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Abstract

We have an unique opportunity to compare the magnetospheres of two non-magnetic planets as Mars and Venus with identical
instrument sets Aspera-3 and Aspera-4 on board of the Mars Express and Venus Express missions. We have performed both statistical
and case studies of properties of the magnetosheath ion flows and the flows of planetary ions behind both planets. We have shown that
the general morphology of both magnetotails is generally identical. In both cases the energy of the light (H) and the heavy (O™, etc.)
ions decreases from the tail periphery (several keV) down to few eV in the tail center. At the same time the wake center of both planets is
occupied by plasma sheet coincident with the current sheet of the tail. Both plasma sheets are filled by accelerated (500-1000eV) heavy
planetary ions. We report also the discovery of a new feature never observed before in the tails of non-magnetic planets: the plasma sheet
is enveloped by consecutive layers of Het and H' with decreasing energies.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There are two essential effects inherent to the interaction
of non-magnetic bodies with solar wind: (1) generation of
the planetary magnetosphere by the currents induced in the
superconducting ionosphere and (2) mass loading of the
incident solar wind by a continuously ionizing exosphere.
Both effects alter the solar wind magnetic field and create
the solar wind void near the planet body. Mass loading and
the direct interaction of the interplanetary magnetic field
(IMF) with the ionospheres fill these voids by accelerated
planetary ions. The first model of formation of such a void
and generation of its rather sharp boundary was proposed
by Vaisberg and Zeleny (1984) and Vaisberg et al. (1989).
Mass loading is the main type of interaction of the solar
wind with comets (Alfvén, 1957). At solar maximum Venus
is an example of another extreme case (Luhmann et al.,
2004) when the whole solar wind dynamic pressure is
balanced by the thermal pressure of ionosphere. Mars has
an extended hydrogen exosphere which mass loads and
decelerates the incident solar wind far away from the
ionosphere. As a result the Martian induced magneto-
sphere can be greater than Venusian magnetosphere as
scaled by the planectary radius.

Martian magnetosphere has been studied with the
Phobos mission (ASPERA instrument, see Lundin et al.,
1998), and then with the Mars Express (MEX) mission
(ASPERA-3, see Barabash et al., 2004). The magnetic
morphology of the Venus wake has been studied in details
by the Pioneer Venus Orbiter (PVO) (see McComas et al.,
1986). The presence of heavy ions in the Venusian
magnetotail (Moore et al., 1990) was inferred from Orbiter
Plasma Analyzer data onboard of PVO, but this instru-
ment was not a real ion composition analyzer. The Venus
Express (VEX) mission includes a mass spectrometer, an
electron spectrometer, and a magnetometer, allowing for a
comprehensive investigation of the Venus magnetotail.

The present paper is a first attempt to compare nightside
magnetospheres of Venus and Mars on the base of the
MEX and VEX observations. To do this we used both
statistical and case studies.

2. Data sets and data analysis technique

This work is based on the data of the mass spectrometer
IMA, identical in both plasma packages ASPERA-3 on
board of MEX and ASPERA-4 on VEX. We also use the
data of the MAG magnetometer aboard of VEX. IMA has
almost a 4x field of view with angular resolution equal to
22% X 6%. The energy range of the sensor is 12-30000¢V/
charge (35eV/charge is the low limit in the case of MEX).
The instrument can resolve solar wind ions: HT and He™™,
and planetary origin ions: O", OF, and He™. Accumulation
of one complete angular-energy-mass spectrum takes 192s.
For further details see Barabash et al. (2004). The
magnetometer (see Zhang et al., 2006) provides at least
1 Hz magnetic field vector with accuracy better than 1nT.

For the statistical part of this study we use more than 2
years (2004-2006) of MEX observations and 50 VEX
orbits (from August Ist to September 18, 2006). We use
only data collected on the nightside partition of the orbits.

Present paper deals with the fluxes and energies of
specific ion species in the solar wind and in the planetary
magnetospheres. To extract the flux of the selected ion we
processed each of 192 s spectrum as follows: (1) we selected
the ion distribution core (or several cores) of the 4-D
energy-angular-mass original spectrum and intergrated the
result over the angular range; (2) for each energy step of the
resulting energy-mass spectrum we separated the main
expected ions, namely: HT, He™™, He™, O™, OF by the best
fit of corresponding Gaussian peaks. This procedure results
in five energy differential spectra D,,(E/Q) (intergrated
over the sphere). Here m is an ion specie index. Further
statistical study has been performed with total fluxes F,, =
| Dn(E/Q)dE/Q and mean energies EO, = MVO;/2,
where V0 = [(D(V)/ V2V dV)/ [(D(V)/V*dV).

We used a superposed epoch technique to get spatial
distributions of ion flows shown in the next sections. Flux
values have been accumulated and averaged in a 0.06 x
0.06R grid, where R is a planet radius. Each 192 s spectrum
corresponds to finite part of the orbit. To fill the proper
cells we uniformly distributed the measured flux value over
a curve strip of 0.06R width located along the orbit
segment. Thus we obtain a relatively smooth flux distribu-
tion (see the “Materials and Methods” section of Barabash
et al., 2007 for technical details). MEX statistical studies
have been made in the frame, refereed to IMF clock angle
derived from MGS data. The reader can find details in
Fedorov et al. (2006).

Fig. 2 shows a flow of heavy planetary ions behind the
planet. Comparing solar wind flow distribution and
planetary ions distribution we see that they are strictly
complementary. In other words, high flux of planetary ions
corresponds to low flux or absence of the solar wind. Note
that in the case of Venus, the boundary of the planetary ion
domain is more pronounced than at Mars because the ion
gyroradius is more than four times smaller at Venus than at
Mars for the same particle energy.

3. Shape of solar wind voids and its contents

We postulate that protons with energy greater than
300eV are the signature of the planetary magnetosheath in
the Mars or Venus downstream region (tailward from the
planet). Fig. 1 then shows spatial distribution of solar wind
flux tailward from Mars and Venus. Mars creates a solar
wind void much larger than that of Venus when scaled by
their respective planetary radii. This results from the larger
scale of the Martian exosphere and lower solar wind
pressure. However, this difference disappears if we plot
these distributions in an absolute scale. The white dashed
line in the left panel of Fig. 1 shows the approximate
boundary of solar wind plasma in those particular
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Fig. 1. Spatial distribution of the proton flux with energy greater than 300eV in cylindrical coordinates: X connects the planet center and the Sun;
R =/Y?+ 7% All scales are in planet radii. The color scale is shown in arbitrary units. Blue color indicates zero flux, and black color shows the absence
of the measurements. Left panel shows the Martian wake, and right panel shows the Venusian one. Red dashed curve in the left panel shows the theoretical
position of the magnetosphere boundary after Kallio (1996). Similar dashed line in the right panel shows the wake boundary at Venus. White dashed

curves are explained in the text.
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Fig. 2. The same as Fig. 1 but for ions of planetary origin with M/Q> 14.

statistics. The same curve is shown in the right panel but on
the scale referred to the Venusian radius (Fig. 2).

4. Energy distribution of planetary ions

As it was shown by Fedorov et al. (2006) and Dubinin
et al. (2006), the planetary origin ions in the Martian wake
exhibit an energy dispersion from the tail periphery down
to the tail center. High energy ions are observed far from
the center and low energy ions concentrate closer to the
X-axis. Another important feature is an increase of the
heavy ion energy inside the plasma sheet (PS) (see Dubinin
et al., 1993; Kallio et al., 1995). PS is a thin layer of dense
accelerated planetary plasma which spatially coincides with
the current sheet of the magnetotail. If we create a special
frame of reference (MSE) where Z\sg-axis is parallel to the
convectional electric field of the solar wind (— V¢ X Bimr)
and XsE is the Sun-planet line, the current sheet would lie
in the Xyvsg, Zmse plane (see for instance Luhmann and
Brace, 1991). The PS of the Martian magnetotail and
both mentioned features of the ions energy are well seen in
Fig. 3. PS manifests itself as a vertical bar of enhanced

heavy ions flux of about 1.2 Rm width (left panel of Fig. 3).
If we plot the heavy ions energy as a function of Yysg
(Fig. 3, right panel) we will see a well-shaped profile. The
| Ymse| > 0.6 Rm intervals show the energy slope starting at
~10000eV and falling down to the minimal measured
energy (30eV). The spatial interval |Yysg|<0.6 Rm
demonstrates a completely different plasma regime: a
strong flux of ions between 200 and 2000¢V. This plasma
regime corresponds to PS of magentotail. Unfortunately
we cannot provide a statistical analysis of the VEX data in
VSE (like MSE) frame of reference yet. This will be a topic
of a future investigation. Right now we just study the
Venusian magnetotail ion energy as a function of R, where

R = /Y + Ziso- Fig. 4 shows the scatter plot of the

energy of protons (both solar wind and planetary) and
heavy ions.

One can see the shocked solar wind plasma at R> 1Ry
(left panel). Another population distributes between 0 and
1Ry and shows a small energy dispersion with the
minimum at R = 0.5Ry. The dense cloud of the heavy
ions events shows the same behavior (right panel, low-
energy cutoff), but there are also heavy ion flows scattered
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Fig. 3. Ion properties of the Martian magnetotail obtained from MEX Aspera-3 data. Left panel: distribution of the tailward flux of planetary ions of
M/Q>14 in Ywusg, Zuse plane. This plane is perpendicular to the Sun-planet axis. Zysg corresponds to the direction of convection electric field
—Vsw x Bime. Here Vi, is the solar wind velocity vector and By is the interplanetary magnetic field vector. See details in Fedorov et al. (2006) and
Barabash et al. (2007). Right panel: scatter plot of planetary heavy ions energy as a function of Yysg. Samples have been picked inside the rectangular
region shown in the left panel by white dashed line. Diameter of the circles corresponds to the ion flux on a logarithmic scale.
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Fig. 4. Scatter plots of energies of H (left panel) and ions of M /Q> 14 (right panel) as a function of the distance to the Sun—Venus line. Diameter of the
circles corresponds to the ion flux in logarithmic scale (units are arbitrary). To simplify the comparison, the complementary distribution is shown in the

each panel as a light background.

between 100 and 1000eV. Comparing the left panels of
Figs. 4 and 3, we can suppose that low energy dispersive
part of heavy ions distribution in the Venusian tail
corresponds to that observed in the Martian tail when
|Y|>0.6Ry;. The scattered high energy part (>100eV)
corresponds to PS. This hypothesis should be proved by a
future study. Note that only heavy ions demonstrate high
energy flows in the center of Venusian tail.

Fig. 5 shows that on August 7, 2006 at 0156 UT VEX
crossed the current sheet in the planetary tail (the distance

from the planet was about 1Ry tailward). The signature of
a current sheet is the abrupt change of B, sign. The left
panel of Fig. 5 shows that such B, profile corresponds to
the pass from one tail “lobe” to another. We see that By
turn is associated with a bursty intense tailward flow of O™
of about 700eV energy. It is consistent with the MEX
observations. There are yet several important features that
one can see in Fig. 5. (1) Current (and plasma) sheet
coincides with minimum of energy and minimum of flux of
HT ions. (2) The current sheet is enveloped by thin layers of
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Fig. 5. Left panel: VEX orbit on August 7, 2006 in Yvyso, Zyso plane looking from the tail. Vector B shows the direction of the interplanetary magnetic
field derived from magnetometer data. Vector E corresponds to the convectional electric field — V,, x B. The circles with a cross and a point inside display
the general direction of B, on the both sides of the current sheet (see text for details). Right panel from top to bottom: B, component of magnetic field.
Energy-time spectrograms of O, He™, and H* correspondingly. The vertical dashed line shows a current sheet crossing.

He' of medium (200-500€eV) energy. Both these very
interesting features have not been observed near Mars, first
of all because the IMA aboard of MEX cannot detect H'
less than 300eV energy. The distribution of He™ in the
Mars environment needs extra investigation.

5. Conclusions and future studies

Comparison of properties of downstream regions of
Mars and Venus shows:

(1) Solar wind voids are created behind both planets. The
cross-section size of the voids is identical in the absolute
scale. The Venusian void is close to the optical shadow
of the planet. The transition from the magnetosheath
plasma regime to the tail plasma regime is much
sharper at Venus than at Mars.

(2) Both voids are filled by accelerated planetary origin
ions including HT, He*, OF, and O5.

(3) Energy of HT of planetary origin is high (several keV)
at the periphery of the tail and goes to zero at plasma
sheet in the tail center. This feature is observed at both
planets.

(4) Energy of heavy planetary ions demonstrates the same
profile, but in the region of the cross-tail current sheet a
thin layer of accelerated (500-1000eV) heavy ions is
observed (plasma sheet). This feature is identical for
both planets.

(5) H' and He™ ions create an envelope around plasma
sheet. A moderately accelerated layer of He™ is located
between low energy H' and accelerated O layers. This

feature has been observed in the Venusian tail only.
This item should be proved by future statistical study.

In the near future we will complete the statistical
investigation of plasma regimes in the Venusian tail in
the IMF frame of reference. Then we will study He™
properties in the Martian and Venusian tails. The layered
structure of the Venusian tail is the topic of special study.
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