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Abstract. Mars has no global intrinsic magnetic field, and tons with the ionospheric plasma. The magnetic field has a
consequently the solar wind plasma interacts directly withjump at the bow shock and then it becomes much stronger as
the planetary ionosphere. The main factors of this interacthe ionopause is approached, giving rise to the magnetic bar-
tion are: thermalization of plasma after the bow shock, ionrier with a distinct magnetic pile-up boundary (MPB), which
pick-up process, and the magnetic barrier effect, which reds identified with the magnetic field rotation and the drop in
sults in the magnetic field enhancement in the vicinity of thethe magnetic turbulence level. This boundary was detected
obstacle. Results of ideal magnetohydrodynamic and hybriby FGMM (Sauer et al., 1990), as well as by the Phobos-2
simulations are compared in the subsolar magnetosheath rédAAGMA instrument (Riedler et al., 1991), and also by MGS
gion. Good agreement between the models is obtained fofVignes et al., 2000). The magnetic pressure maximum is
the magnetic field and plasma parameters just after the shoosif the order of the solar wind dynamic pressure, and thus
front, and also for the magnetic field profiles in the magne-the magnetic field strength at the MPB is proportional to the
tosheath. Both models predict similar positions of the protonsolar wind bulk speed. As shown by Biernat et al. (1999),
stoppage boundary, which is known as the ion compositiorthe magnetic field profiles across the magnetosheath become
boundary. This comparison allows one to estimate applicasteeper when the solar wind ABm Mach number increases.
bility of magnetohydrodynamics for Mars, and also to check A peculiarity of the solar wind interaction with the un-
the consistency of the hybrid model with Rankine-Hugoniot magnetized planets is that the neutral atmospheric atoms can
conditions at the bow shock. An additional effect existing be ionized and involved into the solar wind flow. This is
only inthe hybrid model is a diffusive penetration of the mag- called the mass loading process characterized by the ioniza-
netic field inside the ionosphere. Collisions between ions andion rate depending on the solar activity. The loaded heavy
neutrals are analyzed as a possible physical reason for thens form a dense layer with a so-called “ion composition
magnetic diffusion seen in the hybrid simulations. boundary” (ICB) separating the solar wind protons from the

Keywords. Interplanetary physics (Planetary bow shocks: planetary ions. This boundary was identifieo_l by ion measure-
Solar wind plasma) — Space plasma physics (Numerical simments from the ASPERA and TAUS experiments on board
ulation studies) Phobos-2 (Rosenbauer et al., 1989; Breus et al., 1991; Sauer

et al., 1994). Analysis of the multi-instrument observations
(see Nagy et al., 2004, and references therein) clearly indi-
cates that the drop in the proton density and the pile-up of the
electron density at the ICB typically coincide with the MPB

- L .._position.
Mars does not have a sufficient magnetic field to form |tsp . . . . L
own magnetosphere, and thus the solar wind interacts di- Analysis of observa_tlor_ws and simulations highlights two
rectly with the ionosphere of the planet. Even though theaspects of the magnetic field enhancement caused by the so-

planet is unmagnetized, the flow of the solar wind is stronglyIar yvmd mte_ractlon with Mars. The first one is the mag-
affected by the interplanetary magnetic field (IMF) which netic barrier in the subsolar magnetosheath, where the mag-

plays a crucial role in the interaction of the solar wind pro- netic field strength is gradually Increasing from t.he bow
shock to the proton cavity boundary. This effect exists even

Correspondenceto: N. V. Erkaev without mass loading process and was still obtained in the
(erkaev@icm.krasn.ru) gasdynamic model of Spreiter and Stahara (1980), which
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Fig. 1b. Collision free path.(x) (dash line), and the dimensionless
mass loading parametegtx) (solid line).
Fig. 1a. Comparison between Phobos-2 measurements (left pan-
els) and bi-ion fluid simulations (right panels) for the third elliptical
orbit, after Sauer and Dubinin (2000). al. (2001) and Ma et al. (2004) showed the positions of the
bow shock and the ionopause to be in good agreement with
observations. However, MPB/ICB was not reproduced well.
overestimates the magnetic field strength due to a kinematitn a two-fluid MHD model, Sauer and Dubinin (2000) re-
treatment of the frozen-in magnetic field lines. It was alsovealed that the mass loading of the ions may result in a sud-
introduced by Zwan and Wolf (1976) as a plasma depletionden stoppage of the proton flow and the formation of the pro-
layer for the Earth’s magnetosheath. This effect can be reproton cavity around the ionopause. The cavity boundary is as-
duced by a one-fluid magnetohydrodynamic (MHD) model, sociated with the ICB/MPB.
and also by multi-fluid MHD and hybrid models. However,  Semi-kinetic simulations often used in space research are
the effect might be weakened by the magnetic diffusion re-the so-called hybrid simulations, where the ions are treated as
lated to a numerical procedure. Such magnetic field enhancendividual particles, and the electrons are considered to be a
ment in the magnetosheath can be seen in Fig. 1a, whicRuid. This approach has been applied by Brecht et al. (1993)
demonstrates Phobos-2 measurements at the left panels, afist simulations of the solar wind interaction with Mars. A
bi-ion fluid simulations at the right panels for the third ellip- comparison of the simulation results by Brecht (1997) with
tical orbit, after Sauer and Dubinin (2000). In this figure, the the data obtained by spacecraft Phobos 2 yields a consistency
magnetic field strength is gradually increasing in the magneetween the resultant large-scale magnetic field configura-
tosheath from the bow shock towards the ICB/MPB, where ittjon around Mars and the observations.
reaches a maximum. The total density first has a jump atthe |, the hybrid simulation by Shimazu (2001), the planet
bow shock, then it decreases towards the ICB/MPB, where ity 5 treated as a gaseous body, which could be penetrated
has a pile-up. by the ionospheric plasma, produced with a constant ion-
The second aspect is the formation of the induced magneization rate. The simulation predicted an asymmetric bow
tosphere inside the proton cavity separated from the magneshock with a multiple-shock structure, and also a magnetic
tosheath by ICB/MPB. This is not reproduced by the idealparrier in front of the planet with asymmetries along the so-
MHD model, but in principle, it can be described by bi-ion |ar wind electric field. Kallio and Janhunen (2001) applied
and hybrid models. a hybrid model to study the atmospheric effects of proton
The applicability of the MHD model for the solar wind precipitation in the atmosphere and the ion escape at the
interaction with Mars is questionable because the kineticnightside of the planet (Kallio and Janhunen, 2002). The
plasma scales (Larmour radius, ion inertial scale) are nosimulations showed a draping of the magnetic field lines
significantly less than the magnetosheath scales. In particaround the planet, but the plasma boundaries were not re-
ular, the Larmour radius of the cold heavy ions acceleratedoroduced clearly. Kallio and Janhunen (2002) do not in-
by the electric field can be of the same order of magnitudeclude an electron pressure term at all, whereas Shimazu
as the magnetic barrier length scale. Nevertheless, the prg2001) uses a global electron pressure gradient for the solar
vious magnetohydrodynamic (MHD) simulations by Liu et wind plasma and the planetary ions plasma. The aspects of
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ICB/MPB were studied in hybrid simulations byoBwetter  In Eq. (1),I1 is the sum of the gas and magnetic pressures,
et al. (2004), which are based on a more detailed model inI1=P+ B2/87; quantitiesP andp are the gas pressure and
cluding two electron fluids with different temperatures, asthe mass density, respectively, aBdandu are the magnetic
well as a friction force between ions and neutral gas atoms. field and the plasma flow velocity, respectively, parameter
The MPB and ICB are nearly the same in the observa-‘«” denotes the ratio of specific heats<£5/3), Q is a source
tions, but they describe a behavior of the different physicalfunction determined by the ionization rate and the distribu-
guantities: magnetic field and plasma density. In the modekion of the neutral particles,
simulations, these boundaries are not completely identicaIQ = M; NoG)f (7, X), 4)

Therefore, we refer to both terms, ICB and MPB, which are ) ] )
reproduced differently in model simulations. In particular, WhereM; is the mass of the heavy ions (oxygen)is the

MHD and hybrid simulations can give very distinct ICB, as @onization rate.,No is the dpnsity of neutre}l particlqs depend-

a sudden rise in the electron density and decrease in the prd?9 On the radiusf (r, x) is a Chapman-like function of the

ton density. However, the variations of the magnetic field radial distance and the solar_ ze_nlth_ angle (Chamberlain a_md

components through this boundary are smoothed by the nuunten, 1987). We use the distribution of the neutral density

merical diffusion. and functionf (r, x) similar to those suggested byBwetter
Applications of complicated models (multi-fluid and hy- €t al- (2004),

brid) allow one to obtain a lot of information about the object

r+Ry—r n
of simulation, but require to reduce the resolution. There als

ONo(r) =n1 exp( H,

exists a problem in distinguishing the physical results from ro+ Ry —r r3
the numerical ones. In particular, this concerns the numerZ2 exp( Hz ) TR ®)
ical magnetic diffusion effects existing in global numerical
simulations. Therefore, for clarifying the physical processesf(r, x) = exp[_&Hl [exp<r1+R—M_r) +
on the magnetosheath flow it is useful to compare relevant cos(x) Hy
results obtained in frameworks of different simulation ap- n2H2 (72 + Ry — r) n
proaches. Comparison of different models provides a bettern H, H;
understanding of the physical meaning of simulation results. ;; -, Ry
The aim of this paper is to compare the simulation results <r _ RM)H ) (6)

for the magnetosheath obtained from the MHD and hybrid
models. The main scope of our study concerns the daysid
magnetosheath profiles of the magnetic field and plasma p
rameters from the bow shock to the ICB/MPB. This com-
parison is useful for a better estimation of the potential and
limits of the MHD model and its relationship with the ki-

netic model. An additional aspect to be clarified is the physi-B d diti . tthe b hock (Ranki
cal reason for the magnetic field diffusion inside the dayside oundary condrtons are given at the bow shoc (Rankine-
Hugoniot) and at the ionopausg=0.

Martian ionosphere, which can be seen in the hybrid simula- L .
P y The initial conservative system of MHD Eqs. (1-3) can

gvhereRM is the planet’s radiusk;;=3400 km; parameters
11, n2, N3, r1, r2, r3 are chosen to fit the data given by
hen et al. (1978), Kallio and Luhmann (1997) and Kotova et
al. (1997) for solar minimum conditions. The resulting val-
ues are11=2.8x10Mm=3, n,=2.5x102m23, n3=10°m=3,
r3=1700 km,»1=140 km,r»=300 km,H1=27 km, H>=35 km.

tions. be transformed to the dimensionless system which is more
suitable for computations,

- i i 1

2 Basic equations and input parameters pu-Vyu+VI=—(B-V)B—q(ru, @)
A
We model the plasma in the planetary magnetosheath as @ . (o) = ¢(r), V-B=0, Vx(@mxB)=0, (8)
nondissipative fluid which obeys the ideal MHD equation p 0 k-1 Pi
(in cgs units) based on the conservation laws for momen<u - V) | — | = — —— | pu? — ———|. 9)
K px+1 2 k=1

tum, mass, energy and also on the frozen-in condition for the : - .
magnetic field, Here velocityu, magnetic fieldB and densityp are nor-

malized to their solar wind values,,, Bsy, psw, respec-

1 - . X . :
V| puu+m — 2 BB| =0, (1) tlvely, plasma preszsure' is normalized to thg solar wind dy
4 namic pressurg;,,u5,,, distances are normalized to the plan-
V-(pu)=0Q, V-B=0, Vx(uxB)=0, 2) etary radiusRys; My is a solar wind Alfien Mach number,
) M o=~/ pswitsw/Bsw, g is the dimensionless mass load-
V.lu p”_ + K _p + —B?| - ing function characterizing the efficiency of the ion pick-up
2 k-1 g process,
1 R
2B B)] =0. 3) 4 =00)——. (10)
T Pswlhsw
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148 N. V. Erkaev et al.: Solar wind interaction with Mars

Mass loading effects are strongly pronounced in the regiorEarth, and also by Biernat et al. (1999, 2001) for the solar
whereg (r)>1. wind interaction with the ionosphere of Venus.

Equation (7) contains the additional resistance force pro- To describe an ideally conducting plasma, we use the ma-
portional to the velocity, which is related to the mass loadingterial frozen-in coordinatesx( A, t), which are similar to
process. This force leads to the deceleration of the protonghose introduced by Pudovkin and Semenov (1977). For a
which lose energy for the corresponding acceleration of thestationary flow, these coordinates can be introduced by the
heavy ions. Equation (9) indicates that the adiabatic law isequations:u-Va=0, u-VA=0, u-Vr=1. A particular pair

not valid anymore due to the mass loading effect. of («, 1) labels a streamline, and the coordinatdas the
The collision length scale related to the interaction with sense of time of motion of a fluid particle along its stream-
the neutral particles is defined as-V*/KpNo, whereV* line. These coordinates are specified to be proportional to

=10km/s, constank p=1.7x10"°cm®s1 is given by Is-  Cartesian coordinates in the unperturbed, upstream flow. In
raelevich et al. (1999). This constakip determines the col- this case, variable§\, t) are constant along the magnetic
lisional forcesF.;=—KpNoM;(u;—u,) between the ions field lines everywhere. In frozen-in coordinates, the nondis-
and ionospheric neutrals, which were used in the hybrid sim-sipative MHD equations can be written as follows,

ulations by B)3wetter et al. (2004). The characteristic ve-

locity V* is chosen to be of the order of the proton’s velocity du _ izﬁ + EVH(r) = _Zu, (12)
near the ICB obtained in the hybrid simulations by@vetter 97 M3 da o p
et al. (2004). o (B ou _0 ar 13
Figure 1b shows the collision length scalér) and also 357 \ jp ) 8o~ = a7 , (13)
the dimensionless mass loading paramete as functions B2
of the distance along the x-axis. Assuming the condition for— = —zJ, Sp“ + —— = (), (14)
the collision zonée\.(x) <50 km we find the altitude of about 9t p 2M3
0.05R,,=170 km. S _ ¢ 2 k-1
_ — = — Du —«S : 15
As shown by Hanson and Mantas (1988), the ionosphericdt  2p* [(K Ju —wSp ] (15)

peak of the thermal pressure at Mars is smaller than the av-D(x, y, z) 1
erage solar wind dynamic pressure. In such a case, at thgyy 1. 1) = Ip’
subsolar region, the solar wind protons can penetrate into the

collision zone. HereD(..)/D(..) denotes the Jacobian of the transformation,

For the MHD simulation, the effective obstacle is disposed IS the ratio of the proton and total mass densitiess, the
in front of the subsolar collision zone. The model shapePosition vector normalized to the radius of the obstacle. Vec-
of the obstacle is the axisymmetrical surface consisting oftor functionr(a, 4, 7) describes the positions of the frozen-
a hemisphere on the sunward side, smoothly attached to & magnetic field lines characterized by constant values of

(16)

slightly expanding surface on the night side. two material coordinates, andr. Th_e thi_rd coordinater
The input solar wind parameters used in our calculationsvaries from—oo to +oc along each field line. Our method
are was developed from the boundary layer approach based on
approximations for the total pressure in the magnetosheath.
New = 4Cm 3, ug, = 327km/s By, = 3nT, Initially, we assume a quadratic variation of the total pressure
Tyow =2 x 1K, T =05 x 10° K. (11) between the bow shock and the obstacle. At the bow shock

it is determined from the Rankine-Hugoniot conditions, and

This upstream parameters represent reasonable values. @i the obstacle it is given by the Newtonian formula that is
particular, IMF and the total ram pressure, as well as thewell known in the gasdynamics as a good analytical approx-
Alfvén Mach number are nearly identical to those corre-imation for the pressure on a streamlined obstacle (Petrinec
sponding to Phobos-2’s elliptical orbit on 8 February 1989 and Russell, 1997). The bow shock is approximated initially
(see Sauer and Dubinin, 2000). as a hyperboloid of revolution. The total pressure behav-
The supersonic solar wind flow is decelerated and thermalior and the bow shock shape are corrected at the next itera-
ized at the detached bow shock, where the Rankine-Hugonidions. We consider the tangential and the normal components
conditions have to be fulfilled. At the obstacle the normal (With respect to the obstacle) of the momentum and induction

component of bulk velocity is assumed to vanish. Egs. (12) and (13). Using a finite difference Lax-Wendroff
scheme, we integrate the tangential momentum and induc-

tion equations, together with Egs. (14) and (15) from the bow
3 Numerical technique for MHD model shock to the obstacle, and thus we obtain the tangential com-

ponents of the magnetic field and velocity and also the mass
The numerical/analytical technique we use was previouslydensity as functions of the material coordinates. The normal
applied by Erkaev et al. (1996, 1998, 1999, 2003) for thecomponents of the magnetic field and velocity, as well as a
solar wind flow around the magnetospheres of Jupiter anadhormal displacement of the magnetic field lines are obtained

Ann. Geophys., 25, 145-159, 2007 www.ann-geophys.net/25/145/2007/



N. V. Erkaev et al.: Solar wind interaction with Mars 149

by integration of the Jacobian Eq. (16) by the method of The simulation box has three spatial dimensions, with the
characteristics using the boundary conditions at the obstaundisturbed solar wind flowing in a positive x-direction, and
cle. This yields a correction of the bow shock position. After the undisturbed interplanetary magnetic field being oriented
that we correct the total pressure distribution along the norperpendicular in a positive y-direction. The convective elec-
mal directions using the normal momentum equation, as weltric field points therefore to the negative z-direction.

as the Rankine-Hugoniot conditions at the bow shock. Using A highest resolution of about 100 km cells are found near
the corrected total pressure distribution and the updated bowhe surface. The cells outside the planet never become larger
shock position, we repeat the calculations for the next iter-than 170 km. At the left-hand side of the simulation box, the
ation. This approach based on the frozen-in coordinates alsolar wind comes in (in-flow boundary), whereas at the right-
lows us to avoid the effects of numerical magnetic diffusion. hand side it leaves the box (outflow boundary). For the re-
maining sides some sort of free or absorbing boundary is de-
sirable, however, that turned out to make the simulations un-
stable. We therefore use in-flow boundary conditions, which

The numerical hybrid simulations are performed using acodéSimpIy kegp the field valpes constant. All particles, whgther
described by BRwetter et al. (2004). In the hybrid approxi- planetary ions or solar wind protons, are deleted when hitting

mation the electrons are modelled as a massless charge neﬁr}_e Martian surface. Consequently, there are no ion currents

tralizing fluid, whereas the ions are treated as individual par-'ns'de of Mars. The simulation starts without any magnetic

ticles. A collisional force between the ions and the iono- " electric fields in the solid body. During the simulation, a

spheric neutral gas atoms (neutral drag force) is included tg€netration of the magnetic field through the ionosphere into

take into account possible collisional effects. For the ions,the solid is aIIov_ved. The magngtlc_dlffusmn IS acc_omp_anled

the equation of motion is by the_ penetration of th(_e electric field. T_hus, the interior of

Mars is not completely field free. To avoid a collapse of the

duip e (E+ }ui/ x B) — KpNo(ui/p — u0),(17) ionosphere through the inner boundary (surface), the solid
dt Mi;p c P g 7 body is approached by an homogeneous heavy ion density

whereM; ,, u;,, are the mass and velocity of an individual Without any movement of the ions.

particle (heavy ion or proton), respectivelyyp andug are

the number density and bulk velocity of the neutrds; is

a constant describing the collisions of the ions and neutrals® Results

given as 1.%10-2cm?/s by Israelevich et al. (1999). From

the momentum conservation of the electron fluid, the electric’ he calculated magnetosheath profiles corresponding to the

4 Description of hybrid model

field can be derived as ideal MHD model are shown in Fig. 2 (solid lines) along the
1 1 subsolar line foly=0 andz=0, and also in Fig. 3a and Fig. 3b
E = e X B — ;(Vpe,sw + VP, i), (18)  in the two orthogonal planesty (for y=500km andz=0)

andxz (for z=500 km andy=0), respectively. These figures
present variations of the total and proton densities, plasma
pressure, electric field, velocity, magnetic field, magnetic
0 — Ji ¢ V x B (19) pressure, and temperature as functions of the x-coordinate.
“"en Amne ' The direction of the IMF is assumed to be perpendicular
Two different electron pressure terms in Eq. (18) are usedo the solar wind velocity. All quantities are normalized to
to take into account the different electron temperatures otheir values in the solar wind. The distances are given in
the solar wind and ionospheric electrons, respectively. Bothinits of Ry,. At the same figures, the profiles obtained from
electron populations are assumed to be adiabatic with twdhe hybrid simulations are also presented for three simula-
different initial temperaturesT, ;,, and T, ;;, for the solar tion times. The hybrid simulation has a larger width of the

whereu, denotes the electron bulk velocity, computed from
the ionic currents and the overall currents by means of

wind and ionospheric electrons, respectively. magnetosheath than that obtained from the MHD model; par-
" N tially, this is related to a finite thickness of the shock front
Pesw/ni = NswkTe su/ni <M) ) (20)  whichis of the order of the proton’s Larmour radidg that
Msw is equal to 340 km for the magnetic field just after the shock.

The electron adiabatic exponent was assumed iBe The  However, the figures demonstrate good agreement between
main unknown parameter is the ionospheric temperature fothe MHD and the average hybrid simulation results for the
the ionospheric electron pressure. In this hybrid run we usedotal and proton densities, magnetic and plasma pressures,

T..,=3000 K. velocity, magnetic field and temperature just after the shock.
The time evolution of the magnetic field is determined by This means that the hybrid model basically reproduces the
the induction equation, Rankine-Hugoniot conditions at the bow shock. In both mod-
9B els, the proton pressure and the proton density rise at the bow
rrie V x (u, x B). (21)  shock and then they decrease towards the obstacle. One can

www.ann-geophys.net/25/145/2007/ Ann. Geophys., 25, 145-159, 2007
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Fig. 2. Comparison of MHD and hybrid magnetosheath profiles along the subsolar line.

see in the figures that the total density has the same behavior The average subsolar planetocentric distance of ICB/MPB
as the proton density until some boundary where it has a veryvas found to be about2R,, by Riedler et al. (1991) and
steep rise because of the appearance of the ionospheric iolds3 Ry, by Vignes et al. (2000). However, in our simulation
that were already picked up. This pile-up of the total densityit is less (01 Ry). A position of the ICB/MPB is very sensi-
seen in the figures is an indication of the ICB. tive to the ionization rate. So, one reason of a low ICB/MPB
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Fig. 3a. Comparison of MHD and hybrid magnetosheath profiles along the x-directior=&00 km,z=0.

distance could be related to the insufficient effective ioniza-choice of larger values df, , will lead certainly to higher
tion rate which is the input parameter of our models. AnotherMPB positions.

reason is that related to the ionospheric electron temperature |n the MHD model, a stand-off distance of the bow shock
is T, », Which is not a well known input parameter in the hy- for a fixed Alfven Mach number is proportional to the effec-
brid simulation. In the hybrid run we uséd ,=3000K. A tive obstacle radius. For MGS data, the average bow shock
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Fig. 3b. Comparison of MHD and hybrid magnetosheath profiles along ttheection forz=500 km,y=0.

stand-off distances was found to bd..7 R, (Vignes et al., The electric field has large fluctuations but its average
2000). The corresponding ratio of the stand-off distance tovalue decreases towards the obstacle. At the stagnation point
the effective obstacle radius is equakt@.31. In the present where the MHD electric field vanishes, the hybrid electric
MHD simulation, the ratio of the subsolar stand-off distancefield does not equal zero because of magnetic field diffusion.
and the obstacle radius is equal to 1.32, which is rather close In both models, the proton velocity given in units of the
to the empirical value. solar wind Alfven speed decreases at the shock front. In the

Ann. Geophys., 25, 145-159, 2007 www.ann-geophys.net/25/145/2007/



N. V. Erkaev et al.: Solar wind interaction with Mars 153

1B [nT]

Fig. 4. Hybrid simulation: Distribution of the magnetic field strength in iheplane (left) andcz plane (right).

hybrid simulations, there is a correlation between the proton The subsolar magnetosheath profiles of the magnetic field
velocity and electric field variations which is clearly indi- and electron density shown in Fig. 2 are rather similar to
cated by Figs. 2, 3a. Maximal and minimal values of the os-those obtained from Phobos-2 measurements (see Fig. 1a)
cillating electric field and proton velocity are corresponding and also from bi-ion fluid simulations by Sauer and Dubinin
to each other. In spite of the fluctuations, the average veloc{2000).
ity in the hybrid simulations agrees with that of the MHD  In the hybrid simulations, the proton temperature has large
model. However, at the ICB, the proton’s velocity in the hy- oscillations appearing just after the shock. However, the av-
brid model does not vanish. This might be related to a protorerage value seems to be rather close to that obtained from the
drift through the ICB which is caused by the nonzero electricRankine-Hugoniot equations.
field at the boundary. An additional possible reason is that a In the ideal MHD simulations, the magnetic field has a
few energetic protons can cross the ICB. very sharp decrease from the ICB towards the planet. The
A quite good agreement between the models appearstrong decrease in the magnetic pressure is compensated by
for the magnetic field profiles along most of the mag- a corresponding increase in the plasma pressure. This struc-
netosheath. The magnetic field behavior in the subsolature can be unstable with respect to an interchange instabil-
magnetosheath may be described as follows: the magnetigy, which leads to the penetration of magnetic tubes into
field increases monotonically from the bow shock towardsthe ionosphere. In the hybrid simulations, the magnetic field
the ICB. The scaling of the magnetic field maximum is penetrates inside the ionosphere because of magnetic diffu-
B~/4rps,usy. The factor of the total magnetic field en- sion effects.
hancement is of the order of the solar wind Adfv Mach Figures 4 and 5 present the distributions of the magnetic
numberBmax/ Bsw~Ma. In the MHD simulation, the mag- field strength and proton density in the and xz planes
netic field increases by a factor of 12 faf4=10. In the  which are obtained in the hybrid simulation. In theplane,
hybrid simulation the magnetic field maximum is a bit less the distributions of the magnetic field and plasma density are
because of magnetic diffusion into the ionosphere. The magrather symmetrical, whereas in the plane one can see a
netic pressure has a steep rise towards the obstacle; it istrong asymmetry in the direction of the solar wind convec-
creases by a factor of 2 on a length scalé®),=340km. tion electric field, related to finite gyro-radius effects. Such
The growth of the magnetic pressure is accompanied by asymmetries were also reproduced in other hybrid simula-
simultaneous drop in the plasma pressure. The maximuntions (e.g. Shimazu, 2001; Kallio and Janhunen, 2002).
of the magnetic pressure is approximately equal to the solar The magnetosheath magnetic barrier is indicated in4ig.
wind dynamic pressure. The position of the magnetic fieldpy the red color in the dayside magnetosheath region. Its
maximum in the simulations coincides with the total density sjze along the y-direction is about’Rg,. This is similar to
pile-up boundary. that obtained in the MHD simulation (see Fig. 6). A partic-
ular feature of the hybrid simulation is a penetration of the
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Fig. 5. Hybrid simulation: Distribution of the proton density in the plane (left) andcz plane (right).

solar wind magnetic field into the ionosphere because of thenagnetic field is frozen-in only to electrons, but not to pro-

magnetic diffusion effects. tons, but effectively, it behaves as if it were frozen-in to the
The distribution of the solar wind protons shown in Fig. 5 Whole plasma in most of the dayside magnetosheath. This

is rather patchy. At the subsolar bow shock, the proton denMeans that the relatlve_speed of the electrons and protons

sity is of the same order of magnitude as that in the MHD (electric current speed) is much sr_n_aller than the bulk speed

simulation. But in the middle part of the magnetosheath, the®f the protons. To check this condition we express the elec-

hybrid proton density is somewhat lower than that calculated{fon velocity using Eqg. (19),

in the MHD model. In the vicinity of the ICB, the proton n; c

density has a very sharp decrease similar to the MHD reXe = %p + (@i —up) = 72—~V x B. (22)

sult. There is a distinct slightly expanding boundary where

the proton density drops to zero.

Figures 6, 7, 8 show the MHD model distributions of the
magnetic field strength, proton density and plasma pressure — = V x (u, x B) + V x [E(ul. —u,) x B)] _
in the magnetosheath in two planas, and xz, which are n
coplanar and perpendicular to the IMF, respectively. The V x [L(V x B) x B] (23)
undisturbed IMF lines are shown in the plane as straight 4ren
lines along the y-direction. Contrary to the hybrid model, the \;, gimensionless quantities normalized to the solar wind

distributions of the magnetic field and plasma parameters arﬁarameters and a length scale for the magnetic batvjer
symmetrical in both planes. The coordinates x, y are givenEq. (23) yields

in units of the planetary radius. In Fig. 6 one can see explic-
itly the enhanced magnetic field strength in the magnetic bar-o B
rier (red layer) adjacent to the dayside magnetopause. In thg;

Eliminating the electron velocity from induction Eq. (21), we
obtain

~ ~ ni . ~ =
=Vx(up><B)+Vx[;(ui—up)xB)]—

magnetosheath, the behavior of the plasma pressure is oppo- 3 1 . .
site to that of the magnetic field strength. The proton density Y7V |:1(V x B) x B] , (24)
. ARm n
has a systematic decrease from the bow shock towards the
obstacle. where §,, is the inertial scale of the solar wind protons

Good agreement between the MHD and hybrid magnetical’?c\/MiP/ Varngye. The second term can be neglected
field profiles in the magnetosheath of Mars can be interpreteef" hile the ratio of thg heavy ion denS'ty to .th.e'total density is
on the basis of the following physical reasons: in the idealSTall- It becomes important only in the vicinity of the ICB.
MHD model, the physical reason for the magnetic pile-up isThe third term in Eq. (24) has a small coefficient
a stretching of the magnetic field lines which are frozen-in 16,

to the magnetosheath plasma flow. In the hybrid model, thé = Ma A, (25)
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Fig. 6. MHD model: Distribution of the magnetic field strength in theplane (left) andcz plane (right).

For the input solar wind parameters (11) we fibt} =10, netic field lines cannot penetrate inside the cavity. In a two-
8p=114km. Taking the scalé,,~0.1 Ry, from the mag- fluid MHD and also in hybrid models, the magnetic field
netosheath profiles presented in the figures, we estimate thames and protons are decoupled and thus the interplanetary
coefficientt=0.034. Therefore, for most of the dayside mag- magnetic field lines are allowed to penetrate through the pro-
netosheath, we can neglect the last term in the inductiorton stoppage boundary. However, numerical diffusion effects
Eqg. (24). This means that the magnetic field can be con-usually lead to smoothing of the magnetic field boundaries.
sidered to be frozen-in to the plasma, as it is assumed in th&he present hybrid model has sufficient resolution to pro-
ideal MHD. However, the last term becomes important in theduce a rather distinct boundary of the proton cavity which
vicinity of the ICB, where the magnetic field has a large gra- coincides with the magnetic field maximum at the subsolar
dient. region. However, the magnetic field variation through the
In the MHD simulation, the assumed ratio of specific heatcavity boundary is rather smooth.
(k=5/3) is relevant to the solar wind protons and oxygen
atomic ions. In the hybrid simulations, the protons and
ions are treated kinetically, but electrons are considered t
be a polytropic gasy,~n¥) with the polytropic index=2

c(;‘; On magnetic field diffusion into the ionosphere

In this section we discuss physical reasons for the magnetic

which is dlffe_zren_t from that used in the MHD calculations. field diffusion into the ionosphere which is seen in the hybrid
However, this difference does not greatly affect the mag-¢i . lations

netosheath profiles, because the electron pressure is ratherThe cold, heavy ions inside the ionosphere are assumed to
small compared to the proton pressure. ;
L obey the equations

As distinguished from other MHD codes, the present
MHD code based on the frozen-in coordinates does not have =~ (du; uVay ) = e(E + }u « B)
a numerical magnetic diffusion. Therefore, it describes an"' \ ¢ ivii | =¢ c !
ideal MHD flow with frozen-in magnetic field lines. In this . —M;K pNou;. (26)
model, the magnetosheath plasma flow produces a stretching _ _ . _
of the magnetic field lines, which results in the formation of The last term increasing towards the planet is that of the in-
the magnetic barrier in front of the ICB where the protons teraction with neutral gas, which is assumed to be at rest.
are stopped. In the ideal one-fluid MHD model, the inter-
planetary magnetic field is enhanced just before the proton
stoppage boundary associated with the ICB, and the mag-
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Fig. 7. MHD model: Distribution of the proton density ixy plane (left) andcz plane (right).
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Fig. 8. MHD model: Distribution of the plasma pressurexin plane (left) and incz plane (right).

We introduce the normalized physical quantities,

- E* -Ry B*
B = BB*, uiZﬂic—, t=t M ,
B* cE*
r=FRy, E=EE*, (27)
and rewrite Eq. (26) in a dimensionless form
du; . __ . - -
,u(a—tl+uiVu,-> =n(E +u; x B) —u,, (28)

Ann. Geophys., 25, 145-159, 2007

where

cE* eB*

= —) = —. 29
Ry KpNoB* 7 M;cK pNg ( )

n

Coefficientsu andn are inversely proportional to the neutral
densityNg, and thus they decrease very strongly towards the
Martian surface. Figure 9 shows variations of coefficignts
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andn along thex axis for the normalization parameters 10 T T T | |

*=10nT, E*=0.1V/km. (30) =)
— 1
These normalization parameters are of the order of the char-:
acteristic values of the magnetic and electric field as obtamed\/ 0.1
in the hybrid simulation in the ionospheric region. One can =
see in Fig. 9 that coefficient is rather small until the altitude f;" 0.01
of 270 km. w
Neglecting the term proportional to the small coefficient
w, we obtain the linear algebraic equation for the ion velocity 1 10

n(E +a; x B) —it; =0. (31) L1074

Assuming the magnetic field along thedirection, we find
the ion velocity components as linear functions of the electric 1 10°
field components,

0 50 100 150 200 250 300 350

- (x-Ry)[km]

N = n“B -

Ujx = = Ex - = z
1+ n?B? 1+ n?B?
i —nE Fig. 9. Altitude dependence of the dimensionless parameters: dash,
iy =MNEys - dash-and-dot, and solid lines are corresponding, tq andu, re-

N ~ B tively.
i - n P n (32) spectively.

= —E; + =
C 14 2B2 Y 14 n2B2

Using Eg. (32) for the electric current of the ions The time scale of the magnetic field diffusion is

Jji=enV*u;, one can obtain Ohm’s law for the ions with a 1

tensor conductivity, Ty = 4no Ay, (38)
C

Jji=XE. (33) whereA; is the subsolar altitude of the ICB. We introduce a

dimensionless parametethat is a ratio of the diffusion time
The nondiagonal components of the conductivity tensor bex.gje to the simulation tim&~2500's,

come of the order of the diagonal ones at altitudes exceeding -
225 km. Below, the conductivity tensor can be considered as , . 4me“Agn;

X . . = . 39
a diagonalx=c|, whereo is a scalar conductivity, < c2t*kp NoM; (39)
n;e? Small values of this parameter mean that the simulation time
= KN (34)  exceeds the magnetic diffusion time, and thus the magnetic
iNDINO

field can penetrate into the ionosphere until the Martian sur-
At the subsolar region, considering the electric field to beface during the simulation run. Figure 9 shows the altitude

alongz, we have the equation dependence of the diffusion time parametér). This pa-
. rameter becomes less than 1 at the altitag@85 km, where
E;=o0j. (35)  the magnetic field diffusion becomes important due to colli-

sions with neutrals. Above this altitude, a magnetic diffusion

In the subsolar region, the length scale of the magnetic might have only numerical reasons.

field variation along the x-direction is much smaller than
the length scales along the y- and z-directions (see Fig. 4).

Therefore, we assume the derivative along the x-axis to b Conclusions

much larger than those along the y- and z-directions. From

Eqg. (35) and the Maxwellian equations, we obtain the mag-The solar wind interaction with Mars is considered on a ba-

netic diffusion equation sis of the ideal MHD and hybrid models. The magnetosheath
profiles of the magnetic field and plasma parameters, calcu-
9By _ i( 3By > (36) lated in both models, are compared.
ot ox ox The stand-off distance of the bow shock in the hybrid

model is larger than that in the MHD model. This can be
explained by two reasons: the first one is the finite width of
c2 the shock front that is of the order of the Larmour radius. The
(37) second reason can be related to the additional penetration of

wherev,, is the magnetic diffusion coefficient,
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the heavy ions dragged by the electric field from the iono-  Topical Editor I. A. Daglis thanks two referees for their help in

sphere in the hybrid simulation. Acceleration of these ionsevaluating this paper.

leads to a decrease in the average speed of the protons and a

corresponding increase in the magnetosheath thickness.
However, good agreement between the models is found fo
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