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Abstract

Electrostatic solitary waves (ESWs) in the Venusian ionosphere that are impinged by the solar wind are
investigated using a homogeneous, collisionless, and magnetized multicomponent plasma consisting of Venusian
H" and O ions, Maxwellian Venusian electrons and streaming solar wind protons, and suprathermal electrons
following x — distribution. The model supports the propagation of positive potential slow O and H* ion-acoustic
solitons. The evolution and properties of the solitons occurring in two sectors, viz., dawn-dusk and noon-midnight
sector of the Venus ionosphere at an altitude of (200-2000) km, are studied. The theoretical model predicts positive
potential solitons with amplitude ~(0.067-56) mV, width ~(1.7-53.21) m, and velocity ~(1.48-8.33) km s ! The
bipolar soliton electric field has amplitude ~(0.03-27.67) mV m ~! with time duration ~(0.34-22) ms. These
bipolar electric field pulses when Fourier transformed to the frequency domain occur as a broadband electrostatic
noise, with frequency varying in the range of ~9.78 Hz—8.77 kHz. Our results can explain the observed
electrostatic waves in the frequency range of 100 Hz-5.4 kHz in the Venus ionosphere by the Pioneer Venus
Orbiter mission. The model can also be relevant in explaining the recent observation of ESWs in the Venus

magnetosheath by the Solar Orbiter during its first gravity assist maneuver of Venus.
Unified Astronomy Thesaurus concepts: Venus (1763); Solar wind (1534)

1. Introduction

Venus is often referred as “Earth’s twin” by virtue of its
similarities in terms of size and structure. However, the
interaction of the solar wind with the Venus is markedly
different from that of the Earth with its internal magnetic field.
The solar extreme ultraviolet radiation (EUV) and energetic
particles partially ionize the thick neutral atmosphere/exo-
sphere of Venus (producing photoions and photoelectrons),
thereby generating the Venusian ionosphere (Zhang et al.
2007). Owing to the weak intrinsic magnetic field of Venus
(Phillips & Russell 1987), the solar wind directly interacts with
the ionosphere (Luhmann 1986). The solar wind magnetic field
induces current in the conducting ionosphere, which in turn
generates an induced magnetic field that inhibits the inflow of
solar wind and interplanetary magnetic field (IMF) (Futaana
et al. 2017). This spawns an “induced magnetosphere” (see
Figure 1) that is analogous to Earth’s magnetosphere with
regard to plasma regions but differs in spatial scale (Zhang
et al. 2007; Futaana et al. 2017). When the solar wind
traversing at supersonic speed encounters the induced magneto-
sphere, it is slowed down and deflected by the induced
magnetosphere, which ensues in an upstream bow shock and
downstream magnetotail. The Venusian magnetosphere is
bounded by ionopause/magnetopause, where the solar wind
dynamic pressure is approximately balanced by the thermal
pressure of Venus’s ionospheric plasma. The ionopause on the
night side acts as a boundary between the magnetosheath and
the magnetotail. The magnetosheath region between the shock
and the ionopause comprises thermalized subsonic solar wind
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plasma, which is associated with piled-up and draped IMF
(Futaana et al. 2017). The dynamics of Venus’s induced
magnetosphere rely to a large extent on the solar activity
(Zhang et al. 2007; Yadav 2020).

The interaction between the solar wind and Venus’s induced
magnetosphere facilitates the existence of numerous linear and
nonlinear plasma waves and turbulences (Futaana et al. 2017).
Plasma waves play a prominent role in the energy transportation,
particle heating and acceleration of particles to high energies, and
modifying the particle distribution function. Furthermore, the
waves can be utilized as a diagnostic tool to explore Venus’s
ionosphere and its extended exospheres (Strangeway 1991;
Futaana et al. 2017). Despite several spacecraft missions
(including flyby’s, orbiters, and landers) to Venus, the quantum
of information on the waves observed in the Venus is provided by
the Orbiter Electric Field Detector (OEFD) on board the PVO
(Russell et al. 2006). Scarf et al. (1979) reported the first ever
observation of plasma waves in the Venus atmosphere, on the
basis of PVO traversing the dawn-dusk (DD) sector during low
solar activity. They observed the largest amplitude waves (inferred
as whistler waves with frequency ~100 Hz) at very low altitudes
(<380 km), which are closer to the ionospheric boundary. They
also reported the observation of ion-acoustic waves (with
frequencies ~730Hz and 5.4 kHz) and electron plasma waves
(~30 kHz) generated by suprathermal electrons. Strangeway
(1991) suggested the existence of electrostatic ion-acoustic or
lower hybrid waves at the ionopause based on the results of
Elphic et al. (1980). The broadband wave noise that is observed in
the plasma cloud above the Venus ionosphere was elucidated in
terms of ion-acoustic waves by Scarf et al. (1985). The plasma
cloud is a detached volume of ionospheric plasma that is observed
above the ionosphere and is often associated with wave activities
having similar characteristics to those appearing in the ionopause
(Brace et al. 1982; Russell et al. 1982). The occurrence of ion-
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Figure 1. A schematic of the Venusian induced magnetosphere (not to scale).

acoustic waves in the magnetotail region was investigated by
Intriligator & Scarf (1984).

ESWs are ubiquitous in space plasma environment, Vviz.,
planetary magnetospheres (Matsumoto et al. 1994; Kurth et al.
2001; Pickett et al. 2005; Williams et al. 2006), solar wind
(Mangeney et al. 1999), lunar wake (Hashimoto et al. 2010),
and so on. Generally, the ESWs are accountable for the
generation of broadband electrostatic noise (BEN) or electro-
static turbulence in the space plasma environment (Matsumoto
et al. 1994; Lakhina et al. 2000). In the literature, a large
number of theoretical studies on the generation mechanism,
structure, and properties of the ESWs in various space plasma
environments are available (Lakhina et al. 2021a, Reddy &
Lakhina 1991; Lakhina & Singh 2015; Rubia et al. 2016, 2017;
Lakhina et al. 2018, 2021a) (For further details, kindly refer
Lakhina et al. 2018, 2021b and references therein.) However,
research on the nature of ESWs in the Venus ionosphere
pervaded by the solar wind is limited. Recent spacecraft
missions that flyby Venus for gravity assist maneuver have
reported the occurrence of ESWs and double layers in the
induced Venus magnetosphere. Hadid et al. (2021) reported the
occurrence of ESWs with peak-to-peak electric field amplitude
of a few mV m~" with a characteristic timescale of ~0.5 ms in
the magnetosheath and the tail region of the Venus on the basis
of Time Domain Sampler (TDS) on board the Solar Orbiter.
They interpreted these structures as electron phase space holes
propagating parallel to the ambient magnetic field. Malaspina
et al. (2020) reported the Parker Solar Probe (PSP) observation
of electron phase space holes and double layers (with spatial
scales of few tens of Debye lengths and potential drops of few
tens of V) near the bow shock. Moslem et al. (2018)
investigated shocklike solitons and small amplitude double
layers in the interaction region of the solar wind with the Venus
ionosphere. Salem et al. (2019) studied the mechanism for the

ionic losses from the Venus ionosphere by virtue of interaction
between the solar wind and the Venus ionosphere. They
employed a hydrodynamic approach in a multicomponent
plasma to inspect the correlation between plasma density,
velocity, electric potential, and solar wind parameters. They
predicted that O" ions to electrons relative density are a key
factor for ionic loss in the noon-midnight (NM) sector.
Meanwhile, in the DD sector, all the ion densities (O1, H
and solar wind protons) play an important role in either
increasing or decreasing the ionic losses. However, streaming
solar wind velocity does not contribute toward the escape of
Venusian ions in either the DD or NM sectors at low altitudes.
Prasad et al. (2021) reported the occurrence of ion-acoustic
solitary, periodic, and superperiodic waves in the NM sector as
a result of ionospheric escape from the Venus atmosphere by
utilizing the Sagdeev pseudopotential analysis on the plasma
model of Salem et al. (2019). Sayed et al. (2020) investigated
the propagation of nonlinear ion-acoustic waves in Venus’s
plasma environment. They modeled the Venus plasma using a
three-component plasma consisting of H" and O™ ions and
electrons following Maxwellian distribution. They reported that
only compressive ion-acoustic solitons propagating with a
speed of ~2 km s~ ' exists in the Venus ionosphere at the
altitude 200-1000 km. Afify et al. (2021) analyzed the linear
and small amplitude nonlinear wave dynamics during the solar
wind interaction with the upper atmosphere of the Venus.
Using the reductive perturbation method, they predicted the
electric field amplitude of the ESWs as 1.2 mV m~' with time
duration of 0.4 ms and proposed that these ESWs could provide
a plausible explanation for the plasma oscillations detected
during the Galileo flyby of Venus (Gurnett et al. 1991).

The preceding theoretical studies used either Maxwellian or
fluid description for the electrons. However, in space plasma, the
distribution function is often observed to deviate from the
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Maxwellian distribution due to the presence of suprathermal
electrons having high energy tails (Vasyliunas 1968;
Leubner 1982). Generally, such suprathermal particles are
effectively described using k-distribution (Summers &
Thorne 1991). In this paper, we study the characteristics of
ESWs in Venus’s ionosphere pervaded by the solar wind, using a
multicomponent plasma comprising of Venusian H" and O™
ions, background Venusian electrons following Maxwellian
distribution, and streaming solar wind protons and suprathermal
electrons following drift-x distribution, in terms of ion-acoustic
solitons. The solar wind electron population has three compo-
nents, viz. cold “core,” hot “halo,” and strahl. The slow solar
wind is often characterized by “core” and “halo” electrons, while
the fast solar wind consists of all three components (Pierrard &
Lemaire 1996). Generally, the number density of the strahl
component is lesser than the core electrons, and hence has been
neglected in our study. The core and halo electrons taken
together can effectively be modeled using r-distribution
(Lakhina & Singh 2015). On the basis of numerous kinetic
models and satellite observations of the electron distribution
function, it has been established that x distribution can
effectively model the solar wind electrons for both slow (large
values of k) and fast (lower x values) solar wind conditions
better than the Maxwellian distribution (Pierrard &
Lemaire 1996; Maksimovic et al. 1997a, 1997b). We would
like to emphasize that the x- distribution considered here
describes the total electron distribution and not just the
suprathermal part because one would obtain the Maxwellian
distribution for large values of s (core part) and suprathermal
part for low values of x, which justifies the modeling of the solar
wind electrons using x-distribution.

The generation of ESWs is governed by two main
mechanisms, viz., BGK (Bernstein—Green—Kruskal) modes,
phase space holes, and ion- or electron-acoustic solitons and
double layers. The trapped particle population is vital in the
BGK generation mechanism. Numerous kinetic simulations
have demonstrated that the nonlinear saturation of electron
beam instabilities generates isolated potential structures,
analogous to the BGK modes/phase space holes that emulate
ESWs. However, the phase space holes were found to be
unstable with a tendency to merge or breakup as the instability
evolves. The soliton and double layer generation mechanism
utilizes the fluid model to describe the evolution of ESWs (for
further details on the merits of the soliton model, kindly refer
Lakhina et al. 2018, 2021b). Here, we emphasise that our
model considers only the time-stationary state of the plasma
system. In such a state, plasma instabilities, if present initially,
would have been saturated. The model deals only with the
nonlinear states of the system. Here, Section 2 provides the
theoretical plasma model that we used and Section 3 discusses
the numerical results. Section 4 compares the results of the
theoretical model with previous theoretical studies of ESWs
occurring in the Venus ionosphere. The conclusions are given
in Section 5.

2. Theoretical Model

The PVO and Venus Express (VEX) observations of the
Venus ionosphere indicate O and H" ions (ionospheric and
solar wind origin) and electrons as the dominant species in the
ionosphere above an altitude of 200 km (above exobase)
(Knudsen 1992; Lundin et al. 2011). These observations
motivated us to model the interaction region of the solar wind
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plasma with Venus’s ionosphere using a homogeneous,
collisionless, and magnetized multicomponent plasma compris-
ing of positive ions (H"(Wyng, Tyn) and O (Nyeo, Tyo)) Of
Venusian origin, background Venusian electrons (Npeg, The)
following Maxwellian distribution and streaming solar wind
protons (Ngpo, Tsp,Vo) and suprathermal electrons following
 — distribution (Nyeo, Tse,Vo), where Njy, T; and V, represents
the equilibrium values of the number density, temperature, and
streaming velocity (in the direction of the ambient magnetic
field, By), respectively, for the /™ species, with j = vh, vo, be,
sp, and se, respectively, corresponding to Venusian H" ions
and O" ions, Venusian electrons, solar wind protons, and
electrons. Here, both the solar wind protons and electrons are
considered to be streaming with same velocity, V.

The solar wind electrons streaming with velocity V are
considered to follow the drifting x-distribution given by Liu &
Du (2009)

f;e (V) =

Neo T+ 1) (1

V=% \"
JTEO RS2 T(k — 1/2) - ) M

k6?2

where, k is the spectral index with xk > 3/2, T'(x) is the gamma
function and 6% = (2 — %)L, is the modified solar wind

electron thermal speed. T, and m, represents the solar wind
electron temperature and mass, respectively. When k — oo,
the drift «-distribution approaches drift Maxwellian distribution.

The solar wind electron number density in the presence of
electrostatic wave having electric potential ¢ can be attained by
substituting (V;;/O)z by Y ;2\/0)2 — % in Equation (1) and
integrating it over the velocity space (Rubia et al. 2017; Singh
et al. 2020),

—k+1/2
¢ ) . 2)

k—3/2
As the background electrons follow Maxwellian distribution,

their number density in the presence of electrostatic waves with
potential, ¢ is given as (Lakhina et al. 2014, 2020)

Nge = nse()(l -

Npe = Npeo exp(i)- 3)
Obe
Here, ¢ is normalized with Ty./e and ope = The/Tse-
The underlying fluid equations govern the dynamics of the
Venusian H" and O" ions and solar wind protons in the
interaction region of the solar wind with the Venus ionosphere,

8l’lj 8(l’lej) _

0 4
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/R e R VA A YR M M Ay 5
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82
8_5 = (Nge + Nbe — Nyh — Nyo — nSP)' (6)

Equations (2)—(6) are normalized equations. Number
densities are normalized with the equilibrium number density
of electrons (or ions), No = Nyno + Nyoo + Nepo = Neeo + Npeo-
Velocities are normalized with ion-acoustic speed,
Cy = JTye/mgpy 5 mg, is the mass of the proton and T is the
temperature of the solar wind electron, lengths are normalized
using effective hot electron Debye length,

JT./4mNye?, time is normalized using inverse of the proton

)\dse =
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plasma frequency, wp, = /4mNoe?/mg, , and electrostatic
potential, ¢ is normalized with Ty./e. Here, j = vh, vo, and sp

denote Venusian H* and O" ions and solar wind protons,
respectively. o0;=T,;/T,. and nj=N;/N, represents the
normalized temperature and equilibrium number density,

S(p, M) =

Tyho M
6\[ 30'\,}1 lMspVh

3
M M
- - 3CTvo +
( A/ lj‘spvo ] [ N :u’spvo
Nspo

6./30y,

+

]
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Equation (7) represents the motion of a pseudoparticle of unit
mass in a pseudopotential, S(¢,M), with ¢ and &, respectively
depicting pseudo-displacement from the equilibrium and
pseudo-time (Lakhina et al. 2009; Rubia et al. 2017; Lakhina
et al. 2020). The Sagdeev pseudopotential, S(¢,M), is given by

3/2

2
+ /30y —2¢
1/Mspvh h]

2 3/2
—m] - 2¢
5 3/2
M + 30\/0) 2¢
2 3/2
— SUVOJ - 2¢

(M = vo) + B0yp)? — [(M — vo) + [30)> — 2072

—((M — vo) — J30p)* + [(M — vo) — J305p)*> — 26T/%}

—Kk+3/2
+nse0{1 - (1 - H—Lg/z) } + nbeOUbe{l - exp(o_i;e)}' (8)

respectively. Here, pi,; = mg,/m;, where m; is the mass of the
7™ species. Ion-acoustic wave exists when the condition,
Vini < <Vph < < Ve holds. Here, vy and vy, is the thermal
velocity of the ions and electrons, respectively; vy, is the phase
velocity of the wave (Salem et al. 2022). The electrons move
much more quickly in comparison to the waves and have
sufficient time to maintain equal temperature everywhere.
Hence, the electrons are isothermal. In comparison to electron
timescale, the ions being massive move relatively slowly with
respect to the waves, resulting in adiabatic compression. Hence,
we have considered the adiabatic index, ;= 3.

To analyze the properties of the ESWs, we transform
Equations (4)—(6) to a stationary frame moving with phase
velocity, V of the ESWs, ie., £=x— Mt, where M=V/C,
depicts the Mach number. We obtain the number densities of
Venusian H" and O™ ions and solar wind protons by solving
Equations (4)—(5), along with appropriate boundary conditions
(i.e., all variables, viz., fluid velocities, densities approaches their
equilibrium values, and the electrostatic potential, ¢» =0 and d¢/
dé =0 at £ — 00 ). The resulting number density, along with the
number density of solar wind electrons (Equation (2)) and
background electrons (Equation (3)), is substituted in the
Poisson’s Equation (6) and solved using the appropriate boundary
condition to obtain the energy integral, as in Lakhina & Singh
(2015) and Lakhina et al. (2021b)

2
1fd¢ -
2(d5) + S(¢, M) = 0. )

Equation (8) is represented in an allegorical form where the
operation of a square root on a squared expression results in the
same expression, e.g., /(M £ oj)2 = M =+ o0;. Here, vo=
Vo/C, is the normalized drift speed of the solar wind electrons
and protons.

The Sagdeev pseudopotential, S(¢, M) must comply with the
following conditions for the existence of soliton solution
(Lakhina et al. 2018; Rubia et al. 2018; Lakhina et al. 2021a):
(i) S(¢, M)=0, dS(¢, M)/dp =0, and d*S(¢, M)/d¢* <0 at
$=0, (i) S(¢, M)=0 at ¢ = ¢, (Ppax 1S the maximum
attainable amplitude of the soliton), and (iii)) S(¢, M) <0
for 0 < || < |@paxl-

From Equation (8), it can be observed that the Sagdeev
pseudopotential, S(¢,M) and its first derivative with respect to
¢ (dS(p, M) Z d¢) becomes null at ¢ = 0. Moreover, the soliton
condition d-S(¢, M)/dqi)2 <0 at ¢ =0 requires that M>M,,
where the critical Mach number, M,,, above which the soliton
solution exists, satisfies the underlying equation:

lyho yo0
M2 A\ + M2 Vo
— 30w — 30y,
/‘-spvh u.\pvn
Nspo k—1/2 Nbe
+ F; = Nge0 —/ + l 9
(M — vp)* — 30 Kk —3/2 Obe

For admissible parameters corresponding to the interaction
region of the solar wind with Venus’s ionosphere, Equation (9)
is numerically solved to obtain the M,. Equation (9) supports
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Table 1
Number Density of the Venusian H" and O Ions and Solar Wind Protons
for the DD and NM Sectors at Different Altitudes of Venus’s Ionosphere

DD NM
Altitude th() NvoO NspO th() Nvo() NspO
(em?®) (em?) (m’ (em’) (em )  (cm )
2000 km 15 0.6 40 3.5 3 4.5
1000 km 40 50 10 15 45 15
800 km 40 50 8.5 11 60 10
600 km 28 100 6 10 100 8.5
400 km 15 180 5 7.5 190 3.5
200 km 1 200 5 5 200 1

six roots, of which all are not physical. Here, we analyze only
the real positive roots. The roots with same magnitude but
negative sign exhibit similar properties as those of the positive
roots (propagating parallel to By) but propagates in the opposite
direction (i.e., antiparallel to By). The relative ordering of the
species thermal velocities and the physical roots (unnormalized
velocities) determines the nature of the root obtained (Lakhina
et al. 2008). For the parameters that we considered, we observe
that the lowest velocity (root) is greater than the thermal
velocity of O ions but is lesser than that of H' ions. The
intermediate velocity (root) lies between the thermal velocities
of H" ions and solar wind protons. Meanwhile, the largest
velocity (root) lies between the thermal velocities of solar wind
protons and electrons: Viyo < Viowest < Vivh < Vintermediate <
Visp < Viargest < Vibe < Vise. The lowest and the intermediate
root corresponds to slow O and H' ion-acoustic mode,
respectively, while the largest root corresponds to the fast ion-
acoustic mode (Lakhina et al. 2014; Lakhina & Singh 2015;
Rubia et al. 2016). The fast ion-acoustic mode is similar to the
regular ion-acoustic mode occurring in a proton-electron
plasma. Meanwhile, the slow ion-acoustic mode is an ion-ion
hybrid mode, essentially requiring two or more ion species
either having different thermal velocities or relative streaming
between the ions (Lakhina & Singh 2015; Lakhina et al. 2018).
For the parameters relevant to Venus’s ionosphere, only slow
O" and H" ion-acoustic modes support the propagation of
solitons.

3. Numerical Results and Discussions

For pertinent parameters corresponding to the Venus iono-
sphere permeated by the solar wind, Equation (8) is
numerically solved for S(¢,M) varying with ¢ for different
values of Mach number, M > M,. Subsequently, Equation (7)
and Equation (8) are simultaneously solved using the RK-4
method (Singh et al. 2020) to obtain the potential and electric
field profiles. The numerical analysis of our theoretical model is
carried out on the basis of the observations provided by Lundin
et al. (2011). The altitude profiles (ion density, ion velocity,
and ion-mass flux) for the DD and NM sector of the Venus
ionosphere were analyzed by Lundin et al. (2011) based on the
observations of the ASPERA-4 Ton Imaging Analyzer (IMA)
on board the 390 Venus Express (VEX) satellite. In the NM
meridian, HT and O% ions and electrons were the major
constituents at an altitude of 200-10,000 km (Lundin et al.
2011; Prasad et al. 2021). Meanwhile, in the DD meridian, H"
and O" ions and electrons are dominant species at an altitude
below 2000 km. For higher altitudes, only H* and electrons are
prevalent. We obtained the number densities of the Venusian

Rubia et al.

H' and O ions and solar wind protons at different altitudes for
both NM and DD sectors from Figures 8 and 9 of Lundin et al.
2011, respectively. Table 1 summarizes the number density of
the Venusian H' and O" ions and solar wind protons
considered at different altitudes of the Venus ionosphere for
both DD and NM sectors. To satisfy the charge neutrality
condition, we considered the number density of background
electrons as Nypeg = Nyno+Nyoo and the number density of solar
wind electrons as N = Ngpo. Temperature variation of the
species with altitude is not available in the literature. Based on
the observation at 0.7 au, we considered the temperature of
Venusian H" and O" as 1000 K and that of the background
Venusian electrons as T, = 5000 K. The temperature of the
solar wind protons and electrons is taken as T, = 10° K and
T.=2x10° K, respectively (Luhmann & Kozyra 1991;
Russell et al. 2006).

Figure 2 (a) represents the variation of Sagdeev potential,
S(¢,M) with ¢ for various Mach number values for slow O" ion-
acoustic mode corresponding to the normalized parameters
pertinent to the DD sector of the Venus ionosphere at an altitude
of 1000 km: nyy =04, nyp=0.5, ny=0.1, vo=492,
Ovh = 0y =0.005, 045, =0.5, 0p,.=0.025, and xk=2. The
amplitude of S(¢, M) increases with the increase in the Mach
number until the maximum attainable Mach number, M, is
reached. Beyond M., the soliton solution does not exist. Here,
M. 1s provided by the requirement that the number density of
the Venusian O ions be real. Figure 2 (b) depicts the variation of
potential ¢ with & The solitons have symmetric profiles. The
width of the solitons decreases, while the amplitude increases with
increase in the Mach number. The bipolar electric field profiles of
the solitons showing a similar trend to that of the potential profiles
are represented in Figure 2(c). Figure 2 (d) represents the fast
Fourier transform (FFT) power spectra of the unnormalized
electric field (in mV m™'). The frequency peak in the spectra
occurs at 29.93 Hz, 40.16 Hz, 40.36 Hz, and 40.57 Hz corresp-
onding to M =0.039, 0.03925, 0.03945, and 0.03965, respec-
tively. The maximum frequency contribution is in the range
~(9.78-927.73 Hz), ~(10.14-431.71 Hz), ~(10.14 Hz-1.413
kHz), and ~(10.14Hz-1.92 kHz) for M =0.039, 0.03925,
0.03945, and 0.03965, respectively. Here, the upper limit on the
frequency, f, is taken at the cutoff power -50dB. It is also
observed that the power spectrum decreases with increase in
frequency.

Figure 3 (a) shows the plots of S(¢,M) versus ¢ for slow H"
ion-acoustic mode corresponding to the normalized parameters of
Figure 2. The Sagdeev potential, normalized potential, and
normalized electric field shows similar trend to that of respective
profiles in Figure 2. Here, the limitation on the maximum
amplitude of the soliton, M., is provided by the requirement that
the number density of the Venusian H" ions be real. Figure 3 (d)
represents the FFT power spectra of the unnormalized electric
field. The peak frequency in the spectra occurs at 130.83 Hz,
131.60 Hz, 132.60 Hz and 133.60 Hz for M =0.1705, 0.1715,
0.1728 and 0.1741, respectively. The maximum contribution to
the frequency lies in the range of ~(43.87Hz to 5.45 kHz),
~@42Hz to 6.76 kHz), ~(44.53Hz to 8.77 kHz), and
~(44.53 Hz to 6.67 kHz) for M =0.1705, 0.1715, 0.1728, and
0.1741, respectively. Here, the cutoff power is —50 dB.

Figure 4 shows the variation of the critical Mach number,
M,, and maximum mach number, M,,,,, With 7, for both O
(panel-(a)) and H" ion-acoustic solitons (panel-(b)) for the
normalized parameters corresponding to Figure 2. Both M, and
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Figure 2. Panel (a) shows the plot of Sagdeev pseudopotential S(¢, M) vs. the potential ¢ for various Mach numbers depicted along the curves, corresponding to slow
O ion-acoustic mode for the normalized parameters applicable to the DD sector of Venus’s ionosphere at an altitude of 1000 km: 7,0 = 0.4, 1,60 = 0.5, ngpo = 0.1,
vo=4.92, oy, = 0y = 0.005, o, = 0.5, o = 0.025, and « = 2. Panel (b) shows the plot of normalized potential ¢ vs. &. Panel (c) shows the plot of the normalized
electric field E varying with &. Panel (d) depicts the fast Fourier transform (FFT) power spectra of the unnormalized electric field (in mV m™") corresponding to
different Mach numbers. The x-axis represents log;of, where f'is the frequency in Hz. The y-axis represents the power of the electric field expressed in units of decibels,

dB (mV m™' /JHz).

M. decrease gradually with increasing ny,o for O" ion-
acoustic soliton. Meanwhile, both M, and M,,,, increase
gradually with ny. Since the Mach number for both O* and
H™ ion-acoustic modes with respect to solar wind proton ion-
acoustic speed is less than 1, the solitons are considered as
subsonic with respect to the solar wind proton ion-acoustic
speed. Figure 5 depicts the variation of My and M, With op.
For both O" and H' jon-acoustic solitons, My and M, remain
nearly constant with an increase in o,

Figure 6 depicts the variation of the potential ¢ with £ for
different altitudes in both the DD and NM sectors corresp-
onding to o" (panel-(a)) and H' (panel-(b)) ion-acoustic
solitons. Solid and dashed lines represent the the ion-acoustic
solitons in DD and NM sector, respectively. The amplitude and
width of O™ ion-acoustic solitons increase with the decrease in

altitude for DD sector. Meanwhile, for the NM sector, the
amplitude and width increase with a decrease in altitude up to
600 km, beyond which the amplitude decreases. In addition,
the amplitude and width of the solitons is higher in NM than
DD sector corresponding to a given altitude. For H" ion-
acoustic mode, the amplitude and width decrease with altitude
for both DD and NM sectors. In addition, the width and the
amplitude of the solitons in the NM sector are less than those of
the DD sector for a given altitude. These variations in the
amplitude and width of the solitons in the DD and NM sectors
for different altitudes are a consequence of the varying number
densities with altitude.

Figure 7 illustrates the variation of potential profiles with
varied values of (a) x and (b) vy for H" ion-acoustic mode
corresponding to DD sector at an altitude of 2000 km with
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Figure 3. Panel (a) shows the variation of S(¢, M) with ¢ for slow H' ion-acoustic mode for normalized parameters corresponding to Figure 2. Panel (b) shows the
plot of ¢ vs. £ Panel (c) shows the plot of E varying with £. Panel (d) depicts the FFT power spectra of the unnormalized electric field.
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Figure 4. Variation of the critical Mach number (M) and maximum Mach number (M,,,x) With 1y, for both (a) O™ and (b) H' ion-acoustic mode for the normalized
parameter corresponding to Figure 2.
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Figure 6. The variation of the potential ¢ with ¢ is illustrated for different altitudes of the DD (solid lines) and NM (dashed lines) sectors. Panels (a) and (b) depicts O
and H" ion-acoustic modes, respectively. The normalized parameters considered are: vy = 4.92, o, = 0y = 0.005, osp = 0.5, ope = 0.025, and x =2 along with

normalized number densities at different altitudes given in Table 1.

normalized parameters: nyno = 0.27, nyoo = 0.01, ng,o=0.72,
Oyh = Oyo = 0.005, 04, =0.5, ope=0.025, and M =0.2. For
the parameters considered, only H" ion-acoustic solitons exist
because the number density of O™ ions is less. From panel (a),
we observe that with an increase in s, the amplitude of the
solitons decreases while the width increases. From panel (b),
we see that the amplitude increases with v,. Furthermore, we
observe that the effect of solar wind particles on the
characteristics of the solitons is significant when the number
density of the solar wind particles is above a threshold density
(nspo > 0.15) and when the temperature of the solar wind
electrons become comparable to that of the Venusian back-
ground electrons (which are not shown to conserve space).

In the DD sector corresponding to higher altitude (10°-
10*) km, we also studied the variation in the soliton characteristics
using the normalized parameters, viz., nyno=0.53, ny, = 0.31,
negpo = 0.16, oy, =0,,=0.25, and oy, =1, ope=1, as given
by Afify et al. (2021), who normalized the number density
with the background Venusian electron number density. Hence,
we converted the number density to our normalization,

i.e., equilibrium number density of ion/electrons. The potential
¢ varying with ¢ for varied values of « is illustrated in Figure 8.
Panels (a) and (b) show the potential profile for O and H" ion-
acoustic solitons, respectively. We observe that the amplitude
decreases while the width increases with an increase in  for both
O" and H" ion-acoustic solitons. In addition, the amplitude and
width of the H" ion-acoustic soliton is larger than the O ion-
acoustic soliton.

Figure 9 depicts the soliton potential variation with v, for (a)
O" and (b) H' ion-acoustic solitons corresponding to the
normalized parameters of Figure 8. For both O" and H" ion-
acoustic modes, the amplitude increases while the width
decreases with increasing vy,

Tables 2 and 3 summarize the effective Debye length, Ay,
unnormalized soliton velocity (V), electric field (E), the soliton
width (W), the electrostatic potential (¢), peak frequency (fpear)s
corresponding to the maximum power in the spectrum and the time
duration (7= W/V) of slow O" and H" ion-acoustic solitons at
different altitudes for vy = 4.92 corresponding to Vo =200 km s~
for both the DD and NM sectors. Here, width is considered as the
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Figure 7. Variation of potential profile with (a) x and (b) v, is shown for H™ ion-acoustic mode for DD sector at an altitude of 2000 km.
o = 0.5, ope = 0.025, and M = 0.2.
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Figure 8. Variation of potential profile with « for (a) O" and (b) H* ion-acoustic solitons for the DD sector at an altitude (10°-10%). The normalized parameters
considered are taken from Afify et al. (2021), viz., ny = 0.53, nyeo = 0.31, ngo = 0.16, oy, = 0yo = 0.25, o, =1, and oy = 1. Here, (a) M =0.242 and

(b) M = 1.13.

full width at half maximum. For the parameters corresponding to
Table 1, with Ty, = Tyo = 1000 K, T}, = 5000 K, T, = 10° K,
and T,.=2 x 10° K, we have the ion-acoustic speed C,=
40.63 km s,

From Table 2, we observe that in the DD sector at an altitude
of 200 km, only O" ion-acoustic mode exists. While at an
altitude of 2000 km, only H' ion-acoustic solitons exists. The
velocity of the O ion-acoustic solitons increases with a
decrease in the altitude, while the velocity of the H' ion-
acoustic solitons decreases with altitude. The electric field
amplitude of the H" ion-acoustic solitons decreases with
decrease in the altitude. Both O and H' ion-acoustic solitons

have positive polarity. The velocity, electric field amplitude,
width, potential, peak frequency, and the time duration of O™
ion-acoustic solitons lie in the range of ~(1.58-2.12) km s,
~(4.12-27.67) mV m™ ', ~(1.7-3.74) m, ~(7.97-43.93) mV,
~(29.93-54.08) Hz, and ~(0.94-1.79) ms, respectively. The
H" ion-acoustic solitons have V, E, W, @, fpeaks and 7 in the
range of ~(5.37-8.33) km s, ~(0.24-12.25) mV m™ ',
~(1.92-25.49) m, ~(0.54-56) mV, ~(87.22-743) Hz, and
~(0.35-3.32) ms, respectively.

From Table 3, we observe that the effective Debye length, Ay
decreases with a decrease in the altitude. The velocity of the O™
ion-acoustic solitons increases while that of the H' ion-acoustic
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Figure 9. Potential profile varying with for (a) O (M = 0.24) and (b) H" (M = 1.11) ion-acoustic solitons corresponding to the normalized parameters of Figure 8.
Table 2
ESWs’ Properties at Different Altitudes of Venus’s Ionosphere Permeated by the Solar Wind for the DD Sector
Altitude Mode Adse \% E w 0] Joeak T
(k) (m) (kms™") (mV m™") (m) (mV) (Hz) (ms)
2000 ot 4.14
HY (7.68-8.33) (0.24-12.25) (25.49-5.71) (4.59-56) (144.21-743.02) (3.32-0.68)
1000 o* 3.08 (1.58-1.61) (4.16-7.34) (2.41-1.85) (7.97-11.07) (29.93-40.57) (1.61-1.58)
H* (6.93-7.07) (6.22-10.85) (3.33-2.53) (16.19-22.41) (130.92-133.60) (0.4-0.36)
800 o* 3.11 (1.58-1.61) (4.26-7.49) (2.36-1.80) (8.02-11.11) (29.93-40.57) (1.46-1.14)
H* (6.93-7.07) (6.12-10.77) (3.42-2.61) (18.88-22.27) (87.22-133.59) (0.48-0.38)
600 o* 2.66 (1.81-1.85) (11.34-21.57) (2.39-1.70) (21.25-30.55) (39.53-54) (1.3-0.94)
H* (6.04-6.13) (2.20-3.89) (2.82-2.13) (4.92-6.85) (88.12-134.04) (0.46-0.35)
400 o* 2.18 (1.98-2.02) (13.77-27.67) (2.66-2.01) (28.67-43.9) (35.24-54.08) (1.32-1.01)
H* (5.37-5.41) (0.24-0.61) (2.84-1.92) (0.54-0.95) (95.5-144.54) (0.53-0.35)
200 o* 2.15 (2.08-2.12) (8.44-19.33) (3.74-2.75) (24.29-40.98) (37.5-38.28) (1.76-1.29)

Note. The total number density of the ions for DD sector is obtained from Table 1, i.e., No = Nyho + Nyoo + Ngpo. The temperature of the solar wind electrons
T =2 x 10° K. Here, Vis the velocity of the soliton, E is the electric field amplitude, W is the width of the solitons (taken as full width at half maximum), ¢ is the
electrostatic potential, fcax is the peak power in the FFT power spectrum of the electric field, and 7 is the time duration.

solitons decreases with a decrease in the altitude. The potential of
the O ion-acoustic solitons increases with a decrease in the
altitude and the potential of the H' ion-acoustic solitons decreases
with decrease in altitude. The O™ ion-acoustic solitons have V, E,
W, @, fpear» and 7 in the range of ~(1.48-2.08) km sfl,
~(0.28-23.02) mV m ', ~(2.44-32.37) m, ~(2.67-43.07) mV,
~(26.85-108.14) Hz, and ~(1.18-22) ms, respectively. Mean-
while, the H ion-acoustic solitons have V, E, W ¢, Jpeak> and T in
the range of ~(5.1-7.39) km s~ !, ~(0.03-4.28) mV m ',
~(1.76-53.21) m, ~(0.067-30.5) mV, ~(65.01-401.79) Hz,
and ~(0.34-7.76) ms, respectively.

We would like to point out that although VEX did not carry
any plasma wave instruments, it provided important informa-
tion about the plasma composition of ions and electrons in the
induced Venusian magnetosphere (Barabash et al. 2007). We
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have used this information in our model (Lundin et al. 2011).
Our model clearly shows that both slow O and H' ion-
acoustic solitons can exist in the Venusian ionosphere at
various altitudes. In this paper, we have considered the plasma
rest frame to be Venus centric. In this frame, the solar wind is
flowing with velocity vy, ~400 km s ' just outside the
induced Venus magnetosphere. As the solar wind penetrates
the induced Venusian magnetosphere/ionosphere, it gets
slowed down and deflected. In the satellite frame, all of the
frequencies are Doppler shifted and are given by
fe = ]%1 + k;;w + % (Mozer et al. 2020). Here, fi. and f;
are the frequencies of the ion-acoustic solitary wave in the
spacecraft frame and plasma frame, respectively. vy, is the
spacecraft velocity, which is less than v, and can therefore be
neglected. The Doppler shift will be maximum when the wave
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Table 3
Electrostatic Solitary Waves Properties at Different Altitudes of the Solar Wind-Venus Ionosphere Interaction Region for the NM Sector
Altitude Mode Adse \%4 E w o} Speak T
(km) (m) (kms™" mvm (m) (mV) (Hz) (ms)
2000 o* 9.30 (1.48-1.52) (0.28-1.21) (32.37-32) (2.67-6.45) (61.94-108.14) (21.9-21)
H* (6.85-7.39) (0.03-4.28) (53.21-26.23) (1.28-30.5) (71.45-401.79) (7.76-3.55)
1000 o* 3.56 (1.78-1.81) (9.38-13.11) (2.99-2.49) (21.99-26.43) (29.21-39.45) (1.65-1.40)
H' (6.16-6.26) (1.78-3.32) (4.13-3.06) (5.86-8.43) (67.14-102.33) (0.67-0.49)
800 o* 343 (1.89-1.93) (10.9-19.5) (3.29-24) (28.22-39.13) (32.14-32.88) (1.71-1.27)
H" (5.73-5.81) (0.65-1.46) (4.25-2.95) (2.19-3.57) (65.01-98.86) (0.74-0.51)
600 o+ 2.83 (1.96-2) (10.9-21.42) (3.46-2.55) (28.65-43.07) (26.85-41.21) (1.73-1.30)
H* (5.46-5.49) (0.42-0.71) (2.95-2.38) (1.02-1.38) (74.79-112.98) (0.54-0.44)
400 o* 2.18 (2.04-2.07) (14.4-23.02) (2.92-2.39) (31.98-42.96) (36.44-36.95) (1.41-1.17)
H* (5.18-5.2) (0.09-0.17) (2.26-1.82) (0.18-0.26) (92.47-139.32) (1.09-0.35)
200 o* 2.15 (2.06-2.08) (13.6-20.8) (3.01-2.58) (31.45-41.14) (37.24-37.67) (1.45-1.25)
H* (5.10-5.12) (0.034-0.067) (241-1.72) (0.067-0.1) (92.26-138.68) (1.45-1.25)

Note. The total number density of the ions for NM sector is obtained from Table

T.=2x10° K.

is propagating either parallel or antiparallel to vy, and it will be
zero when it propagates transverse to vg,. Therefore, to get an
estimate of the Doppler shift, we have calculated the Doppler
shift at an altitude of 1000 km in the DD sector for both the O
and H" modes. At 1000 km, the bulk velocities of the plasma
varies in the range of ~(100-200) km s ! (Martinecz et al.
2009; Lundin et al. 2011). The Doppler shift is given by
Tsurutani et al. (1983): . = f, (1 + (Vew /vpn)cos 0). Here, 0 is
the angle between the wave propagation direction and solar
wind velocity vector. At an altitude of 1000 km, for vy =4.92
(approximately corresponding to a solar wind flow velocity of
~200 km s '), the O" and H" ion-acoustic solitons have
plasma rest frame frequencies near the peak of the spectra as
40.57 Hz and 133.60 Hz, respectively. In the spacecraft frame,
the frequencies of O" and H" solitons are Doppler shifted to
5.08 kHz and 3.91 kHz, respectively. It should be noted that
this estimate is for the maximum Doppler shift corresponding
to cos® = 1. For other cases, the maximum Doppler shifts
would be reduced by a factor of cosf. Thus, the Doppler
shifted frequencies corresponding to the peaks in the power
spectra in the plasma rest frame compare well with the PVO
observations of ion-acoustic waves with frequencies 5.4 kHz.
The ion-acoustic solitons that are predicted by our model can
explain the PVO observation of ion-acoustic waves in the
frequency range of 100 Hz, 730 Hz, and 5.4 kHz (Scarf et al.
1979; Strangeway 1991; Yadav 2020) with an electric field
amplitude of 107102 mVm . In addition, the model (see
the H" ion-mode in Tables 2 and 3) can be relevant in
explaining the Solar Orbiter observation of ESWs with a peak-
to-peak electric field amplitude of a few mV m~' with a
characteristic timescale of ~0.5 ms in the magnetosheath
region (Hadid et al. 2021).

4. Comparison with Previous Theoretical Studies of the
ESWs Occurring in the Solar-Venus Plasma Environment

Afify et al. (2021) analyzed small amplitude (KdV type)
compressive (positive) solitons during solar wind interaction
with Venus’s atmosphere at high altitudes (10°-10* km) for
DD sector. They considered unmagnetized plasma comprising
of O™ and H" ions and inertialess electrons of Venusian origin,
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1, i.e., No=Nyno + Nyoo + Ngpo. The temperature of the solar wind electrons

and solar wind protons and electrons. The phase velocity
(Mach number) and the temperature ratio of the Venusian H"
and the background electrons was found to significantly affect
the amplitude of the solitons. They reported solitons with
maximum electric field amplitude ~1.2 mV m~' and time
duration of ~0.4 ms. The FFT of electric field profile generated
a broadband electrostatic noise with a frequency range of
~(3.2-199.5) kHz and peak frequency of ~40kHz. In our
model, we have considered Maxwellian background electrons,
and streaming solar wind protons and suprathermal electrons in
line with the observations. Furthermore, we have analyzed the
occurrence and characteristics of arbitrary amplitude O" and
H™ ion-acoustic solitons in both DD and NM sectors for an
altitude of ~(200-2000) km. We observe that the H' ion-
acoustic solitons have electric field amplitudes and timescales
similar to those reported by Afify et al. (2021). However, the
frequency observed is less than that of Afify et al. (2021)
because they had considered higher total number density of the
ions ~10* cm™>. Both small and arbitrary amplitude ion-
acoustic solitons in an unmagnetized plasma consisting of H*
and O" ions and Maxwellian electrons in the NM meridian at
an altitude of ~(200-1000) km were studied by Sayed et al.
(2020), who reported compressive (positive) solitons with an
electric field amplitude of 44 mV m~'. In addition, the
amplitude of the solitons was observed to increase, while the
width decreases with an increase in Mach number. However,
we observe that the electric field amplitude of the solitons in the
NM sector from our model is less than that reported by Sayed
et al. (2020) on account of the Venusian background electron
temperature, T, = 10" K considered by them is twice as large as
ours. In addition, Sayed et al. (2020) did not consider the effect
of streaming solar wind particles on the Venusian ionosphere.
Fayad et al. (2021) studied weakly nonlinear ion-acoustic
solitons in the Venus ionosphere assumed to be composed of
streaming O™ and H" ions and Maxwellian electrons using
Zakharov—Kuznetsov equation. They reported compressive
solitons with an electric field amplitude ~(7.63-11.52) mV
m ! occurring at an altitude of (400-1000) km in DD meridian
of the Venusian atmosphere. The amplitude and width of the
solitons were found to decrease with an increase in altitude.
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Similar characteristics are shown by O ion-acoustic solitons in
both DD and NM sector in our model. In addition, the electric
field amplitude matches well with that reported by Fayad et al.
(2021). Streaming ion velocities were reported to enhance the
amplitude and energy of the solitons by Fayad et al. (2021). In
our case, the streaming velocity of the solar wind particles only
has a significant affect on the soliton characteristics when their
number density is above a threshold value (n4,0 > 0.15). Prasad
et al. (2021) studied the occurrence of large amplitude
rarefactive solitons at an altitude of (200-1000) km in the
NM meridian of the Venusian atmosphere as a consequence of
ionospheric escape. They modeled the interaction of the solar
wind with Venus’s atmosphere using H® and O™ ions,
electrons, and solar wind protons and electrons. All of the
species were considered as streaming. Our model supports only
positive potential solitons. Salem et al. (2022) carried out
parametric analysis for the existence domain of positive
potential ion-acoustic solitons in the NM sector of the transition
zone (the mantle, 1000-2000 km) existing between the
ionosphere and the magnetosheath region of Venus. The
soliton amplitude was observed to decrease with an increase in
the temperature of either the solar wind protons or electrons.
The soliton amplitude was observed to only be affected by the
solar wind proton flow velocity, ug,o variation, in a particular
velocity range, which is referred to as the velocity scale. The
number density ratio of the solar wind electron to that of the O™
ions (6 = nge/n00) did not affect the characteristics of the ion-
acoustic solitons. Meanwhile, the electric field amplitude of the
solitons was observed to increase with the number density ratio
of solar wind protons to the O™ ions (6 = Ngpo/n00). From our
model, we observed that the solar wind particles only affect the
soliton characteristics when the number density of the solar
wind particles is above a threshold density (ng0 > 0.15) and
when the temperature of the solar wind protons become
comparable to the that of the Venusian background electrons.

All of these models analyzed ion-acoustic solitons in either
DD or NM meridian of the Venusian ionosphere. In addition,
all of these studies considered a single wave mode, viz., ion-
acoustic mode. In this paper, we have analyzed the
characteristics of both slow O" and H" ion-acoustic solitons
in both NM and DD sectors. Furthermore, in the previous
studies, the authors considered the fact that temperature of the
solar wind electron and proton equalizes with that of the
background Venusian electrons at altitudes less than 2000 km
(Afify et al. 2021; Salem et al. 2022). In the absence of
observational data for temperature variation with altitude, we
have analyzed the characteristics of the solitons considering
both higher solar wind electron temperature (Figures 2—7) and
when the temperature of the solar wind particle equalizes that
of the background Venusian electrons (Figures 8 and 9). We
observe that when equal temperature is considered, the
amplitude and width of the solitons is higher than when
higher solar wind electron temperature is considered. We also
emphasize that the number density and relative temperature of
the ionospheric and solar wind particles play a vital role in the
generation of ESWs during solar wind interaction with the
Venus ionosphere. This study is pertinent because satellite
observations of the ESWs occurring in the lower Venusian
ionosphere (below 1000 km) are not available in the literature
to the best of our knowledge and these studies could form the
basis for future observations of ESWs in the lower Venusian
ionosphere.
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5. Conclusions

We have studied the characteristics of ESWs in the Venus
ionosphere permeated by the solar wind. The main results of
this study are summarized below:

1. Venus’s ionosphere when impinged by the solar wind
supports the existence of positive potential slow O" and
H™ ion-acoustic solitons.

2. The characteristics of the solitons are significantly
affected by the solar wind particles when their density
relative to total ion density is above a threshold value
(nsp0 >0.15), and the temperature of the solar wind
particles and background Venusian electrons becomes
comparable.

3. The amplitude of the O™ ion-acoustic solitons in the DD
meridian is less than that of the solitons in NM meridian
for a given altitude.

4. The amplitude of the H' ion-acoustic solitons in the DD
meridian is greater than that of the solitons in NM
meridian for a given altitude.

5. For the plasma parameters pertinent to the DD and NM
sectors of the Venus ionosphere as provided by Lundin
et al. (2011), our model supports the simultaneous
existence of slow O and H" ion-acoustic solitons.
Taken together, the amplitude of potential, width, and
velocity of the ion-acoustic solitons varies as
~(0.067-56) mV, ~(1.70-53.21) m, and ~(1.48-8.33)
km s~ ', respectively. The bipolar electric field amplitude
varies as ~(0.03-27.67) mV m~ ' with time durations
~(0.34-22) ms. The FFT of the electric field generates
power spectra with peaks varying between ~(26.85 and
743) Hz for various soliton velocities.

6. This model can be used to explain the PVO observation
of ion-acoustic waves with frequency ~100 Hz—5.4 kHz
having an electric field amplitude of 10~'-10 > mV m .
This model is generic, and can therefore be relevant in
explaining the observation of ESWs in the magnetosheath
region by the Solar Orbiter during gravity assist
maneuver of Venus if the observed plasma parameters
are taken as an input.
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