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Abstract. The solar wind plasma interaction with the Mar-  The total magnetic field of the crustal sources exceeds,
tian exosphere is investigated by means of 3-D multi-speciesn few regions, 1500 nT at100 km altitude Acuha et al,
hybrid simulations. The influence of the solar EUV flux on 1999 but is also highly localizedXcufa et al, 2001 Con-

the bow shock and the magnetic pile-up boundary is examnerney et al. 2001) and thus only weakly influences the
ined by comparing two simulations describing the two ex- global interaction between the solar wind and the planet.
treme states of the solar cycle. The hybrid formalism al- Therefore this interaction is similar in many ways to that of
lows a kinetic description of each ions species and a fluidvVenus or cometsAcuia et al, 1998. The MGS measure-
description of electrons. The ionization processes (photoionments have provided us a clear identification of the bound-
ization, electron impact and charge exchange) are includedries such as the bow shock (BS) and the magnetic pile-up
self-consistently in the model where the production rate isboundary (MPB), located downstream the bow shock and up-
computed locally, separately for each ionization act and forstream the ionopause. A new signature of this plasma bound-
each neutral species. The results of simulations are in a reary, namely, the enhancement of the magnetic field draping,
sonable agreement with the observations made by Phoboszave been recently emphasized both for M8esr{ucci et al,

and Mars Global Surveyor spacecraft. The position of the2003g and Venus Bertucci et al. 2003). An extensive
bow shock and the magnetic pile-up boundary is weakly destudy of these two main boundaries have been reviewed by
pendent of the solar EUV flux. The motional electric field Mazelle et al(2004 andNagy et al.(2004).

creates strong asymmetries for the two plasma boundaries. Numerical simulations, with a different approach, have

Keywords. Magnetospheric physics (Solar wind interac- been performed during the last ten years to characterize

; ; : . ; lar wind interaction with the exosphere of the planet
tions with unmagnetized bodies) — Space plasma physm%he SO . i
(lonization processes; Numerical simulation studies) Brecht and Ferranid 993 Kallio and Janhuner2001 Ma

et al, 2004. This interaction is strong enough to modify
the Martian atmospheric escape and might has influenced the
chemical evolution of the planet.

Single-fluid MHD models reproduce successfully some
o . globals properties of the Martian environment such as the BS
Due to the absence of a global magnetic field of the in or the ionospheric plasma flowi( et al, 1999 and can pro-

ternal origin @Acuha et al, 1998, the upper atmosphere . . . ) .
and the dayside ionosphere interact directly with the SO_VIde meaningful results in the ionosphere where the spatial

) resolution can reach about 50 kivig et al, 2004 but failed
lar wind plasma. The Magnetometer/Electron reflectome- . ) .
. to reproduce some important observed signatures. Two ions
ter (MAG/ER) experiment on board Mars Global Surveyor . ) :
opulations (light and heavy ions), at least, appear to be es-
(MGS) spacecraft has revealed the presence of crustal ma@- L . A
netic fields Connerney et a2007). ential in the formation of the MPB and thus bi-fluid MHD
model Sauer et a).1994) or hybrid models are mandatory to
Correspondence td?. Modolo describe fully this boundary.
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This study is based on the development of an hybrid modebtate P.=n.kpT, and the electronic pressure by assuming
which includes a kinetic description for ions, that allows that the motion of the electron fluid is adiabatic with a poly-
a full description of the dynamics of each ion species. Intropic index equal to 2. Solving the Faraday’s law yields a
this model a self consistent treatment of the ionization pro-time evolution of the magnetic field. The simulation model
cesses is involved and the ionization rates are not fixed buis based on the algorithm developed and testellaithews
calculated locally and for each planetary ion species using1994.
the values of a neutral density, the ionization frequencies of The coordinate system used is such that the X axis points
the electron impact, photoionization and cross sections foaway from the SunX=V;,, /| Vswll), whereVy, is the so-
charge exchange reactions. The planetary plasma is greatlar wind velocity, the Y axis is toward the motional elec-
modified by the solar EUV flux which changes the photoion- tric field, defined byE com= —V sy X Biug Where By is
ization frequencies but also governs the extension of the neuthe Interplanetary Magnetic Field (IMF), and Z completes
tral corona. We focus this study on the influence of the so-the right-handed system. The angle betw&ep and B yr
lar EUV flux on the location of two main plasma boundaries: is a free parameter taken to Ofor this study. Simula-
the bow shock and the magnetic pile-up boundary. This worktions are computed on a 3-D uniform grid with a spatial
continues the previous papdig¢dolo et al, 2005. resolution of 300 km (equals to twice the inertial length of

The paper is organized as follows: a brief description ofthe solar wind protons). The dimension of the simulation
the simulation model and the parameters used are presentduX is defined by-2.85<X <+-2.85 Martian radii Rs) and
in Sect.2, while Sect.3 describes the influence of the solar —6.6<Y, Z<+6.6 Ry. The model includes a fully absorb-
EUV flux on the position and the shape of the bow shocking obstacle with a radius of 3400 km (ions which penetrate
(Sect.3.1) and the magnetic pile-up boundary (Seg). into the obstacle boundary are stopped). No crustal fields
Results are compared to the observations made by the Phare presently taken into account and no particular condition
bos 2 and Mars Global Surveyor spacecraft. on the electromagnetic field is imposed inside the obstacle.

Open boundaries are used in the solar wind direction and pe-

riodic boundaries in the perpendicular directions (except for
2 Simulation model planetary ions which are escaping freely from the simulation

domain).
Inertial lengths and gyrofrequencies of ions and electrons are The solar wind is described by two ion species™(aihd
the characteristic scales to describe the macro and microHe"™ ions) while H™ and OF ions represent the planetary
physics of the interaction processes. So for instance, waveglasma. Although alpha particles are a small fraction of the
have been identifed upstream of the Martian BS at the locakolar wind ions they contribute up to 20% of the solar wind
proton gyrofrequency and is associated with the pickup Marsmomentum and can influence the overall dynamics of the
neutral hydrogen exospherBrgin et al, 2009, the thick-  plasma. In order to avoid of statistical problems the same
ness of the shock overshoot is about few ion inertial lengthnumber of macroparticles is used to describe protons and
(Tatrallyay et al.1997), while electrons seem to play a major alpha particles, and we adjust the weight allocated to each
role in the Martian aurorae recently observed with the Mars-macro-particle to preserve the physical density and the prop-
Express spacecraBértaux et al.2009. In order to describe  erties of the plasma.
completely the plasma environment it is necessary to resolve The number of macroparticles per cell representing pro-
the smaller length and time scales. Due to the computer limitons and alpha particles is equal to 2 for each species. The
tations, a resolving on electron inertial lengths is not possibleproton density is taken to 2.3 crd and alpha particles con-
yet in global simulations. Simplifications and assumptionstribute 5% of the solar wind density. The undisturbed veloc-
must be introduce to model the interaction. Since the plasmdty distribution function of the both ion species is assumed
is governed by the ion dynamic and the typical length scaleto be Maxwellian with a bulk velocity of 400 knT$ and
of the system is about few ion inertial length, a fully descrip- temperatures are fixed to 5eV for protons and 22 eV for al-
tion of the ion species is essential but electrons can be chapha particles. We take the interplanetary magnetic field to
acterized by a fluid, assuming that the spatial and tempora8 nT. With such parameters the A#fu and the sound veloc-
variations are greater than the typical electronic scales, thigty are close to 40 km's'; correspondingly, the Alfén and
assumption defines the hybrid models. the sound Mach number of the solar wind are almost equal

A 3-D and multi-species hybrid model have been used toto 10.
investigate the solar wind interaction with the Martian neutral  The Martian neutral environment is described by two coro-
environment. lons are characterized by a gathering of macronae of atomic oxygen and hydrogen with a spherical sym-
particles, describing the full dynamics of each ions speciesmetry. The density profile of atomic hydrogen is given by
while electrons are described by a massless fluid ensuring thihe simplified Chamberlain’s expression. The density and
conservation of the charge neutrality of the plasma, and conthe temperature at the exobase are the key parameters which
tributing to the electronic pressure and the electric currentsgovern the density profile and we have adopted the values
The electronic temperature is determined by the equation ofiven byKrasnopolsky(1993ab). Oxygen profile density is

Ann. Geophys., 24, 340341Q 2006 www.ann-geophys.net/24/3403/2006/



R. Modolo et al.: The Martian plasma boundaries 3405

derived from Monte Carlo simulation computedtyn et al.
(1998, for the supra-thermal oxygen population, and from
the atmospheric model for cold oxygen atorksasnopol-
sky and Gladstonel996. The neutrals are ionized by so-
lar EUV, electron impact and charge exchange processes. A
more detailed description of the model as well as density pro-
files for the hydrogen and oxygen coronae are giveiviod-

olo et al, 2005. The solar EUV flux does not only change
the photoionisation frequency, but also influences the exten-
sion of the coronae. To investigate the effect of this factor on
the Martian environment, the simulations carried out for two
extreme values of the solar cycle activity are compared.

Z (Rw)

3 Simulation results

The influence of the solar EUV flux on the plasma envi-
ronment of Mars has been discussed in the previous paper
(Modolo et al, 2005. We have shown that the solar ac-
tivity strongly affects the Martian environment and the loss
of planetary ions, contributing to the atmospheric erosion.
The effect of the solar EUV flux on the location and shape
of two main boundaries: the bow shock (BS) and the mag-
netic pile-up boundary (MPB) is now investigated. The sim-
ulation program is run from time~0s tor~1000s and a
guasi-stationnary solution is reached around time50s.
The simulation results are presented at tim®20 s and are
similar to snapshots of the state of the simulation.

In order to discuss the main features of the plasma bound-
aries, we examine the results of 2-D cuts from the simulation
domain: the XY plane containing the solar wind bulk veloc-
ity Vsw and the motional electric fiel& oy, and the XZ
plane containing/sw and the interplanetary magnetic field
B\ Figuresla andlb display the magnetic field intensity,
for a period of minimum solar EUV flux, in the XY and XZ
planes, respectively. Magnetic field lines pile-up against the

Z (Rw)

2 -1 0o 1 2 ) -2 -1 0 1

obstacle on the dayside and drape around the planet produc- X () X (R)

ing two magnetic lobes at the nightside. Figutesandld

present the total magnetic field, for a maximum solar EUV Fig. 1. Maps of the magnetic field strength at solar minimum condi-

flux, in the XY and XZ plane. tion (panelqga) and(b)) and at solar maximum condition (panéd$
Two distinct boundaries are observed in Fifisthe bow ~ and(d)). Panels (a) and (c) display the total magnetic field in the

shock, separating the solar wind and the magnetosheatﬁ"anes containing the solar wind velocity and the motional electric

and characterized by a strong jump of the magnetic fieldﬁeld’ while panels (b) and (d) show the total magnetic field in the

—— ane containing the the solar wind velocity and the interplanetary
\S/?rtjﬁé ?Sg]:)hg Eﬁg?ﬁggfggcl;%f’;?nn?r‘zm \(’)\;hti': égi;if;cﬁsn?wagnetic field. The solid and the dashed black curves represent fits

. o9 to the observations made by Phobos 2 and MGS, for respectively
noticed. The magnetic pile-up boundary separates the mage pow shock and the MPH otignon et al, 2008.
netosheath from the magnetic pile-up region (MPR), domi-

nated by planetary ions. The solid and dashed black curves

depict the fits to the MGS observations for BS and MRB (

gnes et al.2000. SinceVignes et al(2000 have assumed a and a finite grid size, the simulated magnetic field intensity is
cylindrical symmetry of the boundaries, we use the same fitdower than in the observations where the magnetic field mag-
for the both planes. nitude can reach 25-30 nT in the MPR bounded by the MPB

The magnetic field strength jumps by a factor 3 at the sub{(Bertucci et al. 20033. The numerical diffusion allows to

solar shock and climbs sharply to about of 15 nT in the mag-the magnetic field lines to penetrate slightly inside the obsta-
netic barrier above the obstacle. Due to a numerical diffusiorncle. Future simulations, with a better spatial resolution and
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including the crustal magnetic field, should improve this is- bi-fluid simulations Sauer et a).1996 and in hybrid simu-
sue. By comparing the XZ maps of the total magnetic fieldlations (Moore et al, 1991 Shimazy 2007 but was not re-
in minimum and maximum solar condition (Fige, 1b and  liably experimentally observed in space, perhaps due to the
1c, 1d), no clear differences have been found, suggesting thahability to separate spatial structures and temporal variations
the global magnetic environment in the vicinity of Mars is of the BS with a single spacecraft. Further examinations are
weakly dependent of the solar EUV flux. planned to study the persistence of such structures to differ-
ent cell size and a different solar wind composition (without
alpha particles).
3.1 The bow shock A reasonable agreement is found between the location
of BS in the simulations and observations (Talje Two
A strong asymmetry in the magnetic field intensity is ob- parameters are useRsp which is the distance along the
served in the XY plane (Figla), while the field distribu- X axis from the center of the planet to the maximum value
tion in the XZ plane (Figlb) |B| is aimost symmetric. This reached at the shock amtl, which is the distance, along
asymmetry is attributed to the action of the motional electricthe Z axis (not including the asymmetry of the shock ob-
field on the planetary ions which gain the momentum mainlyserved along the Y axis), from the center of the planet to
in the positive Y direction, i.e. the motional electric field con- the maximum value reached at the shock in the terminator
vection, breaks the symmetry. In these simulations, the shoclslane. Rgp and R p refer to the nomenclature defined by
is found to be farther from the planet in the opposite directionTrotignon et al(2006. The position of the different bound-
of the motional electric field that is in agreement with the aries is estimated from the simulations at more or less one
previous hybrid simulations computed for Mars and Venusgrid size (0.0R,). The interplanetary magnetic field (IMF)
(Moore et al, 1991 Brecht and Ferrantel993 Shimazy  in the simulation is perpendicular to the plasma flow, and
2001 Kallio and Janhuner2002. However Phobos 2 obser-  thus not follow the Parker spiral. This choice is motivated
vations Dubinin et al, 1998 and, more recently, the MGS by the simplifaction of the simulation analysis and the un-
observations\(ignes et al. 2002 showed that the shock is derstanding of the draping of the magnetic field. Although
observed at larger distances in the hemisphere in which théhe chosen IMF is not the ideal average value, it is not un-
motional electric field is pointed out. A similar behaviour sual to find a similar case. Short term variations of IMF are
have been observed for the Venusian B&kander et al.  important and the magnetic field can change from one direc-
1986. Authors suggest that mass loading of pick-up oxy- tion to the opposite direction in few minutes: see for example
gen ions may produce this asymmetry, since planetary iongolar wind data measured by the ACE spacecraft (and com-
are accelerated mainly along the motional electric field. Forpanions paperStone et al.1998 available through NOAA
the Martian bow shock, the observed asymmetry between thenttp://sec.noaa.gov/ace/ACErtdvome.htm). The BS and
two hemispheres is weak: the average difference betweeMPB observations may cover a large range of IMF direc-
the distance to the shock for the two hemispheres is aboufions, including the case of this study. The influence of the
0.2Ry (Vignes et al.2002. Let remarks that these studies IMF on the plasma environment in the vicnity of Mars will
are based from a single spacecraft observations, and thus ae discussed in a future publication.
assumption of a stationary IMF is needed to compare the in- The simulated shock is found to be slightly farther from
fluence of the IMF, and the motional electric field, with the the planet than the shock fit from the MGS observations, nev-
bow shock distance to the planet. Though the simulationsertheless we estimate that the relative deviatiorRgp and
show a strong asymmetry of the oxygen ion fluxbog- Rrp parameters is less than 8%.
olo et al, 2005 see Figs. 5¢c and 5d), the BS is found to be  The solar wind interaction with Mars displays Venus-like
farther in the opposite direction. Further investigations arefeatures Cloutier et al, 1999, but some difference have
required to rule out the effect of a numerical contribution glso been noticed. In the case of the solar wind interac-
which can explain the difference between the observationsion with Venus, the location of the BS is very sensitive to
and the simulations: a best description of the Martian iono-the upstream solar wind parameters, the orientation of the
sphere combined to a whole and realistic 3-D neutral coronanterplanetary magnetic field, and the solar cycle and the so-
in the simulations is probably necessary. lar EUV flux (Russell et a].1988. On the other hand, al-
Fine and complex structure of the BS, like multiple shock though the location of the Martian BS has been found to be
waves, are displayed in Fi@. The origin of these features is highly variable, the solar activity and the solar EUV flux does
currently unknown. The width of one structure is about 600—not play a decisive role on the BS variations. By comparison
900 km, which corresponds to 2—3 grid cells, and 4—6 protonof the Phobos 2 data, obtained at the maximum solar activ-
Larmor radius. Effect of a finite grid size is not excluded ity, and the first MGS results at the minimum solar activity,
and more investigations are required. Analogous structurethe mean location of the Martian BS appears to be indepen-
are recognized in the solar wind proton and alpha particledent of the solar cycleMignes et al.2000. The simulation
density variations which are closely linkeM¢dolo et al, results occur in agreement with the Phobos 2 and MGS ob-
2005. This splitting of the BS have been also identified in servations. The subsolar and the terminator positions of the
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Table 1. Comparison of the BS position between the Phobos 2 and ik L

i
MGS observations and simulations for solar minimum and maxi- | Mar 25, 1989 |
mum conditions. By o —a] h r il I,
i | N Ay
Rsp (Rm) Rrp (Rm) W= l \ i
o -
fits from Phobos 2 and MGS .@3+0.01  263+0.01 L | J i
Solar min (Simulation) T2+£0.09 273+0.09 By o | e PV o~
[

Solar max (Simulation) 76+0.09  26440.09 W e A
20— -

BZ 0 ;@WW

BS are roughly the same for solar minimum and maximum r | 1

|

conditions (Tablel). zg B \

Figure 2 shows a comparison of the total magnetic field Br | |
and the magnetic field components at solar minimum and so-"") ¢ SSSLAIE L L]
lar maximum along a circular Phobos-2 like orbit (r=2.§) ST e e RS TR B T s
in the XZ plane. The simulated magnetic field component
are presented in the Mars ecliptic coordi_nate system used by Magnetic field along a circular orbit r=2.8R,
Luhmann et al(1991]) for a better comparison with the Pho- +8 R
bos 2 observations. o+ ik

The BS is easily identified by a sharp jump in the magnetic
field value. The BS location corresponds approximately to
the intersection between the circular orbit and the terminator
plane. The draping of the magnetic field around the planet —
is clearly displayed in Fig2, with the presence of two mag-
netotail lobes with the opposite polarity. The two lobes are @ -
almost symmetric in this plane and a cross-tail current sheet
is apparent. These results are in a good agreement with the—~
Phobos 2 observations (Figin Luhmann et al.1991) and
with simulations made b¥allio and Janhune@002. An-
other interesting point of this figure is the behaviour of the
magnetic field components with a solar EUV change. The —~

C

red and blue curves, corresponding to the simulation results &

Solar Max
Solar Min

m

Bz (n

for the maximum and minimum solar EUV flux, respectively, é

are very similar. The global position and the morphology of 0

the BS, the magnetosheath and the tail lobes are weakly de- 0 45 90 135 180 225 270 315 360
pendent on the solar EUV flux. Althoug a mass loading and phi (=aton(z/x))

the production rate of oxygen ions are greater for maximum
solar EUV flux, the density variations of the planetary plasma
between minimum and maximum solar conditions are not
sufficient to have an impact on the position and the sha

Fig. 2. Comparison between the total magnetic field and the mag-
netic field components observed by the Phobos 2 spacecraft (top)
p(?reproduced fronbuhmann et a|.1991) and the simulation results

of the BS. (bottom) plotted in the Mars ecliptic coordinate system. The sim-
ulated magnetic field is shown at the minimum (curve in blue) and
3.2 The MPB maximum (curve in red) solar EUV flux as a function of the angle

measured from the —X direction along a circular orbit with a radius
The MPB is a thin, sharp and permanent plasma boundary |oof 2.8 Ry in the XZ simulation-plane (similar to the Phobos 2 or-
cated downstream of the BS and upstream of the ionopaus@)-
Vignes et al.(2000. The magnetic field lines pile up and
drape around the planet with a strong enhanceniartcci
et al, 2003ha, 20053. This boundary can be identified by et al, 20053. In the simulations the MPB is also well identi-
a generally sharp increase of the magnetic field, a strondied from a jump in the magnetic field intensity. In addition,
diminution of variability of the magnetic field magnitude and close to this boundary a change in the plasma composition
orientation with respect to the magnetosheath, and a sharpccurs and planetary ions dominate downstream the MPB
decrease of electron suprathermal electron flBer{ucci (Lundin et al, 1992, Dubinin et al, 1996 Modolo et al,

www.ann-geophys.net/24/3403/2006/ Ann. Geophys., 24, 341532006
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Table 2. Comparison between the fits from the Phobos2 and MGS 151 T 11 ers
observationsTrotignon et al. 2006 and simulated MPB locations I ‘ R
at minimum and maximum solar EUV fluxes. _. Solar Min 14 .. ¢ ;
Rsp (Ryu)  Rrp (Ry) Solar Max: 1, o4 >
(,J
fits from MGS 125+0.03  144+0.03 11 enn Qi

Solar min (Simulation) ~ 294+0.09  14140.09 o

Solar max (Simulation) .29+0.09  136+0.09 ‘ 1.e40

0

2005 Fedorov et al.2006. Figurel clearly displays the Fig. 3. Magnetic field magnitude (black curves) and atomic oxy-

MPB and, similar to the BS features, a strong asymmetryden density (red curves) along the Sun-Mars axis for both minimum
is marked in the XY plane while the XZ plane is nearly (dashed curves) and maximum (solid curves) solar EUV flux. Verti-
symmetric. The maximum of the magnitude of the MPB cal dotted I|_nes_|nd|cate the subsolgr positions of the bow shocl_< and
. . . . . . . the magnetic pile-up boundary derived from the MGS observations.
is reached in the hemisphere in which the motional electric

field is pointed out. In the opposite hemisphere the mag-
netic signature of the MPB is almost absent and the MPB

does not seem to be characterized by a jump in the magnetigeakly dependent on the solar EUV flux, that is in a concor-

field intensity. Analogous asymmetry have been reported byysnce with the Phobos 2 and MGS observatidgistignon
(Mazelle et al,2004 see Figs. 6 and 7) in the previous hybrid & g 2008.

simulations performed bgrecht(2002. The MGS observa-
tions show a similar asymmetrygnnerstrom et 312003. sity profile in the oxygen corona along the Sun-Mars axis

Meanwhile t_his_ model doe_s_ hot take into account thefor both minimum and maximum solar EUV flux. FiguBe
crusFaI magnet|cf|e!d, the_posmon _and the shape of the MPB, /s clearly that the MPB position is concomitant to a
obtained from the simulations are in a reasonable agreement,,qe in the oxygen density profile. The lower altitude part
with the fits from the MGS observation3rotignon et al, of the density profile describes the thermal oxygen popula-

2006 cf. Table2). The crustal magnetic field will be in- o while the upper altitude part is associated to the supra-
cluded in a future study, with an improved spatial resolutlontherma| oxygen atoms. The MPB is located in the transition

of 150 km accompanied with a better description of the iono'region. The thermal oxygen atmosphere is weakly depen-
sphere. TOte here théirider et al.(2009 and Dubinin eF. dent on the solar EUV flux and even an increase of the pho-
al. (2006) have reported a dependence of the MPB position iy iz ation frequency by a factor 3 and the corresponding

on the presence of crustal fields. _ increase of the production rate of oxygen ions does not seem
Another magnetic signature of the MPB associated to &0 be sufficient to push away the MPB significantly.

change in the magnetic field topology suggeste@bstucci
et al. (2003ab, 20051 is not so obvious in the simulations.
Although a draping enhancement is identified downstream

the MPB, it appears that the difference between the diagnos%r Conclusions

tic proposed byBertucci et al (20033 and perf_ormed in the ...A 3-D hybrid model has been used to characterize the two
magnetosheath and downstream the MPB is not so S"(~:]r"ﬂPnain Martian boundaries: the bow shock and the magnetic
cant. Numerical diffusion, smoothing and poor spatial reso-

ile- ndary. The pr ion r r m lo-
lution limit a variability of the magnetic field in the magne- pile-up boundary e production rates are computed lo

tosheath. both in th entat din th itud &ally and self-consistently in this model using the local neu-
tﬁs eam, tr?th n _et(_)rlen_atlﬁn an mt' ?_ Tda?mul €, @NGal densities and ionization frequencies or cross-sections of
L_‘I_S ;Imc;o evane}{r:ons_ln | ?Gahar;eBlc Ie‘t' opok;)gt?/]._ the ionization processes, thus the mass loading is consid-
avle corgpa_rgs € swnu a? i _thp]f_)tSI(ljon_s, d(; N ered self-consistently. We have found that the locations of
tmhaxl\'ﬂrgug r;n mlr:_lmumss_o ‘filr a;: “_’I_' LIWII? s d(;;lve 'OM the simulated bow shock and the magnetic pile-up are in a
the ¢ doﬁsdgr\t/a |ons.t ![';“ al\/rIPoB a tﬁ SDt?n I rpare ood agreement with the fits from the Mars Global Surveyor
€ standott distances 1o the ML In the Subsolar region angy,sq yations for both the position and the shape.
at the terminator along the Z axis. First, a good agreement .
. . . . A strong asymmetry has been noticed on both the bow
between the simulations and observations is found on the lo-

. " ._shock and the magnetic pile-up boundary with respect to the
cation of the boundary. Secondly, the position of the MPB '> motional electric field direction. Multiple shock structures

1Dubinin, E. M., Fraenz, M., and Woch, J.: Plasma morphology have also.t_)een shown. Meanwhile the planetary plasma is
at Mars, ASPERA-3 observations, Space Science Rev., submitted/ery sensitive to the solar EUV flusModolo et al, 2009,
2006. the bow shock and the magnetic pile-up boundary are weakly

Figure3 displays the magnetic field intensity and the den-
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dependent on this parameter that is in a concordance with the for a magnetic pileup boundary, Geophys. Res. Lett., 30(17),

observations\(ignes et al,200Q Trotignon et al,2008. Itis

believed that the position of the “obstacle boundary” at MarsBertucci, C., Mazelle, C., and Aga, M. H.

which controls the BS location coincides with the MPB. The
situation with the MPB is more complicated since the origin
of such a sharp boundary remains unclear yet.

ticularly, a different asymmetry of the bow shock revealed in
hybrid simulations and observations.

1876, d0i:10.1029/2003GL017271, 2003b.

Interac-
tion of the solar wind with Mars from Mars Global Sur-
veyor MAG/ER observations, J. Atmos.S.-P., 67, 1797-1808,
doi:10.1016/j.jastp.2005.04.007, 2005a.

) . . Bertucci, C., Mazelle, C., Adin, M. H., Russell, C. T., and
Several more questions need to be investigated, and, par-

Slavin, J. A.: Structure of the magnetic pileup boundary
at Mars and Venus, J. Geophys. Res. S. P, 110, 1209+,
doi:10.1029/2004JA010592, 2005b.
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