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Abstract. Low frequency oscillations in the plasma in the oretical considerations have shown that the plasma on the
induced magnetosphere of Mars were recently measured bffanks of both Venus and Mars is unstable to the Kelvin-
the Mars Express spacecraft. Velocity shear was observed;jlelmholtz instability Yolff et al., 1980 Penz et al.2004

and the plasma was shown to be Kelvin-Helmholtz unstableBiernat et al.2007).

In this paper we examine the effects on the frequency and A recent comparison between observations and computa-
growth rate of the instability when the parameters are variedional results for Mars, shows that the growth rate is too low
around the observed values. It is found that if the velocityfor the Kelvin-Helmholtz instability to explain the observa-
shear is increased by decreasing the velocity on the low vetional data Gunell et al, 2008. If the dayside plasma is
locity side, i.e. close to the planet, the growth rate increasessubject to Rayleigh-Taylor interchange instability, perturba-
while a frequency consistent with the observations can beions can grow on the dayside, and these can be amplified by
maintained. When finite Larmor radius effects are included,the Kelvin-Helmholtz instability as the plasma continues to
the growth rate depends on the direction of the vorticity andflow down the flanks of the planet. Theoretical estimates of
in the maximum case it is seen to increase substantially, uphe growth rate of the Rayleigh-Taylor interchange instability
to a factor of 50, for narrow shear layers. This does also in-suggest that this scenario is consistent with observations for
crease the frequency of the oscillations to a large extent. ~ Venus @rshukova et a].2004), but for Mars the growth rates
are too low, except possibly in localised regions above strong
crustal fields Penz et al.2005. A configuration similar to
planetary induced magnetospheres is the heliospheric bound-
ary layer, where at the heliopause flanks a shear layer exists

Oscillations indicative of plasma instabilities in the induced P&tween the solar wind and the interstellar plasmas. This
magnetospheres of the unmagnetised planets have been dgYer could also be Kelvin-Helmholtz unstable (6Bgranov
served by the Pioneer Venus OrbitBréce et al. 1982 Rus- €t al- 1992. .
sell et al, 1982 at Venus, and by Mars Global Surveyor [N this paper we use a numerical MHD modaherstor-
(Espley et al.2004, and Mars Express\inningham et al. fer e_t_al,_2007) to mvestlgat_e how the Kelvin-Helmholtz in-
200§ Gunell et al, 2009 at Mars. The induced magneto- stability is affected by varying the parameters around those
sphere is a region above the ionopause, where the magnetitSed byGunell et al.(2008 that were chosen to closely ap-
field is stronger than the solar wind magnetic field. The outerProximate the observations. In Seztwe investigate the ef-
boundary of the induced magnetosphere has been given sefgct of increased velocity shear; in Sedtwe study finite
eral different names in the literature. We call it the Induced Larmor radius effects.
Magnetosphere Boundary followingindin et al.(2004).

It has been proposed that plasma instabilities at Venus can .
lead to the detachment of plasmoids from the ionopause, cor12 Effect of velocity shear
tributing to the atmospheric escafgréce et al.1982. The-

1 Introduction

The velocity profile used here and Bunell et al.(2008 is
given by
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Fig. 2. Maximum frequencies (Hz, solid lines) and growth rates
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x/km (s~1, dashed lines) as functions of maximum shear for the cases

1 (x) and 2 (0) (top) and cases 3 (x) and 4 (o) (bottom). The values
obtained byGunell et al.(2008 are shown in blue, and new results

Fig. 1. Velocity profiles for the different cases. The solid lmes.l_%reesented here are shown in red.

correspond to cases 1 and 2, the dashed lines to cases 3 and 4.
blue curves show the velocity profiles that were use@hbyell et al.
(2008, the red curves show the new profiles used in this work, and

the crosses mark the corresponding shear layer width SmallerAx, i.e. larger(dvo/dx)max, result in larger growth

rates. One interesting thing is that when the velocity varia-
tion is increased by decreasing the low-side speed (which is
where Ax is the width of the shear layer. Thedependent the case for all new cases studied in this paper), the frequency
equilibrium velocityvo(x) is in the y-direction. For larger, decreases while giving higher growth rates compared to the
the velocity reaches its asymptotic limif,. As in Gunell blue cases. Thus, one can get higher growth rates while still
et al. (2008, we consider cases with one ion speciegO having frequencies that are consistent with the observations
and two ion species (Q Co;). Table 1 summarizes the reported byGunell et al.(2008.
new cases used in this study.
Figure @) shows the velocity profiles for different val-
ues of Ax, which are marked by crosses. The blue pro-3 Finite Larmor radius effects
files are those which were used &yinell et al.(2008 with
a1=0.18, ap = 2.6 andaz=0.82. The red profiles corre- So far, we have considered the theory of ideal MHD when
spond taz; = 0.45,a, = 2.6 andas = 0.55 with a larger vari- studying the Kelvin-Helmholtz instability. However, when
ation of the velocity. Althougi®unell et al(2008 did notre- ~ We decrease the width of the shear layer, such thabe-
port as large velocity variations as these and neither as smafiome comparable to the ion Larmor radiig, finite Larmor
shear layer widths, similar velocity profiles are not unlikely radius (FLR) effects become important and the equations of

closer to Mars. ideal MHD must be modified (e.ddubg 1996. The FLR
The maximum shear is given by MHD equations contain an additional term of the fo¥mG
in the equation of motion, whel® is the gyroviscosity ten-
@(x =0) = a142tm sor, whose components needed for this study are given by
dx Ax (e.g.Braginskii 1965

The maximum frequencies and growth rates for the differ-

ent maximum shears are shown in Fig).(The blue mark- Gi1=—Goo= —pv (% + 8&)
ers are the results b@unell et al.(2008 with the smaller dy ax
velocity variation. The growth rates for the new cases (red vy 0vy
markers) are larger due to the larger total velocity change.g12 =0a=pv < ax E)

)
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Fig. 3. Normalized growth rate as a function of the normalized wave

number for different shear widths for case 3.

where p is the ion mass density andis the gyroviscous
coefficient, defined as
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Fig. 4. Frequency of maximum growth as a function®y / Ax for
cases 1 (x) and 2 (o) (top) and cases 3 (x) and 4 (o) (bottom).
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wheree is the unit chargekp Boltzmann's constant, and TQ o jiiﬁi i g:éMHE
the temperature of the ions. In a multi-ion plasma, the gy- >§ os. | —S—case 2: ED>0
roviscosity tensor is the sum of the individual gyroviscosity :
tensors of each ion species.
As mentioned byHuba (1996, the behaviour of the % 01 02 03 04 05 06 07

growth rate in FLR MHD depends upon the sign Bf 2,
where B is the magnetic field an® =V x v is the vortic- 01| = case 3, E<0
ity. As an example of the effect of the finite Larmor ra- ~O- case 4, BD<0
dius on the growth rate, Fig3) shows normalized growth 0.08 | —<—case 3, ideal MH[}
rates as functions of the normalized wave numbers for dif- 7 = g |~ 25¢ 4 ideal MH
ferent values ofAx for case 3. The black line corresponds = T case 3, 20
to the results of ideal MHD, the blue lines ®- 2 > 0 and >= 0,04 [0 case s @20
the red lines toB - & < 0. The solid lines give results for 0.02
Ax =2524km, the dashed lines fdrx = 1000 km and the

dashed—dotted lines fakx =300 km. We see that consid-
ering the finite Larmor radius either stabilize® (2 < 0) or
destabilizes B - 2 > 0) the flow and that the effect becomes
more important for smaller shear widths.

The maximum frequencies and growth rates for all four
cases as a function of the rafiy / Ax are shown in Figs4)
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Fig. 5. Maximum growth rate as a function &; /Ax for cases 1
(x) and 2 (0) (top) and cases 3 (x) and 4 (o) (bottom).

and 6), respectively. The black lines are again the results for4 Conclusions

ideal MHD, the blue lines fo3 - > 0 and the red lines

for B - @ < 0. For the cases 1 and 2 (top), the Larmor ra- Recently reported observations and theoretical investigations
dius of CG} was taken to calculate the ratio, whereas for theof oscillations in the induced magnetosphere of Mars have
cases 3 and 4 (bottom) the Larmor radius of @as taken.  shown that the Kelvin-Helmholtz instability alone might not
Both the frequencies and the growth rates increase when thiee able to produce the observed large perturbations due to
shear width approaches the scale of the Larmor radius, andather low growth ratesGunell et al, 2008. However, that

the effect becomes more pronounced for a smaller study motivated a closer look at the Kelvin-Helmholtz insta-
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bility around Mars to investigate the behaviour of the fre- Plasma Physics, edited by Leontovich, M. A., 1, 205-311, Con-
quencies and growth rates of the excited perturbations by sultants Bureau, New York, 1965.
varying certain parameters. Espley, J. R., Cloutier, P. A., Brain, D. A., Crider, D. H., and
Increasing the shear by decreasing the width of the shear Acufia, M. H.: Observations of low-frequency magnetic os-
layer increases both the frequency and the growth rate of the ¢illations in the Martian magnetosheath, magnetic pileup re-
instability, while increasing the shear by decreasing the ve- gg’&ﬁg‘igﬁ& ‘]éO%ZOphyS' Res., 109, A07213, doi:10.1029/
locity on the low velocity side increases the g.rowth rate andG nell, H. Amers{orfer, U. V., Nilsson, H., Grima, C., Koepke, M.,
decreases the frequency. Hence a combination of decrease&j,:rénzl M., Winningham, J. D., Frahm, R. A., Sauvaud, J.-A.,
minimum velocity and a narrower shear layer can lead t0 fedorov, A., Erkaev, N. V., Biernat, H. K., Holmém, M.,
an increased growth rate, while the frequency remains un- | yndin, R., and Barabash, S.: Shear driven waves in the induced
changed. The observations Gyinell et al (20089 were made magnetosphere of Mars, Plasma Phys. Contr. F., 50, 074 018, doi:
downstream of the planet. Closer to the planet, the shear 10.1088/0741-3335/50/7/074018, 2008.
layer width is likely lower, and if also the velocity close to Huba, J. D.: The Kelvin—-Helmholtz instability: Finite Larmor ra-
the ionosphere is lower, we would retain frequencies that are dius magnetohydrodynamics, Geophys. Res. Lett., 23, 2907-
consistent with observations while the growth rates would 2910, 1996. _
increase by a factor of five or six, as seen in F&). ( Lund_ln, R., Barabash,_ S., Andersson, H., Holistr M., Grig-
Including a finite ion Larmor radius introduces an asym-  °féV; A, Yamauchi, M., Sauvaud, J.-A., Fedoroy, A., Bud-
metric behaviour of the growth rate and the frequency, nik, £, Thocaven, J.-J., Winningham, D., Frahm, R., Scher-

. . . rer, J., Sharber, J., Asamura, K., Hayakawa, H., Coates, A., Lin-
i.e. they are either larger or smaller compared to the ideal 4o, p R curtis. C. Hsieh K. C. Sandel B. R.. Grande. M.

MHD results, depending upon the sign Bf- €. FLR ef- Carter, M., Reading, D. H., Koskinen, H., Kallio, E., Riihela, P.,
fects become important when the shear layer width is smaller schmidt, w., @les, T., Kozyra, J., Krupp, N., Woch, J., Luh-
than 1000km. ForAx = 300km the growth rate can in-  mann, J., McKenna-Lawler, S., Cerulli-Irelli, R., Orsini, S.,
crease a factor of about 50 (f& - > 0) compared to the Maggi, M., Mura, A., Milillo, A., Roelof, E., Williams, D.,

cases which match the observations as reporteGinyell Livi, S., Brandt, P., Wurz, P., and Bochsler, P.: Solar Wind-

et al.(2008. Such a large destabilizing effect has important Induced Atmospheric Erosion atMars: First Results from

implications when studying narrow boundary layers around ASPERA-3 on Mars Express, Science, 305, 1933-1936, doi:
planets. 10.1126/science.1101860, 2004.
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