

For the ions
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The superthermal electrons is described by the following distribution [17]

_ ed -Kk+1/2
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Equations (1) — (3) are closed by the plasma neutrality condition as

The quasi-neutrality condition eq. (4) as a plasma approximation is well-known in studies
related to plasma at short wave-number or in situations dealing systems having very small Debye length.
Therefore, it is obvious that plasma-scale >> Debye length which is enough condition to consider the
quasi-neutrality approximation. However, if the plasma-scale > Debye length, we have plasma sheath
near boundary case that gives rise to the use of Poisson equation. In the present case, it is not possible to
obtain a self-similar solution in the presence of Poisson equation. Thus, we use the plasma
approximation to investigate the problem and solve the basic equations numerically. It means that under
the above conditions, our analysis is satisfactory to explain the phenomena. Furthermore, it will enable
us to get a general picture of behavior of the physical system at hand.

The symbols n;, u;, P;, and ¢ represent the density, velocity, thermal pressure, and

electric potential, respectively. The subscript j is 1, 2 and 3 in case of Titan stands for first
positive ions (HCNH"), second positive ions (C,Hs"), third positive ions (CHs") and e stands
for superthermal electrons, respectively. Whereas, the subscript j is 1 and 2 in case of Venus
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stand for the first positive ions (H") and second positive ions (O"). Here, we use P = Anj3 as
the adiabatic fluid pressure where A is some constant and n; is the species ions density.
Furthermore, m;, m, and ms are the masses of Titan species HCNH®, C,Hs" and CHs" ions,
respectively. While for Venus m; and m, are the masses of H" and O" ions. To solve Egs. (1) —
(4), we introduce the self-similar variable & = x/cyt [25, 26] to obtain the following
normalized ordinary differential equations:

V= )GE+ N d? =0, (5)
3oWN, T+ (V — O+ 52 =0, (6)
v, f)d”2+1vzi—§2=o, 7)
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Ne d§  (k->-@) d§

le sz dN;  dN,

+ﬁ d_f_d_fzo' (12)

In Egs. (5) — (12), for Titan, we have 01,3 =Ti,3/Te, Qa3 = my/My3, 0 = Nyy/Neo,
B =ny,/ne, and y = ns,/n,.,. Whereas for Venus, Egs. (9) and (10) are ignored since we
have only two species. Here n,,, n,, 135, and n,, are the initial densities of the plasma, n; is
normalized by the unperturbed density n;,, u; by the ion-acoustic speed c; = (kzT,/m;)*/?,
P; by njokgT; and ¢ by kgT,/e.

3. NUMERICAL RESULTS AND DISCUSSION

We used a suitable numerical code by Mathematica package to solve the basic Egs. (5) - (12)
numerically. To obtain the nontrivial solution, the determinant of the matrix of the independent
derivatives must vanish [18], and using the following initial conditions N;[0] = 0.2, N,[0] = 0.08, N3[0]
=0.05, Ne[0] =1, V4[0] = 1, V,[0] = 1, V3[0] = 1 and ®[0] = 0. For Venus N3 and V; are ignored.

We have used a typical data from observations for both temperatures and densities and then
used them in the relative ratios, for example oj = Tj/Te , a = n10/ne0. Saturn is far away, at about 10 AU
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from the Sun [27]. At this distance, the solar wind is rarefied with density 0.01-1 cm 3, but still a

significant bulk speed e.g., 300-500 km/s, and an average temperature ~ 104K [28]. Among the moons
which rotate around Saturn, Titan has no intrinsic magnetic field but its orbit is within Saturn’s magnetic
field shield for most of the orbital period [29].

In what follows, we analyze the dependence of the profiles of the first positive ion normalized
density N; and velocity V1, as well as electrostatic potential ®@, for both Titan and Venus systems, on the
superthermality factor k. It is found that the plasma expansion at both of Titan and Venus are affected
by the presence of superthermal electrons. The effect of the latter is investigated on positive ion density
N; as depicted in Fig. 1(a) for Titan and in Fig. 1(b) for Venus. It is seen that for higher value of
superthermality, the plasma tends to expand more than of lower values. This behavior is the same for
Titan and Venus. However, the isothermal electrons (i.e. large k) have a significant role to make the
plasma expansion wider for both Titan and Venus. This could be explained as the superthermal electrons
are too fast to make the ions follow them. Thus, the ions cannot go ahead faster to keep track of
electrons and the plasma expansion domain decreases. The effect of superthermality on the positive ions
velocity V; is shown in Fig. 2(a) for Titan and in Fig. 2(b) for Venus. It is noticed that the ions velocity
increases with the increase of k, while for the isothermal electrons (i.e. k¥ = 10), they have higher
velocity than the non-Maxwellian case. Lastly, the effect of superthermal electrons on the electric
potential is shown in the Fig. 3(a) for Titan and in Fig. 3(b) for Venus. It is obviously noticed that the
electric potential is affected by the superthermality the same way in both Titan and Venus ionospheres.
The value of negativity of the electric potential directly proportional with the superthermality value «.
Also, the isothermal electrons (higher superthermality) have the most significant effect to increase the
electric potential.

4. CONCLUSION

This study is dedicated to investigate the effect of superthermal electron population on the
escaping composition from the upper ionosphere of Titan and Venus when the magnetic field is ignored.
For this purpose, a hydrodynamic system of equations has been solved using the self-similar approach.
The numerical calculations showed that both of Venus and Titan are affected by the superthermal
electrons. However, Venus is affected by the existence of superhtermal electron with higher rate than of
Titan through the enhancement of density depletion, velocity and negative potential. The plasma
expansion has been noticed to increase with high deviation from Maxwellian distribution (increasing ).
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Fig. 1. Normalized positive ions density N1 at (a) Titan and (b) Venus versus self-similar variable & for
different values of superthermal factor k, where k = 3 (solid line), k = 5 (dashed line), k = 10 (dotted

line), and for isothermal electron (thick line).
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Fig. 2. Normalized positive ions velocity V1 at (a) Titan and (b) Venus versus self-similar variable & for
different values of superthermal factor x, where k = 3 (solid line), k = 5 (dashed line), k = 10 (dotted

line), and for isothermal electron (thick line).
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Fig. 3. Normalized electric potential ® at (a) Titan and (b) Venus versus self-similar variable & for
different values of superthermal factor k, where k = 3 (solid line), k = 5 (dashed line), k = 10 (dotted
line), and for isothermal electron (thick line).
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