N

N

MHD effects of the solar wind flow around planets
H. K. Biernat, N. V. Erkaev, C. J. Farrugia, D. F. Vogl, W. Schaffenberger

» To cite this version:

H. K. Biernat, N. V. Erkaev, C. J. Farrugia, D. F. Vogl, W. Schaffenberger. MHD effects of the
solar wind flow around planets. Nonlinear Processes in Geophysics, 2000, 7 (3/4), pp.201-210. hal-
00301996

HAL Id: hal-00301996
https://hal.science/hal-00301996
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00301996
https://hal.archives-ouvertes.fr

Nonlinear Processes in Geophysics (2000) 7: 201-209

Nonlinear Processes
in Geophysics

© European Geophysical Society 2000

MHD effects of the solar wind flow around planets
H. K. Biernat!2, N. V. Erkaev?, C. J. Farrugia®, D. F. Vogl'*, and W. Schaffenberger!

1Space Research Institute, Austrian Academy of Sciences, Graz, Austria

2als0 at: Institute for Geophysics, Astrophysics, and Meteorology, University of Graz, Austria
Jnstitute of Computational Modelling, Russian Academy of Sciences, Krasnoyarsk, Russia
“Institute for the Study of Earth, Oceans, and Spage, University of New Hampshire, Durham, USA

Received: 8 November 1999 - Revised: 18 February 2000 — Accepted: 21 March 2000

Abstract. The study of the interaction of the solar
wind with magnetized and unmagnetized planets forms
a central topic of space research. Focussing on planetary
magnetosheaths, we review some major developments
in this field. Magnetosheath structures depend cru-
cially on the orientation of the interplanetary magnetic
field, the solar wind Alfvén Mach number, the shape
of the obstacle (axisymmetric/non-axisymmetrie, ete.),
the boundary conditions at the magnetopause (low/high
magnetic shear), and the degree of thermal anisotropy
of the plasma. We illustrate the cases of Earth, Jupiter
and Venus. The terrestrial magnetosphere is axisym-
metric and has been probed in situ by many spacecraft.
Jupiter’s magnetosphere is highly non—axisymmetric.
Furthermore, we study magnetohydrodynamic effects in
the Venus magnetosheath.

1 Introduction

The study of the interaction of the solar wind with
planets forms a central object of space research. On
approach to a planetary obstacle, the supersonic and
super-Alfvénic, magnetized sclar wind flow is thermal-
ized and made subsonic at a bow shock standing off
from the obstacle. The shocked solar wind then flows
in the magnetosheath past the planet. The plasma and
magnetic field behaviour in the magnetosheath is the
subject of numerous investigations both theoretically
and observationally (e.g., Spreiter and Stahara (1994);
Erkaev et al. (1999); Song et al. (1992); Song and Rus-
gell (1997)).

Early approaches to the study of the flow in the mag-
netosheath were essentially based on gasdynamics (Spre-
iter et al. (1966), Spreiter and Stahara (1994)). Gas-
dynamics predicted the stand-off distance of the bow
shock and plasma and flow parameters downstream of
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it. Once the flow was thus determined, the magnetic
field in the magnetosheath was obtained in a kinematic
approximation. This is the gasdynamic convected mag-
netic field (GDCF} model. Thus in the GDFC model,
the plasma parameters result from the pure gas dynamic
system of equations, and the magnetic field is then ob-
tained from the equations of magnetic flux conservation
and magnetic induction. This widely used approach pre-
dicted successfully a number of magnetosheath features.
It also reproduced the draping of magnetic field lines
around the magnetosphere. The magnetic field calcu-
lated in the kinematic approximation has, however, a
strong singularity at the magnetopause, requiring for
its removal consideration of the effect of the magnetic
field on the flow by including the field in the momentum
equation. Two ways have been explored in the solu-
tion of this problem: (a} semi-analytical and (b) global
3-dimensional simulations. Among the work which ad-
dresged this problem semi-analytically were Midgley and
Davis (1963), Lees (1964), Zwan and Wolf (1476), Erkaev
(1988), Erkaev and Mezentsev (1992).

Zwan and Woif (1976) presented a model where they
showed that the plasma density decreases toward the
magnetopause while simultaneously the magnetic field
piles up against this boundary. The region close to
the magnetopause is called the plasma depletion layer
{PDL). In the Zwan and Wolf approach, its sunward
edge is defined by a 100% drop of the density with re-
spect to its value immediately downstream of the bow
shock. The magnetic field pile—up and density decrease
depend not only on the parameters of the interplane-
tary magnetic field (IMF) and the solar wind, but also
on boundary conditions at the magnetopause, gener-
ally speaking, whether the magnetopause is a tangen-
tial or a rotational discontinuity. Since its introduc-
tion, the PDL has formed a cornerstone of investiga-
tions of the flow problem, both in theoretical as well as
in observational work (e.g., Erkaev (1988), Paschmann
et al. (1993), Phan et al. (1994), Anderson et al. (1994),
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Erkaev et al. (1998), Erkaev et al. (1999), Biernat et al.
(1995), Farrugia et al., 1995, 1997a, 1998)

In order to compute the 3-dimensional structure of
the PDL, Erkaev (1988) and Erkaev and Mezentsev (1992)
elaborated a boundary layer approach, i.e., one where
the total pressure normal to the layer is constant. This
method has been extended to the whole magnetosheath
(Erkaev et al. (1998), and references therein). Among
the 3-dimensional, global MHD models we mention those
of Wu (1992) and Cairns and Lyon (1995). In Wu's
model, the large—scale features of the MHD flow around
Earth, and position of the shock are reproduced well.
However, the PDL (or magnetic barrier) is not repro-
duced properly in this simulation: The plasma density
has only a small decrease ahead of the magnetopause.
Cairns and Lyon (1995) studied the stand-off distance
of the bow shock as a function of solar wind Alfvén
Mach number and pointed out clear discrepancies be-
tween MHD predictions and gasdynamics: The magne-
tosheath predicted by the MHD model is thicker than
that in pure gasdynamics, an effect also seen at Venus
(Zhang et al. (1990), Biernat et al. (1999)). The effect
is more pronounced for low Alfvén Mach numbers, and
depends also sensitively on the angle that the IMF sub-
tends with the velocity (cone angle). The structure of
the flow in the magnetosheath was beyond the scope of
the work of Cairns and Lyon {1995).

In this paper we discuss the following topics: (a)
the terrestrial magnetosheath structure for low magnetic
shear at the magnetopause in its dependence on the
Alfvén Mach number, (b) the anisctropy of the plasma,
(c) magnetosheath effects for planets with non-axisym-
metric magnetospheres, and (d) aspects of MHD flow
about Venus.

2 The terrestrial magnetosheath

Superscnic solar wind fiow interacting with Earth pro-
duces a detached shock wave which separates the unper-
turbed solar wind from the magnetosheath. The changes
in field and flow parameters are given by the Rankine-
Hugoniot relations (e.g., Petrinec and Russell (1997)):

[[pu?, + 11]] =0, |[pu,.u, - %B,]' =0, (1)

[pe] =0 [2:]=0. [wxmr]-0. @
u? 7 _\p], unB? —Bn(u-B)]_

i[ “[2+(1—1)p]+ 4r =0 @

Here, p, u, and B are the mass density, velocity and

magnetic field, respectively. II is a total pressure, i.e.,

II = p+ B?/(8%) and v is the adiabatic parameter.

The symbol [X] stands for the difference in quantity X

across the shock. Subscripts n and 7 represent quanti-
ties normal and tangential to the shock surface, respec-
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Fig. 1. Geometric situation of the problem.

tively. At the magnetopause modelled as a tangential
discontinuity we have the no-flow condition: u, = 0.

For the magnetosheath plasma considered to be a per-
fectly conducting inviscid gas we have the system of
MHD equations without dissipation:

p%‘+p(u-V)u+VH—%(B-V)B=O (4)
%—Vx(uxB):O, vV-B=4(, (5)
8 i)

Zivp=0 2(2)+@v(2)=00

The problem is to find a solution of the MHD system {4-
6) with given parameters of the unperturbed flow and
with the boundary conditions on the shock wave and on
the obstacle surface. In contrast to gasdynamic models,
we include ab initio the magnetic figld in the momentum
equation, which is of particular need in the PDL. The
flow in this region is dominated by the magnetic field.
The geometry of the problem is shown in Fig. 1.

The main assumption we use in integration of equa-
tions (4-6) is that the total pressure is a prescribed func-
tion of the coordinates. As a first approximation, we use
the so-called Newtonian formula (Petrinec and Russell
(1997)) for the total pressure along the magnetopause,
O, = (Ilg — M) cos? ¢+ I, where II, is the pressure
at the sybsolar point of the magnetopause, Il is the
pressure in the upstream medium, and % denotes the an-
gle between the stagnation stream line and the normal
to the magnetopause. The variation of the total pres-
sure between the magnetopause and the bow shock is
approximated as a quadratic function of the distance to
the magnetopause, s, IT = I, (1 — 42 /A?) + Igu® /A2,
where II,, and II5 are the values at the magnetopause
and immediately downstream of the bow shock, respec-
tively, and A is the thickness of the magnetosheath.
This quadratic dependence is chosen because it agrees
best with observations (Farrugia et al. (1997b)).

The ghock front is taken to be a spherically symmetric
hyperboloid parameterized by three guantities a, Ls,
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Fig. 2. Computed profiles compared with AMPTE/IRM space-
craft data.

and d, X = Lg{—a[l + Z%/(al}) + Y*/(aL})]*/? + a}
+d + Ly, where Lg is a radius of curvature of the shock
front at the subsolar point, a i8 the cotangent squared
of the polar angle of the Mach cone at infinity, d is
the thickness of the subsolar magnetosheath, and Ly
is the radius of curvature of the subsolar magnetopause.
With the assumptions formulated above, we obtain a
numerical solution of the flow problem by using a finite
difference Lax-Wendroff scheme and frozen-in material
coordinates (see, e.g., Biernat et al. {1995)).

In Fig. 2 we show the computed profiles of magnetic
field, density, and components of velocity, which are
compared with spacecraft data (after Farrugia et al.
(1998)). The observations were made during an in-
bound crossing of the near-subsolar magnetosheath by
the AMPTE/IRM spacecraft. The chosen interval con-
tains a solar wind part, the bow shock crossing, the
magnetosheath, and parts of the outer magnetosphere.
In the theoretical description, the bow shock is mod-
elled as a fast shock. During the crossing of the magne-
topause at ~ 1300 UT, the magnetic shear is low {15°),
so that we do not expect magnetic reconnection to oc-
cur. As noted in Farrugia et al. (1998), the data on
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Fig. 3. Stream lines at the magnetopause as seen from the Sun.
Top: Plasma stream lines in an MHD approach. Bottom: Stream
lines modeiled in gasdynamics.

this pass do not show evidence of a slow shock. The
data of the crossing are shown as points, and the model
predictions as solid lines. The spacecraft first encoun-
ters non-steady conditions, evidenced by two bow shock
crossings between 0900 and 0940 UT. Thereafter, the
inbound magnetosheath crossing is under steady con-
ditions (Phan et al., 1994). The model reproduces the
variation of all parameters very well. The behaviour
of the magnetic field and density is typical of a mag-
netic barrier or a plasma depletion layer next to the
low-shear magnetopause, occupying in this case 20 min
of a 3.8 hour pass. The non-axisymmetric flow pattern
is clear: while the field-aligned velocity component, U,
decreases to 0, the component perpendicular to the field,
U,, increases. The acceleraticn of the plasma in the y
direction is due to magnetic tension.

Qualitatively, the formation of the plasma depletion
layer can be undersitood from the frozen—in condition,
B/p ~ I, where I is the distance between fluid elements
on the same field line. On approach to the magne-
topause, where the flow is diverted past the obstacle,
! increases, so that B increases and p decreases.

The flow pattern obtained from cur MHD solution is
of stagnation line type, in contrast to the stagnation
point flow expected from gasdynamics. This result sup-
ports the hypothesis of Sonnerup (1974}, who first pro-
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posed the idea of a stagnation line flow structure near
the magnetopause. In Figure 3 we demonstrate the in-
fluence of the magnetic field on the plasma flow in the
vicinity of the magnetopause. The figure shows stream
lines as seen from the Sun modelled by magnetohydro-
dynamics (top) and gasdynamics (bottom). In the first
case, the stream lines are not radial, and each stream
line touches the stagnation line, directed along the hori-
zontal IMY. In the second case, because of the vanishing
magnetic field, the stream lines radiate away from the
subsolar point as straight lines.

We mention that there is considerable interest in a
phenomenon called slow mode transition. This termi-
nology was introduced to describe a local density peak
sometimes cbserved in the magnetosheath density pro-
file with magnetic pressure varying in antiphase with
the plasma pressure. This occurs just before the den-
sity decreases in the depletion layer (Song et al. (1992)).
A thecretical explanation of this phenomenon was pro-
posed by Southwood and Kivelson (1995) who suggested
the presence of an MHD slow shock wave standing in-
gide the magnetosheath just ahead of the magnetopause.
Our steady-state MHD solution with a no—flow condi-
tion at the magnetopause does not have this structure
(see Erkaev et al. (1998)). It may be that it is related
to nonsteady conditions or reconnection effects at the
magnetopause, which we have not discussed here.

3 Thermal anisotropy of the magnetosheath
plasma

So far we have considered the plasma to have isotropic
pressure, However, many studies of the terrestrial mag-
netosheath indicate that the plasma is anisotropic with
T, > Tj (e.g- Gary et al., 1994).

To study magnetosheath structure in a case of anisot-
ropy, one has to apply the anisotropic MHD system of
equations as follows:

1., 1 B
pu-VIu+V P+ VB - L(B-V)B=0, (7
V- lou(w/2+ B /p+£) +P-u

- (B WB =0, ()

V-(pu) =0, Vx(uxB)=0, V-B=0. (9
Here, P is the pressure tensor Py, = Py + (P ~
P,)B;B,/B? introduced by Chew et al. {1956], and &£
is the thermal energy, £ = P, /p + 0.5P/p.

The problem arises how to close the anisotropic MHD
equations. Double adiabatictheory (Chew et al., 1956)
has been shown to be inappropriate for the magneto-
sheath (Hill et al. (1995)). AMPTE/CCE and IRM ob-
servational studies (Phan et al. (1994), Anderson et al.
(1994}) showed that there is an anticorrelation between
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Fig. 4. Anisotropic model compared with the isotropic model.

the temperature anisotropy Ap = T /T}—1 and the pro-
ton beta parallel to the magnetic field, 4, = 0.85;6““ 0.5
This relation has later been suggested as a suitable clo-
sure relation for the ideal MHD equations, and is used in
the “Bounded Anisotropy Model” (Denton et al., 1994).
We use this anticorrelation to close the system of equa-
tions. A first discussion of the evolution of T, /T in the
magnetosheath was made in a 2-D simulation (Denton
and Lyon, 1996), where it is shown that the depletion
effect is enhanced by anisotropy.

An extension of the model in gection 2 to include
anisotropies through the Bounded Anisotropy Model An-
satz was put forward by Erkaev et al. (1999). Results of
this model are shown in Fig. 4 where they are contrasted
with results assuming isotropy. The panels show from
top to bottom the density, the plasma pressures, the
temperature, and the ratio T, /7). The Alfvén Mach
number and the sonic Mach number are equal 10. The
quantities are normalized as shown in Fig. 4. The re-
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sults of the isotropic model are shown by short dash
lines. In the anisotropic model, the density, the parallel
and perpendicular temperatures, and plasma pressures
all decrease toward the magnetopause. Profiles of quan-
tities parallel to the magnetic field lie below those of the
corresponding quantities perpendicular to the field, with
isotropic variations lying between these two extremes.
Anisotropy has a considerable effect on the density pro-
file, which lies below that in the isotropic limit through-
out the magnetosheath.

A theoretical result supported by data is that the
main body of the magnetosheath is marginally mirror
unstable, and the region next to the magnetopause is
unstable to electromagnetic ion cyclotron waves. Mir-
ror mede waves may be seen in the data in Fig. 2, with
their strongly compressive nature.

The characteristics of the mirror instability between
the magnetopause and the bow shock are shown in Fig. 5
between the bow shock and the magnetopause. The first
panel in (a) shows the growth rate (%) of the mirror
instability as a function of distance along the subsolar
line. This growth rate is normalized to k| Vi , where k) is
the component of the wave number along the magnetic
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field and V; is the thermal velocity of protons. All curves
are parameterized by angles o« between the wave vector
and subsolar line.

The second panel in (a) shows the function {z) which
is defined as the integral: ¢ = [ (vp/v;) sinade. This
function determines the growth in amplitude of the mir-
ror fluctuations from the bow shock to the magnetopanse
6B = 8By exp(kLyp(z)), where Ly is a curvature radius
of the subsclar magnetopause.

In the two panels of Fig. 5b, the first quantity, o,
is the value of the function ¢{x) at the subsolar point,
wo=t(1), and the second quantity, (ma i8 the maxi-
mum of the function ¢{z). Both quantities are shown
as functions of the angle between wave vector and the
subsolar line.

One can see from the plot that the largest value of
maximum of the function ¢(z) (~ 0.08) corresponding
to a = 30° occurs very near to the magnetopause. Mir-
ror fluctuations are expected to have their largest ampli-
tude here. Analyzing parameter wp, we conclude that
the mirror fluctuations are very small at the magne-
topause for a whole range of a. These predictions of
the intensity of the mirror fluctuations are in qualita-
tive agreement with the panel of magnetic fluctuations
shown in Fig. 2. However, a quantitative prediction of
the magnetic fluctuations requires a nonlinear analysis
of the mirror instability.

4 Magnetosheaths of non-axisymmetric magne-
tospheres

Jupiter has a planetary magnetosphere which departs
strongly from axisymmetry, its radius of curvature in
the equatorial plane being much larger than that or-
thogonal to this plane. We thus model the Jovian mag-
netosphere by a paraboloid with two radii of curvature.
With respect to axisymmetric magnetospheres, the mag-
netosheaths of non-axisymmetric magnetospheres have
two properties. It is found that the thickness of magne-
tosheath and PDL depend sensitively on the orientation
of the IMF, decreasing monotonically as the inclination
of the IMF to the rotational equator (the plane per-
pendicular to the rotation axis) decreases. For an arhi-
trary orientation of the IMF, the magnetosheath mag-
netic field along the stagnation streamline ig not only
compressed as the magnetopause is approached; it also
rotates smoothly toward the Jovian rotation axis.
Model calculation of these effects are shown in Fig. 6.
Figure 6a plots profiles of magnetosheath magnetic field
and density for 7 different orientations of the IMF, where
90° signifies an IMF directed in the rotational equator.
The pile-up of the field is evident in all profiles. How-
ever, as the IMF rotates towards the equator this field
pile-up becomes stronger and is confined more and more
to the region next to the magnetopause. This is a clear
sign that the PDL is weaker as this angle increases. Cor-
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respondingly, the magnetosheath thickness also shrinks.
Figure 6b shows hodographs of the magnetic field for
different values of this angle. Each plot extends from
the bow shock (left) to the magnetopause, showing an
increase and rotation of the field. On each curve, the
interval between star symbols represent equal intervals
along the Sun-Jupiter axis.

5 The magnetosheath of Venus

In this section we focus on some aspects of MHD flow
past Venus and on the stand—off distance of the bow
ghock of Venus. Venus ig an unmagnetized planet. For
unmagnetized planets, the solar wind is stood off by
the ionospheric pressure at the ionopause, which plays

Biemat, et al.: MHD flow around planets
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Fig. 7. Projection on the ecliptic (XY") plane of the model shape
of Venus. The surface of a hemisphere on the sunward side is
smoothly matched to that of a truncated cone on the nightside.

the role of the magnetopause at magnetized planets.
There is a considerable discrepancy between the mag-
netosheath thickness as modelled by GDCF and in situ
observations, the gasdynamic model magnetosheath be-
ing thinner. Zhang et al. (1993) found that if one in-
cludes mass loading resulting from exospheric pick—up
processes, the bow shock stand—off distance does naot sig-
nificantly increase. Thus, we formulate an MHD model
for the magnetosheath of Venus to reduce the discrep-
ancy between theory and observation.

We model the ionopause by a composite surface made
up of the surface of a hemisphere (of radius Ly) on the
sunward side smoothly attached to the surface of a trun-
cated cone (see Fig. 7). With X oriented from Venus
towards the Sun, we have (in quantities normalized to

LO):

1.4 —1.3r* r > 0.98
= ! - ' 1
X { vi=re, r < 0.98, (10)

where r% = /Y2 + Z2.

hspace*0.35cm Fig. 8 shows the results of the MHD
calculations. From top to bottom we show the mag-
netic field strength, number density, temperature, and
speed flow respectively. The ionopause is on the left
at X/L, = 1, and the curves are continued until the
jump at the bow shock. The direction of the IMF is
assumed to be perpendicular to the solar wind velocity.
Results are shown for six different free—stream Alfvén
Mach numbers, M, = 5,8, 10,15, 20,25, and the sonic
Mach number, Mso, = 10. This chosen parameter range
covers typical values near Venus {e.g. Luhmann et al.,
1993). For example, for Mae = b and Mg = 10, we
obtain a magnetosonic Mach number of 4.5, the same as
reported in Zhang et al. (1993).

We next, study the standoff distance of the bow shock.
From Zhang et al. (1990) we conclude that for a magne-
tosonic Mach number of 4.5 and a specific heat ratio of
5/3, the GDCF model yields the following discrepancy.



Biernat, et al.: MHD flow around planets

o
-
-
e
W

N
s usn]d nesee o

Q
a
.
"
i
n
')

[SRISSENETIONERATURNT FUNUT Y ARNEN]

— .3

X/La

Fig. 8. Profiles of the (a) magnetic field B, (b) density N, (c) tem-
perature T, and (d) bulk velocity U for six representative values
of the solar wind Aifvén Mach number, M 4., = 5, 8, 10, 15,20, 25.
The sonic Mach number i3 Mg, = 10.

If the scale height is chosen to match the ionopause lo-
cation (H /Lo = 0.03, where L iz the obstacle radius at
the nose), the computed bow shock is too close to the
planet, namely, at ~ 0.24Lg, whereas the observed po-
gition is at ~ 0.28Lg. This yields a relative percentage
discrepancy between data and gasdynamic modeling of
(0.28 — 0.24) x Ly/(0.28 x Log). That is, with respect
to observations, the magnetosheath is narrower in the
Venus—Sun direction by ~ 14%.

We study the case of M 44, = 5 and Mgy, = 10. From
this we get the magnetosonic Mach number M., = Mao
Moo/ (M3 + M3 )/? = 4.5, the value reported by
Zhang et al. (1990). The top curve of the first panel
of Fig. 8 shows the magnetic field behaviour for this
case. It is seen that the subsolar bow shock is located
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~ 0,27 Ly from the ionopause. Qur MHD model thus
yields a discrepancy with observations of (0.28 - 0.27)
x Lp/(0.28 % Lg) ~ 3.6 %, which is a substantial im-
provement, over gas dynamics.

68 Conclusions

Planetary magnetosheath structure is strongly depen-
dent on the IMF and the shape of the magnetosphere.
For high Alfvén Mach number, the most crucial pa-
rameter is the IMF component orthogonal to the solar
wind velocity. One effect is that this component causes
an essential enhancement of the magnetosheath thick-
ness. Another important effect is that this component
is directly related with the PDL, where the magnetic
field eventually exerts a strong influence on the flow.
The thickness of the PDL is proportional to the inverse
square of the Alfvén Mach number defined for the IMF
component transverse to the solar wind velocity (Farru-
gia et al. (1995), Farrugia et al. (2000)).

In our MHD model we have shown the different be-
haviour of field-aligned and perpendicular components
of velocity along a given normal to the obstacle. While
the parallel velocity decreases towards the magnetopause
the perpendicular velocity increases. The results of cal-
culation show that the density, temperature, and plasma
pressure decrease along a normal to the obstacle. Stream
lines tend to be orthogonal to magnetic field lines near
magnetopause. At the low shear magnetopause, stream
lines have a specific structure with a stagnation line ori-
ented parallel to the IMF. Contours of plasma parame-
terg are not axisymmetric lines near the magnetopause.
All parameters have a minimal gradient in the direction
of the IMF. The gradients of all parameters along the
normal to the obstacles increase with increasing Alfvén
Mach number.

In the case of temperature anisotropy the ratio of
perpendicular and parallel temperatures is bounded by
the mirror or ion cyclotron instabilities. The variations
of the plasma beta, pressure, and temperature across
the subsolar magnetosheath in the isotropic limit lie be-
tween variations of the corresponding quantities perpen-
dicular (as an upper bound) and parallel to the field. In
the anisotropic model the density is smaller than that
in the isotropic limit throughout the magnetosheath.

There are two main effects caused by a non-axisym-
metric shape of the magnetosphere. Firstly, there is
a strong dependence of the magnetosheath thickness
and plasma depletion effect on the clock angle of the
IMF. The second effect is the rotation of the magne-
tosheath field direction toward the plane of lesser curva-
ture. These effects are absent in a case of axisymmetry.

Furthermore we have presented numerical MHD cal-
culations for flow around Venus. We computed results
for a wide range of Alfvén Mach numbers, Mu, =
5, 8,10, 15, 20,25, encompassing typical interplanetary
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values of this parameter at Venus’s orbit and for the
typical value of the sonic Mach number, Mg, = 10.
The influence of decreasing AXvén Mach number (ie.,
increasing influence of the IMF) is reflected in wider
magnetosheaths, wider plasma depletion layers, gradi-
ents in parameter variations extending throughout the
entire magnetosheath (rather than being concentrated
near the ionopause), and weaker magnetic field pileup
at the ionopause. The increase of B and the simultane-
ous decrease of N occurring near the ionopause consti-
tute a magnetic barrier at Venus. This feature is seen in
the terrestrial magnetosheath near the iow—shear mag-
netopause (plasma depletion layer) (e.g. Phan et al.,
1994). We showed that the discrepancy between gas-
dynamics and observations can be substantially dimin-
ished, and that the Alfvén Mach number has a strong
influence on the Venus magnetosheath.
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