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Abstract. The ELS and IMA sensors of the ASPERA-3 ex- transport of solar wind and by detached ionospheric plasma
periment onboard of Mars-Express (MEX) can measure elecelouds. The first who estimated the atmospheric loss rates
tron as well as ion moments. We compare these measurewere Lundin et al. (1990 using ASPERA measurements
ments for a specific orbit with the simulation results from a from Phobos-2.

3-D hybrid model. In the hybrid approximation the electrons The measurements carried out by two spacecraft Phobos-
are modeled as a massless charge-neutralizing fluid, where@sand Mars Global Surveyor (MGS) led to an improvement
the ions are treated as individual particles. This approachof our knowledge about the regions and plasma boundaries
allows gyroradius effects to be included in our model calcu-surrounding Mars. The Martian plasma environment can be
lations of the Martian plasma environment because the gyroeharacterized by a set of sharply pronounced plasma bound-
radii of the solar wind protons are in the range of several hun-aries, whose major features are listed in the following para-
dred kilometers and therefore comparable with the characgraphs.

teristic scales of the subsolar ionospheric interaction region.

The position of both the bow shock and the lon Composition — Due to the supersonic nature of the solar wind, the in-

Boundary (ICB) manifest in the MEX data as well as in the
results from the hybrid simulation nearly at the same loca-
tion. The characteristic features of these boundaries, i.e. an
increase of proton density and temperature at the Bow Shock
and a transition from solar wind to ionospheric particles at
the ICB, are clearly identifiable in the data.

Keywords. Interplanetary physics (Planetary bow shocks) —
Space plasma physics (Kinetic and MHD theory; Numerical
simulation studies)

1 Introduction

Mars does not possess a global intrinsic magnetic field.
Therefore, the solar wind can interact directly with the iono-

sphere of the planet. This interaction leads to an erosion
of the Martian atmosphere by different processes: ion pick-
up, sputtering as well as ionospheric outflow by momentum
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teraction gives rise to a bow shock. The major features
of the bow shock have proven to be completely repro-
ducible in the framework of gasdynamic, magnetohy-
drodynamic and hybrid modelSgreiter and Stahara
1992 Liu et al, 1999 Brecht 1997. The thickness

of the magnetosheath, following the bow shock, is of
the order of the solar wind proton gyroradius (hundreds
of km), but thinner than the gyroradius of heavy ions
(thousands of km) from the planet. Mass-loading of
the shocked solar wind by planetary heavy ions occurs
within the magnetosheath, indicating the existence of an
extended hydrogen and oxygen exosphere. Hybrid sim-
ulations for unmagnetised planeg&hjmazy 2001, Ter-

ada et al.2002 Kallio and Janhuner2002 Bol3wetter

et al, 2004 Modolo et al, 2005, a statistical analysis of
data from Pioneer Venus Orbitdf4dnao et al.2006 as
well as data from MGS\ennerstrom et al2003 have
shown that the direction and strength of the convective
solar wind electric fieldE;,,=—V, x B plays an im-
portant role on the shape of the planetary heavy ion tail,
the formation and altitude of plasma boundaries and the
magnetic field topology. The convective electric field
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gives rise to pronounced asymmetries in these struc-
tures. The gyroradius of the newly generatet! Ons
significantly exceeds the size of the obstacle. lons gen-
erated upstream of the bow shock have gyroradii of the
order of 20 000 km; in the magnetosheath the gyroradii
become comparable to the magnetosheath width. How-
ever, for an analysis of these asymmetries both plasma
data and magnetometer data would be necessary. Un-
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(Luhmann 1995. At Mars it is expected that mag-
netic field can penetrate into the Martian ionosphere,
much like Venus’ ionosphere during times of high so-
lar wind dynamic pressure and low fluxes of ionizing
solar radiation. Locally, crustal magnetic fields, occur-
ing mainly in the Southern Hemisphere, give rise to an
even more complex topology of the ionosphere and the
“ionopause” Acuha et al, 1998.

fortunalety MEX is not equipped with a magnetometer.

— The Magnetic Pile-up Region (MPR) is a region domi- ASPERA and TAUS instruments on the Phobos-2 mission
nated by planetary ions. A pronounced boundary layer,allowed the first direct detection of escaping Martian ions
the Magnetic Pile-up Boundary (MPB), separates the(Lundin et al, 1989 Rosenbauer et al1989. The inter-
MPR from the magnetosheath. The MPB is a thin, sharppretation of these measurements leading to both ion pick-up
transition region where the solar wind proton density effects in the so-called Martian boundary layer, which corre-

drops sharplyRiedler et al. 1997 Vignes et al,2000.  sponds to the MPR, and ionospheri¢ ®eams deeper into
The magnetometer on Phobos-2 detected this boundane tail.

by a rotation of the magnetic field direction and a de- - . . .

crease in turbulenceR{edler et al, 1989. Within the The finite gyroradlu_s of the solar yvmd protons is of the
MPR, at the dayside, the solar wind magnetic field pilesOrder of hundreds .Of kilometers and is therefore c.ompargble
up and drapes around Mars. At the dayside, the MPR iSto the pharacten’stlc length scales qf 'the |nteract'|on'reg|on.
confined from below by the ionosphere or the exobase,A hybrid model is capable of descrlplng these kinetic pro-
depending on solar wind conditions. At the nightside, cesses. It treats the electrons as a fluid, whereas a completely

the MPR is bounded by the tail region stretching far be- E'ns tg: descr|ptr|]o.n IS r((ajt?lnetddtot;:]over |ontonaP:;]cs. lThe
yond the planet. In analogy, the MPR and the MPB have ybrid:approach 1S used o study the properties ot the plasma

d the magnetic field environment near M@gecht 1997,
also been observed at Venugh@ng et al. 1991) and an. . ..
comets Wazelle et al, 1989 R‘e(raneg ot al.l199:;) and Shimazy 1999 Kallio and Janhuner2002 BoRwetter et a).

evidence is emerging that these are common features 0%004 Modolo et al, 2009 and can also applied to other un-

the interaction of the solar wind with ionospheres of un- magnetised objects such as Titingon et al, 200§ab) and
magnetized bodies. weak cometsBagdonat and Motschman2002ab; Bagdo-

nat et al, 2004. In correspondence to MEX measurements

— Further plasma instruments on Phobos-2 also deXKallio et al. (200§ was able to identify escaping planetary
tected boundaries near the location of the MBRuyer ions in the hemisphere where the convective electric field
et al, 1992. They were termed as the magnetopausepoints away from Mars.Modolo et al.(2009 studied the
(Rosenbauer et al1989 Lundin et al, 1989, the Martian plasma environment under influence of different so-
ProtonopauseSauer et a).1994, and the lon Com- lar EUV fluxes. They concluded that the Martian plasma en-
position Boundary Breus et al. 1991). The term lon  vironment features a pronounced asymmetry with respect to
Composition Boundary (ICB) expresses the separatiorthe direction of the convective electric field of the solar wind
of the solar wind protons from the planetary ions. It flow.
seems that these boundaries are all of the same physical Recent in situ measurements of ions and electrons were
ongin. obtained by the ASPERA-3 instrument onboard MEX com-

— MGS instruments measured an other transition regioning from the IMA (lon Mass Analyser) and ELS (Electron

where the energetic electron flux drops abruptly by Spectrodmeter) detector‘franz ﬁt al(20(2166) ca:(CL;]Iated delec-
nearly one order of magnitudeA¢uiia et al, 1998 tron and ion moments from the raw data of these detectors

Mitchell et al, 2000. This feature gives evidence for and developed density and temperature maps of the Martian

the existence of an additional boundary between the'ﬁ/llasma Ie”"'rf’”dm_e”t- They re\c/jealed the bolgnQarlt(ejs of _the
MPR and the ionosphere. However, it is still not clear ars-solar wind interaction and gave a qualitative descrip-

whether this boundary is identical to the ionopause.ti_on of the plasma behavior at the different interaction re-
Several pre-MGS studies, likelanson and Mantas gions.

(1988 analysing Viking measurements, showed thatthe Inthis paper, we present IMA and ELS data from a specific
ionospheric peak thermal pressure at Mars is smalleorbit and compare it to our hybrid model. After giving a
than the average solar wind ram pressure. Thereforebrief description of the hybrid model we show the simulation
the ionopause at Mars is not clearly defined as in theresults for the solar wind, planetary ions and the magnetic
case of Venus. In that case, a strong gradient in thefield near Mars. Finally, a comparative discussion will be
cold electron density could be observed at the ionopausgiven.
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2 Observations: Mars Express orbit No. 1614

The ELS and IMA sensors of the ASPERA-3 Experiment on-
board of MEX can measure electron as well as ion moments.
In this paper we use electon data from the ELS sensor with
a high 4 s time resolution and ion data from the IMA sensor
with 192 s time resolution. IMA provides ion measurements
in the energy range betweerd@ and 30 keyq for the main

ion components with the charge numbger ELS provides
electron measurements in the energy range betw®arehd
20keV. A general description of the instrument is given in
Barabash et a{2006.

We choose orbit No. 1614 on 19 April 2005 as a repre-
sentive MEX orbit for the first two years between 1 Febru-
ary 2004 and 1 February 2006. The selection of the orbit is
not only because solar wind conditions look normal, also be-
cause the specific orbit does not cross over regions of strong
crustal fields allowing a analysis with the interaction of mag-
netic field which is induced by the solar wind. As the sim-
ulation code does not include the model for the crustal field
network, this selection is appropriate.

Figurel depicts the position of MEX on this orbit between
15:15 UT and 17:40 UT. As to be seen in Fig, the orbital
plane lies more in the polar (x-z plane) than in the equato-
rial plane (y-x plane) of Mars. The spacecraft crosses the
bow shock at 15:25 UT, here shown as projections of MGS
measurements/{gnes et al. 2000 into the cutting planes of
our simulation coordinate system, from the dusk side of the
planet. After reaching a closest approach altitude of 330 km "
in the north pole region at 16:51 UT MEX leaves the mag- -3 2 A 0 1 2 3
netosheath again near the dayside region at about 17:25 UT. ~Tosun *[Rwl
Figurelc shows a view from the night side of the planet. 3 ' : ' ' :

As can be seen from the following altitudes of the trajec-
tory, the spacecraft surrounded the planet on a highly ellip- 2r
tic orbit: 16.00 at 2.3y, (4420km), 16:30 UT at 1.Ry,
(1700 km) and 17:00 UT at 1R, (340 km). 1F .

The energy spectra of electrons and ions are displayed in /

Figs.2a and b, respectively. The two bow shock crossings
are clearly identifiable in the time evolution of the average
particle energy along the spacecraft trajectory. As denoted in 1t 6 00 g
the figure, between 15:55 UT and 17:08 UT, the spacecraft

passes a region of cold plasma with a electron temperature 2L i
of 10eV. lonospheric plasma is much colder; this may be ]
accelerated plasma, but not typical ionospheric population. _, L(©) terminator plane .
Nevertheless, in the same region, the spacecraft detects only -3 -2 A 0 1 2 3
minor concentrations of cold ions of ionospheric origin. Sig- Y[Rl
nificant densities of heavy ions occur only at the flanks of a

signature which we will interpret later as MPB, their energy

being of the order of 400eV. This can clearly be seen inFig. 1. Pojections of the trajectory of Mars Express orbit No. 1614
Fig. 2b, denoted by the green regions below 1 keV. on the coordinates planes of our 3-D hybrid simulation. The undis-

Between 16:30 UT and 16:50 UT, the instrument detectsturbed solar wind flows in positive x-direction, the interplanetary

ianificant fluctuati in the elect t A magnetic field points in positive y-direction. The convective elec-
sighificant fluctuations In the electron energy Spectrum. AC-j. ey points to the negative z-direction. The orbital plane is tilted

quding toFranz et al.(ZOQBl_), these dis'Forsions can be as-_ predominatly to the polar (x-z plane). The spacecraft cross the bow
cribed to crustal magnetic fields, affecting the plasma envi-shock at 15:25 UT and again at 17:25 UT.

ronment in the immediate vicinity of the surface. Besides,
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Fig. 2. Mars Express energy spectra of electr¢esand ions(b) for the orbit No. 1614 on 19 April 2005. The two bow shock crossings
appear 15:25 UT and 17:25 UT. Between 15:55 UT and 17:08 UT, the spacecraft pass a region of cold ionospheric plasma. Significant
densities of heavy ions occur at the flanks of the MPB/ICB.

in the same time interval, several sharply confined areas of For our comparative study, we use the electron data with a
extremely reduced plasma density are detected. As stated lsampling rate of 4 s. In contrast to this, ion data are detected
(Brace et al.1982), such signatures have also proven to bein intervals of 192 s, i.e. compared to the electron spectra, the
characteristic for the plasma at the nightside of Venus. Aresolution is quite rough.
more extensive discussion of the plasma signatures detected Figure3 shows the variations of the plasma parameters oc-
during the orbit will be given with analysis of Fig. curing along the trajectory of orbit 1614. In the solar wind,

In any case, it is important to notice that the quality of the electron density is in good quantitative agreement with
the spectra is affected by several experimental factors: Onhe proton density, being of the order of 1-3 particles per
the one hand, the electron spectra are falsified by the elecem®. The temperatures are also obtained from a fit of the
trostatic charging of the spacecraft. However, as the energhigh energy part of the spectrum. In general, the values ob-
resolution of the ELS sensor is sufficiently high to allow an tained from the fitting procedure shows to be more repre-
identification of these distorsions in the spectra, the spacesentative than the values from an integration of the spectra.
craft charge can be computed and therefore, the spectra cdfspecially, in regions of high proton temperature, the proton
be corrected. Outside of the ionosphere, the spacecraft pdemperatures are overestimated by the integration procedure.
tential takes different values, the electron moments can b&he data allows to obtain the following set of characteristic
calculated. solar wind parameterst,=3-5eV,7,=20-30 eV,v,=600—

On the other hand, even though the IMA instrument is 700 km/s andP,; ,~0.005.
capable of detecting protons in the ionosphere region, it is Both the electron and the proton data allow a clear identi-
extremely difficult to discriminate between different heavy fication of the bow shock crossing, as denoted by the green
ion species, such as molecular and atomic oxygeri-(éhz dashed lines in Fig3. At the shock ramp, the electron den-
et al, 20063. sity undergoes a sudden increase from 2 to 8mvhich

As discussed b¥ranz et al (20063, moments are calcu- is in agreement with the Rankine Hugoniot jump conditions
lated by integration of Gaussian fits to the phase space distrifor plasma discontinuities. The thermalization of the solar
bution. While integration usually covers the complete energywind plasma goes along with an increase of electron tem-
spectrum, low and high energy parts of the spectrum are fitperature from 5eV in front of the shock up to 40eV. An
ted separately for distributions outside the ionosphere. analogeous jump from.005 nPa to L nPa manifests in the

Ann. Geophys., 25, 1851864 2007 www.ann-geophys.net/25/1851/2007/
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electron pressure. In contrast to this, as the proton temper-
ature as well as their velocity experience only a slight mod-
ification, the shock position is not clearly identifiable in the
proton data. 12 |
At the spacecraft position at 15:55 UT, the IMA instrument 10 ; ; ;
detects a significant decrease of the proton velocity from 6 | | ;
600 kny's to values around 350kfs (blue dashed line). This 4 N{ " w“ WMM
decrease goes along with a strong reduction of the proton 2 M‘ Wi e LUWJM
density from 5cm? down to below 1cm3. As to be seen ® 53 1600 1630 1700 17.30
from Fig. 2b, this modicfication of the proton density coin- L L :
cides with the first detection of heavy ions by the IMA sen- MEX IMA H", Integrated Density [cm

BS ICB/MPB ICB/MPB BS

T T T T
[ MEX ELS, Fitted high-energy Density [cmi ]
| |

T T T T
) I I N S —

_3] T

|

r ; R

[ | | -
sor. This modification of the plasma parameters denote the 10 - ; ; ; L
position of the ICB, preventing the shocked solar wind from 8 )\ ! ! .
mixing with the cold ionospheric plasma flow. This bound- i I I \\w/\ | | p 1 ]
ary layer is referred to as the MPB, as a pronounced increase 2 H \ VAV
of magnetic field strength has also shown to be characteristic 0 1§5f30 i\efoo T oa0 17%06/ 1§7ﬁ30
for this region. However, since MEX does not have a magne- | } } |
tometer on board, it is impossible to determine whether the ol MEX ELS| Fited Th. Temperafurdev] | R
decrease of the proton density goes along with changes in 30 ; L
the magnetic field topology. Even though the ions are inca- 53 L ! ’ C
pable of crossing the ICB (cBolRwetter et a].2004 Simon 5| 1 ‘ {“ ﬂ 1
et al, 2006ab, for an extensive theoretical discussioNagy el J #,YMW ‘ bl
et al. (2009 suggest that the solar wind electrons are able ol— L . — L
to cross the ICB/MPB moving along the draped magnetic 115'30 }16'00 1630 17‘0? 130
field lines into ionospheric regimes. Evidence confirming G Iy — Fited I Temperatare (eV], *
this hypothesis can be found in the spectrum. As displayed in 150 |- AN J

[ | |
[ ]| il
| i
| /

Figs.2a and3, even at the nightside, local concentrations of
electrons possessing a relatively high thermal energy around
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10-15eV are detected. These signatures are encountered be- 50 o T
tween 16:00 UT and 17:00 UT. However, the ELS instrument o L ) N
also detects cold electrons with a temperature of 4 eV where 15.30 6.00 16.30 1o 17.30
this temperature is determined by an extrapolation to the low 1000 —+ — — — —
. . MEX IMA H, Integrated Velocity [km/s] ! ‘

energy range regime (here not presented). These particles 800 [ | | w P
definitely originate from the planetary ionosphetéanson 600 :\L o 1 | . —
and Manta$1988 who analyzed Viking data obtained a tem- w0k \ A /\_ lf/ V]
perature of (b eV for this electron population, being about a 200 L | }\/ T AT\ /\ | b
factor of 8 smaller than the value obtained from the MEX o Lo L 1 Voo L
spectra. In consequence, it must be assumed that the electron 15.30 16.00 16.30 17.00 17.30
population detected by MEX consists of solar wind as well 01—t L : - L
as of ionospheric electrons. On the other hand, a certain fal- MEX ELS, Fit. high-energy Th. Press. [nF, 1
sification of the temperature values must again be ascribed to 1 | {1t {1 —
the spacecraft potential. Due to the ELS low energy cut-off 0.01 | | HWMM« E
temperatures below 1 eV cannot be measured. M M | My

Between 17:00 UT and 17:08 UT, the IMA sensor detects ; ! | I ﬂ” ;
again heavy ions of planetary origin. The second crossing %~ .50 600 1620 1700 1230

of the ICB occurs at 17:08 UT and is again denoted by a

blue dashed line. At 17:25 UT, the spacecraft leaves the in-

duced magnetosphere of Mars, as indicated by the bow shockig. 3. Mars Express ELS and IMA data. This figure shows from
crossing (green dashed line). As can be seen inlBigf the top to bottom: electron density calculated from the high energy
Martian polar plane, MEX crosses the bow shock at differentpart of the spectrum, proton density integrated from the full enery
shock positions. This can also be seen from Bigshow-  range of the spectrum, electron temperature calculated from a fit
ing that in the subsolar region (outbound) the shock is mord® the whole spectrum, proton temperature.calculated from a fit to
compressed than in the Southern Hemisphere (inbound). the whole spectrum, mtegrated_ proton velocity and thermal electron

To sum up, the position of both the bow shock and thepressure calculated from the high energy part of the spectrum.

ICB manifest in the MEX data. The characteristic features of

www.ann-geophys.net/25/1851/2007/ Ann. Geophys., 25, 18534-2007
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these boundaries, i.e. an increase of proton density and tem- — Magnetic field equation: For the time evolution of the

perature at the Bow Shock and a transition from solar wind
to ionospheric particles at the ICB, are clearly identifiable in
the data.

3 Hybrid model

The numerical investigations are done using a hybrid code

by Bagdonat and Motschmarf@d0023. The present version

magnetic field one obtains from Faradays law

|

The electron pressure terms do not occur in this equa-
tion, because oV xgrad..=0 applied to adiabatic elec-
trons.

0B
— =V (u; xB)—Vx
at

(VxB)x B
pnoérne

4

of the code has already been successfully applied to the solarhe code operates on a curvilinear grid in three spatial di-

wind interaction with cometdagdonat et a|2004), magne-
tized asteroids§imon et al, 20063 as well as to the plasma
environment of MarsEoRwetter et a.2004 and Titan Gi-
mon et al, 2006k Motschmann and #hrt, 2006.

mensions. The simulations are carried out on a so-called
“Fisheye Grid” which can be adapted to the spherical ge-
ometry of the obstacle. A detailed description of the grid

generation can be found BoRwetter et al(2004. It also

In the hybrid approximation the electrons are modeled asallows an high spatial resolution in the vicinity of the plane-
a massless charge-neutralizing fluid, whereas the ions areary atmosphere.

treated as individual particles. Here we do not dwell into the
detailed description of the code. It can be foun8of3wetter

et al.(2009. In the following, the dynamic equations of the
model will be presented.

— Equation of motion for individual ions:

95 (B + vy x B) — kpny (v — uy) (1)
m

N

whereg,, my; and v, denote the charge, mass and ve-
locity of an individual particle of species, respec-
tively. kp is a phenomenological constant describing

The Martian atmosphere is modeled as a spherical sym-
metric gas cloud around Mars consisting of atomic oxygen.
The radial density distribution includes an ionospheric expo-
nential profile and an exospheri¢Aprofile for the oxygen
corona above 500 km. The detailed features of the profile
have been presented BplRwetter et al(2004. The model
based on the assumption of constant solar UV radiation with
a photoionisation frequency of oxyger=2x10-"s1 for
average conditions ane=1x10~"s"1 for solar minimum.
This yields a dayside ion production functigit, x) in the
form of a Chapman layer. It depends on both the altitude
above the surface and the solar zenith angleThe night-
side production profile is assumed to be independent of the

the collisions of ions and neutrals, and has been giversolar zenith angle. It is set to an altitude-depending value of

as 17x109cm®s~1 by Israelevich et al(1999. n,
andu, are the number density and bulk velocity of the
neutrals. We use,,=0.

Electric field equation:

(VxB)xB VPe,SW+ vPe,hi

poen, ene

E=—u;xB+ ,(2)

whereu; is the mean ion velocity. Since the plasma is
assumed to be quasi-neutral, the mean ion densj)y (
is equal to the electron density.). As the electron

temperature in the solar wind differes by several orders

of magnitude from the electron temperature in the Mar-
tian ionosphereHanson and Mantag 988, two differ-

ent electron pressure ternfs sy and P, i have been
incorporated into the simulation model. Both electron
populations are assumed to be adiabatic, i.e.

©)

Pe sw ,Be,swngw and P, n x ,Be,hinﬁi

An adiabatic exponent of=2 was used BoRwetter
et al, 2009.

Ann. Geophys., 25, 1851864 2007

q(r, x=87°). This yields a peak ion production rate of about
10% of the dayside value.

Any ion hitting the so-called “Inner Boundary” at an alti-
tude of 120 km above the planetary surface is removed from
the simulation. No boundary conditions are imposed on the
electromagnetic fields, i.e. the equations #orand B are
solved outside as well as inside the obstacle. An artifical
inner density is assumed and increased until the steady state
is achieved while the simulation proceeds in order to match
the surrounding ionospheric heavy ion density as well as to
avoid electric fields arising from density gradients.

4 Simulation results for the orbit 1614

The specific values of the solar wind density,{) and veloc-

ity (usy) are not exactly known for this MEX orbit. As we
discussed in Sec2, different analysis methods for the spec-
tra yield different solar wind backgound values. For the sim-
ulation run 1 we chose the same background parameter as we
suggested iBoRwetter et al(2004) for the standard case. A
second simulation run is based on input parameter obtained
from ELS and IMA undisturbed solar wind parameter. The
main input parameters are listed in Tahland Table2. The

www.ann-geophys.net/25/1851/2007/
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Table 1. Input parameters for simulation run 1.

Parameter Symbol  Numerical value
Solar wind density Nsw 4cn3

Solar wind velocity Usw 327 knys

Total dynamic pressure M) 0.71nPa

Alfvenic Mach Number My 10

Background magnetic field Bsw 3nT in y-direction
Proton temperature Tp 50000K=4.3eV
Electron temperature T, 200000K=17.3eV
lonospheric photoionisation freq. v 2x10 7571
lonospheric electron temperatureT, j; 3000K=0.26 eV

Table 2. Input parameters for the simulation run 2.

Parameter Symbol  Numerical value

Solar wind density Nsw 1cn3

Solar wind velocity Usw 611 knys

Total dynamic pressure M, 0.62nPa Fig. 4. Simulated solar wind parameters (adaped fiddfSwetter
Alfvenic Mach Number My 7 et al, 2004. The cutting planes show the solar wind density in
Background magnetic field Bsw 4nT southward cm~3. The black solid lines represent stream lines of the corre-
Proton temperature T, 275000K=25eV sponding velocity field.

Electron temperature Te 44000K=4eV

lonospheric photoionisation freq. v 1x10 7571

lonospheric electron temperature7, »; ~ 3000K=0.26eV flow direction. By comparing of MGS upstream dynamic

pressure and the direction of the draped magnetic field near
Mars D. Brain (private communication, 2007) suggested to
use a IMF magnitude of 4nT and a IMF direction with a
input parameters for run 1 provide a total dynamic pressurgnainly southward component. However, these additional pa-
of rameters were not directly measured in the solar wind regime
M, = npm,,vf, — 0.71nPa (5) :)hecause at that tim_e MGS was Iocafced close to the planet in
e draped magnetic field configuration.
This value fits in the pressure balance and reproduces the bow The total simulation time is of the order of 1800 s, corre-
shock just at the observed position. The simulation run 2 usesponding to the duration in which the undisturbed solar wind
aslightly lower value of/,=0.62 nPa which based onaonly would pass through the entire simulation domain 28 times.
imprecisely determinable solar wind velocity. Due to the extremely slow motion of the ionospheric particles
However, due to the lack of magnetic field data, neitherin the planetary wake, such a long simulation time is abso-
the magnetic field nor its direction are available as inputlute mandatory to obtain a quasi-stationary state with a fully
parameters for the simulation. The direction of the magneticdeveloped tail structure. Changing the size of the simulation
field also determines the orientation of the convective elec-box from 4 to 6 Martian radii does not effect the results.
tric field E;,,=— Uy X By, , being of major importance for The three-dimensional structure of the Martian plasma tail
the asymmetric structure of the ionospheric tail and thereforas illustrated in Figs4 and5 by means of global 3-D plots of
determining the location of the pick-up region. As stated bythe solar wind and the heavy ion density. The streaming lines
BoRwetter et al(2004 and Simon et al.(2006h), the iono-  inthese figures show the deflection of the plasma flow around
spheric tail exhibits a definite preference to expand into thethe obstacle. The interaction gives rise to a pronounced,
hemisphere where the electric field is directed away fromcone-shaped cavity of reduced proton density in the wake re-
Mars. The existence of these asymmetries has been comion, its outer flanks denoting the location of the ICB. As also
firmed by both simulation and measuremersecht 1997 to be seen in Figsl, 5 and6, the region of reduced proton
Kallio and Janhunen2002 Modolo et al, 2005 Fedorov  density is characterized by an increased heavy ion density,
et al, 2009. For the MEX orbit discussed in this paper, i.e. the particles of planetary origin fill the cavity in the pro-
we chose two scenarious. The simulation run 1 the magton density. In the following, the hemisphere where the elec-
netic field is orientated parallel to the y-axis, i.e. B is parallel tric field is pointing towards Mars will be refered to as the
to the equatorial plane and perpendicular to the undisturbed~ hemisphere, whereas the hemisphere where the electric
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For two-dimensional cuts through the simulation box,
Figs. 6 and 7 display the solar wind as well as the iono-
spheric plasma parameters. Both the bow shock and the ICB
are clearly identifiable. Besides, as displayed in Bighe
heavy ion density in the equatorial plane exhibits some kind
of ray structure at the nightside of the obstacle: The central
tail directly beyond the planets is flanked by another signa-
ture at either side, being less pronounced than the density en-
hancement in the central regiohichtenegger and Dubinin
(1998 found a similar tail structure using test patrticle sim-
ulations. In general, the situation in the equatorial plane is
highly symmetric, while a pronounced asymmetry with re-
spect to the direction of the convective electric field occurs
in the polar plane. The asymmetric structure of the pick-up
region seems to be a common feature of the plasma envi-
ronment of unmagnetized planets. Recerfigdorov et al.
(2006 was able to confirm the existence of such a structure
for the Martian scenario. A similar structure could also be
detected during the first Cassini flybys of Titan, as discussed
by Wahlund et al(2005. An explanation for this signature
Fig. 5. Simulated ionospheric parameters (adaped fBiidwetter was given bySImon et al.(20061?. The strong analpgy be-_
et al, 2004. The cutting planes show the heavy ion density O twe(_an the_ Martian plas_ma environment a_md the interaction
in cm3. The black solid lines represent the stream lines of the Of Titan with the saturnian magnetospheric plasma was em-
corresponding velocity field. The heavy ions form a complex tail Phasized in a comparative discussionSignon et al(2007).
structure behind the planet. These asymmetries should be taken into consideration when

analyzing the data from MEX. However, in the situation un-
der consideration this is extremely difficult since their for-
mation depends strongly on the orientation of the magnetic
field is directed away from the planet is called & hemi-  field.
sphere. In other words, the Northern Hemisphere is identical
to the E~ hemisphere, while the Southern Hemisphere co-
incides with theE™ hemisphere. On the one hand, in the 5 Comparison of the simulation results with MEX orbit
E~ hemisphere, the boundary between solar wind and iono-
spheric ion is sharply pronounced. At the tail's outer flank The results of a comparison between simulation and obser-
forms a potential barrier to any heavy ion attempting to leavevation are shown in Figs8 and9 for simulation run 1 and
the tail. In contrast to this, in th&* hemisphere, the elec- 2, respectively. The plots show the electron temperature and
tric field is directed away from Mars, therefore preventing pressure as well as the components of the proton velocity.
the formation of a sharphy pronounced boundary layer. AnThe simulation data were extracted for the MEX trajectory,
extensive discussion of the underlying meachanism is giverallowing a discussion of the plasma parameters as a function
by BoRwetter et al(2004 and in a comparative study I8i-  of spacecraft time.
mon et al(2007). Due to the proton velocity at the tail's flank ~ As can be seen in Fi®, when entering the induced Mar-
in the E~ hemisphere being about a factor of seven largertian magnetosphere, the spacecratft is located inside the mag-
than the heavy ion velocity inside the tail, it is likely that a netosheath for a duration of about 30 min, while the out-
Kelvin-Helmholtz instability is triggered in this regioRénz  bound pass is significantly shorter. These features are com-
et al, 2004. The necessity of a kinetic treatment is clearly il- pletely reproducible in the framework of the hybrid simula-
lustrated by the structure of the bow shock, allowing to iden-tion model. Figured shows the same data and the simula-
tify a set of so-called shocklets. These parabolically shapedion results for run 2. In this simulation the inbound cross-
regions of enhanced plasma density arise from the proton’sngs through the bow shock and the ICB/MPB appear about
finite gyroradius, as has also been discusse®bydi and 15 min later.
Winske (1990; Shimazu(200]) for the case of unmagne- The shocklet structure that could be identified in the simu-
tized planets, bagdonat and Motschmarf2002h) for the  lation results is detected by the ELS instrument at 15:30 UT
case of weak comets and Bymon et al(20063 for the case  and 17:20 UT. The density enhancements in the shocklets ob-
of magnetized asteroids. A more extensive discussion of theéained from the simulations are in good qualitative agreement
global features of the Martian plasma environment is givenwith the data displayed in Fig8.and9 (right). Minor differ-
by Bol3wetter et al(2004). ences between simulation and measurements can be ascribed
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Npi [om™] [ugyl

Fig. 6. Simulation results in the polar plane (top) and in the equator plane (bottom). The subfigures display from right to left the solar wind
density @sw), the heavy ion density:f,;) and the solar wind bulk velocitygy). Besides the bow shock in front of the obstacle an further
boundary the ICB can be seen behind it. At this boundary the solar wind density goes down and the heavy ion density increase sharply. On
the nightside the simulation results show a plasma sheet and density rays consisting of heavy ions.
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Fig. 7. Simulation results in the terminator plane. The subfigures represent the same parameters likg imtfégolar wind comes from
behind the paper plane. The oval shape of the bow shock is due to the propagation of the fast magnetosonic wave which depends stronly ol
the direction of the IMF.

to fluctuations in the upstream solar wind which is assumeda slight increase from 5eV to about 15eV for the inbound
to be completely homogeneous in the simulation. The bowcrossing and to about 20 eV for the outbound pass.

shock crossings are denoted by an increase of plasma den- At the nightside between 16:00 UT and 17:00 UT, the elec-
sity by a factor of 3—4, which are also reproduced by thetron density, the thermal pressure and the proton tempera-
simulation model. Figur® also shows a good quantitative ture obtained from the simulation differ significantly from
correspondence with respect to the absolut measured valuethe values detected by the spacecraft. Since the fit of the
observed density and thermal pressure displayed ingHigy.

As can be seen in Fi@, during the inbound pass, the elec- 1 ich the high ¢ of th ¢ it
trons in the solar wind possess a temperature of about 5eyne€ant to matcn the high energy part ot the spectrum, 1t 1S

whereas the instrument detects an increase by a factor of gnable to provide an adequgte description pf signatures ob-
when passing the magnetosheath region. In contrast to thisc,,erserved in the low-energy ionospheric regime.

in the simulation scenario, the temperature increases from

17eVto50eV, i.e. the jump is not as pronounced as in real-

ity. The reason for this discrepancy may be the simplifying

adiabatic describtion of the electrons in the simulations, i.e.

any kind of thermal flux is suppressed. Fig@ralso shows
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Fig. 8. Smoothed ELS und IMA data at the left hand side is represented in direct comparison with results from a hybrid simulation on
the right hand side. The simulation data were extracted exactly for the MEX trajectory. Additionally positions of the bow shock and of
the ICB/MPB are marked in green and blue dashed lines. Displayed are from top to bottom: the electron and proton density, as well as the
temperature, the thermal electron pressure and the components as well as the total value of the proton velocity. The simulation results show
a good qualitative agreement with data obtained from ASPERA-3/MEX both at the developing and at the positions of the boundaries.

The bottom panels in Fig8 and 9 allow a comparison 15:55 UT and 17:00 UT. However, while the jump positions
of the proton velocities in the simulation with the measuredof the proton velocity are reproduced by simulation run 1,
data. The deceleration of the solar wind during the bowa significant difference can be found in the absolute values.
shock and magnetosheath crossings is reproduced by the sirt-is likely that the velocity value measured in this region is
ulation quite well. The decrease of proton velocity denot- falsified since the proton density is too small to allow an ad-
ing the position of the ICB is detected by the spacecraft atequate averaging process. Figdrghows a good agreement
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Fig. 9. Smoothed ELS und IMA data at the left hand side is represented in direct comparison with results from a second hybrid simulation
on the right hand side. The positions of the bow shock and of the ICB/MPB are marked in green and blue dashed lines. Displayed are
from top to bottom the same quantities as in AgThis simulation results using adaptive solar wind parameter show a good quantitative
agreement with data obtained from ASPERA-3/MEX. The inbound crossings of the bow shock and the ICB/MPB appear in this simulation
about 15 min later.

in the absolute values, but minor differences in the position6 Conclusions
of the boundaries.

In this paper, the plasma signatures detected during the
Mars-Express flyby of Mars are discussed in terms of a
three-dimensional hybrid simulation model, treating the elec-
trons as a massless, charge-neutralizing fluid, whereas a
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completely kinetic approach is retained to cover ion dynam- Kozyra, J., Krupp, N., Livi, S., Woch, J., Luhmann, J., McKenna-
ics. The Martian plasma environment is characterized by a Lawlor, S., Orsini, S., Cerulli-lrelli, R., Mura, A., Roelof, A.
set of sharply pronounced plasma boundaries. On the one M. E., Williams, D., Sauvaud, J.-A., Winningham, J.-J. T. D.,

hand, the interaction gives rise to a bow shock in front of
the obstacle, whose kinetic nature is underlined by the for-
mation of a shocklet structure. On the other hand, the so-
lar wind is clearly separated from the ionospheric plasma by,
an lon Composition Boundary. As these signatures occur i

B

Frahm, R., Scherrer, J., Wurz, J. S. P., and Bochsler, P.: The An-
alyzer of space plasmas and energetic atoms (ASPERA-3) for the
European Mars Express mission, Space Sci. Rev., 126, 113-164,
doi:10.1007/s11214-006-9124-8, 2006.

ORwetter, A., Bagdonat, T., Motschmann, U., and Sauer, K.:
N plasma boundaries at Mars: a 3-D simulation study, Ann. Geo-

both the spacecraft data and.the simulation result's, the hybrid phvs 22, 4363-4379, 2004,
approach is capable of providing an adequate picture of the hitp://www.ann-geophys.net/22/4363/2004/

global plasma processes at Mars.
Future investigations will be necessary to investigate
whether the Martian plasma environment will be affected by

Brace, L. H., Theis, R. F., Mayr, H. G., Curtis, S. A., and Luhmann,

J. G.: Holes in the nightside ionosphere of Venus, J. Geophys.
Res., 87, 199-211, 1982.

the mu|ti_species nature of the ionosphere_ The escape d$recht, S.H.: Hybrld simulations of the magnetictopology of Mars,

heavy ions seemed to be primarily influenced by the direction
of the convective electric field. For the simulation the con-
vective field is assumed constant in strength and direction. In
contrast to this, in the real case it can vary both in direction

and magnitude on shorter time scales than a MEX periapsis

crossing. The nature of these field fluctuations will be anal-

J. Geophys. Res., 102, 4743-4750, 1997.

Breus, T. K., Krymskii, A. M., Lundin, R., Dubinin, E. M., Luh-

mann, J. G., Yeroshenko, Y. G., Barabash, S. V., Mitnitskii, V. Y.,
Pissarenko, N. F., and Styashkin, V. A.: The solar wind interac-
tion with Mars: consideration of Phobos-2 mission observations
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ysed in a next step using hybrid simulations by varying of theredorov, A., Budnik, E., Sauvaud, J.-A., Mazelle, C., Barabash,

input parameters.
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