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WAVE ACTIVITY IN THE NEIGHBORHOOD OF THE BOWSHOCK OF MARS

R.Z. Sagdeev, V.D. Shapiro, V.I. Shevchenko, A. Zacharov,

P. Kirdly, K. Szeg6, AF. Nagy, R.J.L. Grard

Absiract. Plasma wave activity in the neighborhood of the
Martisn bow shock were measured for the first time by the
Soviet spacecraft Phobos-2 in a wide frequency range from dc
1 150 kHz. The wave activity varied in character as the
spacecraft moved across different plasma regions: in the

i of the Martian bow shock, inside the magneto-
sheath and in the tail region.

In this paper we provide suggestions for the processes
respoasible for these plasma waves. The most interesting
peculisrities of the wave activity around Mars is the sharp
crease of wave intensity in the magnetosheath region. This
icrease is attributed to two different physical mechanisms.
High frequency waves are excited at the shock front due to
currents flowing along the front; these ion acoustic waves are
convecied inside by the solar wind. The low frequency
waves (~100 Hz) close to the inside boundary were, we
believe, generated by heavy Martian ions diffusing through
the planetopause into the magnetosheath.

Introduction

Plasma wave activity in the neighborhood of the Martian
bow shock were measured for the first time by an instrument
package carried aboard the Soviet spacecraft Phobos. The
plasma wave system (PWS) carried out electric field meas-
erements in a wide frequency range from dc to 150 kHz. The
first results of these measurements have been published by
Grard et al. [1989] and they showed the presence of signifi-
cant wave activity, which varied in character as the spacecraft
moved across different plasma regions. In this paper we
provide suggestions for the processes responsible for these
plasma waves in the neighborhood of the Martian bow shock
and magnetosheath,

The observations discussed in this paper are restricted to the
first elliptic orbit of the Phobos 2 spacecraft, which passed its
periapsis of 867 km at 18.39 U.T. on February 1, 1989,
Moare orbital details concerning this orbit can be found in
.Sang and Zakharov [1989]. The results of the wave activ-
ity observed by the PWS on the dayside of the planet Mars are
shown in Figure 1 and compared 1o the electron spectra, as
measured by the HARP [Shutte et al., 1989], and to the mag-
nitude of the magnetic field [Riedler et al., 1989]. The main
feansres of the different plasma regions are also given in the
figwre caption, as well as later in the text. During this first
encounter (1 Feb. 1989) the unperturbed solar wind para-
meersweren = 2cm3, u = 8 x 107 cmy/s, B = (3-5) nT.

Capyright 1990 by the American Geophysical Union.

Faper number 90GL00929
009&-8276I90190GL-00929$03.00

Precursor Region and the Shock-Foot

The electrostatic waves detected in the upstream region are
typical for planetary bow shocks (e.g., similar waves were
detected while Phobos crossed the Earth bow shock). These
waves are probably electron Langmuir oscillations, excited in
the solar wind by a beam instability driven by high-energy
electrons, which are accelerated at the shock-foot and travel
upstream along the magnetic field lines. The electron energy
spectra, measured by the HARP instrument are shown in
Shutte et al. [1989]. The bursts of high energy electrons are
correlated with the bursts of electron plasma oscillations in the
precursor region. The observed bandwidth of these waves is
broadened, because of filter cross-overs with attenuations of 3
dB (fpe ~ 14 kHz)

Another feature, usuzlly observed upstream of planetary
bow shocks, is the foot region. The outer boundary of the
shock-foot is the envelope of the trajectories of solar wind
ions reflected from the shock front and returned to the up-
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Figure 1. From the top the continuous data sequence of the
total magnetic field [nT], the electron spectrum and wave
intensity is exhibited as recorded by MAGMA, HARP and
PWS during the first elliptic orbit, February 1, 1989. The
wave intensity is given in the -90, -40 dBV range (40 dBV =
10 mV r.m.s.); the time of the bow shock (18:25) and
planetopause (18:37) crossing is also indicated. The space-
craft crossed the outer boundary of the shock foot at 18:08,
18:12 and 18:14. Itis identified as a change in wave char-
acter, appearance of a tail in the electron distribution, and as
the beginning of a continuous increase of the magnetic field.
The shock ramp can be more easily identified by the change in
electron density than from the broad band plasma waves. The
planetopause which separates the shocked magnetosheath
from the obstacle is clearly identifiable in all the data.
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strearn region after cornpleting a partial gyration in the solar
wind magnetic field. The shock-foot is characterized by a
gradual increase of the plasma density and the magnetic field.
The observed foot thickness was about 1.2 + 1.7 103 km,
comparable to the Larmor radius of reflected protons (rp =
u/wgp = 0.9+ 1.8 103 km), typical for quasi perpendicular
shocks [Sagdeev, 1964].

A gyrating beam of reflected protons in the solar wind gives
rise to a plasma wave instability, propagating almost perpen-
dicularly to the magnetic field, with a frequency in the vicinity
of low-hybrid resonance, w2 = Wy, Oy;. The dispersion
relation for this instability is [Davidson et al., 1977]:
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where Wpe, Wpp, Wp; are the Langmuir frequencies of elec-
trons, protons and heavy ions, respectively; the index H
denotes the gyrofrequency for the same species; k is the wave
vector, ky is its component parallel to the magnetic field. For
short wave length, k>wpe/c the frequency of the waves is
changing proportional to ky, from opgto ® = oge kyk. In
the case of long wavelength, k < @pe/c, electromagnetic
effects become important: and the whistler mode is excited.
The growth rate of the instability described by Equation 1 is:

y=np/n,v, M &) o > /oK @

where v 4 is the Alfven velocity, ng is the solar wind density
and np, is the density and Au is the velocity spread of the
reflected protons. The maximal growth rate corresponds to
small ky < V((me/mp)(k? + wpe?/c2)) when the frequency of
the oscillations is close to the lower hybrid resonance. On the
first elliptic orbit around Mars this frequency was of the order
of 10 Hz at the shock-foot. According to Equation (1) ky =0,
hence a finite electric field parallel to B is present. This field
leads to a stochastic acceleration along B of those electrons
which are in Landau resonance with these low-frequency
waves, @ =k v;.

This stochastic acceleration is described by the quasilinear
diffusion equation from which it is easy to obtain the relation
that connects the energy of the accelerated electrons, Ee, with
the electric field, E, of the lower hybrid oscillation and the
shock-foot thickness, Ly

2
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In quasi steady state the growth rate of the waves excited at
the shock-foot by the reflected protons, must be compensated
by the Landau damping of these waves due to their resonance
absorption by electrons: (nR/ne)(va2/(Au)?) = (ne/no) (mec?/
E¢) (pe/0dpe)?, where nr, is the density of the superthermal
electrons. To obtain this estimate we have used the following
expression for the Landau damping rate due to electrons
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where f is the electron distribution function over paralle]
velocities, and the approximations ofe/ovy = ny, m/E, and
@pe/C k~ were used. The second balance condition requires
that the energy pumped into the waves by the proton beam
must be compensated by the energy gain of the accelerased
electrons: npmpu?Au = 212 n E32/m, 12,

These balance conditions yield the following relations for
the energy E. and density ny, of the accelerated electrong
[Shapiro and Shevchenko, 1988]:
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Combining these equations with Equation (3), the wave
electric field can be estimated to be:

E¥4x = n,myu(w ,/c?) (mym,)*" (awn'®

In the above relation the shock-foot thickness was approi-
mated by the proton gyroradius: L = u/@pp. Finally, we
can obtain from Equations (4) and (5) that E ~ 200 ¢V, E~
10 mV/m for the plasma parameters of the first elliptical orbis
and Aufu = 0.5. It is easy to show that the wave intensity
given by Eq. (5) is enough to create such velocity spread i
the reflected proton beam at distances L via quasilinear diffs-
sion. For ng = 0.2 n, the distance to build up instability ~
10 u/y is comparable to the foot length. Values of E. 2nd E
are in reasonable agreement with the results from the HARP
and PWS measurements. The ratio of the wave energy, W=
E?/4x (cdpe/edyge)? to the energy of the solar wind flow isof
the order of a few percent.

The Bow-Shock and Magnetosheath Region

According to the PWS measurements the bow shock, aloag
the Sun-Mars line, is located at about 1.9-2,2x10° km above
the surface. Immediately downstream from the bow shock
very intense wave activity is observed in a broad frequency
range from tens of Hz up to several kHz [Grard et aL, 1989}.

In this region, usually called the magnetosheath (its thick-
ness is less than 103 km along the Sun-Mars line), the domi-
nant plasma component is the shocked solar wind. The
plasma density increases in the magnetosheath, the flow
velocity, u, is ~ 100 km/s and the magnetic field swrength
increases from about 12 to 25 nT. Itis likely that due to
turbulent diffusion through the planetopause, cold, heavy
Martian ions also penetrate into the magnetosheath and are
responsible for the observed wave activity.

Generally, heavy ions are 'picked up' by electric and mag-
netic fields in the solar wind in distances of the order of a few
Larmor radius. Howeverri ~ wooy; ~ 1000 kam, which is
comparable or even greater than the thickness of the magase-
sheath, therefore there is no space for pick-up in the magmese-
sheath. Heavy Martian ions form a cold beam in the
solar wind plasma moving with a velocity of ~ 100 ks,
which leads to instabilities. The dispersion relation in the
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frequency range oy < < 0 < < Wy taking into account the
heavy ion ocmponerll)t differs from Eq. (1):

2
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where O is the Langmuir frequency of heavy ions.
| the density of heavy ions is sufficiently small, o =nj
m; << 1, the excited frequencies are given by Equation
{6) and the growth rate of the resonant beam oscillations is

equsl to:
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The characteristic length necessary to build up the instability
isL = 10 ufy = (100-200 km), which is much less than the
acoaal magnetosheath thickness. The energy source of the
instability in the shocked solar wind is quite large. The ampli-
mdes of the excited waves can be obtained from the energy
conservation relation:

@®

where B is the fraction of the solar wind energy which is lost
due to the instability. The Doppler shifted wave frequency, as
measured by the spacecraft is iy — O+ku ol ~v. For
magnetosheath conditions, this frequency range corresponds
10 the excitation of broad band noise in the lower part of the
spectrum, f < 100-300 Hz. The amplitude of these waves,
estimated from Equation (8), is equal to 10-20 mV/m for B —
1, in fairly good agreement with the observations [Grard et
sl., 1989].

An explanation for the upper part of the observed frequency
spectrum probably requires a different physical mechanism.
These electrostatic ion-acoustic waves [Grard et al., 1989] are
excited at the shock front by the electron current responsible
for the magnetic field jump at the bow shock.

These oscillations are convected by the solar wind from the
bow shock into the magnetosheath region. The growth rate
of this instability is [Galeev and Sagdeev, 1984]:

1=VWB) 0, [(kv - 0)/kv,]
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where ) is the Debye length. It follows from Equation (9)
tht the electron drift velocity must exceed the phase velocity
of the ion acoustic wave or the ion-sound velocity c2 =
Te/mp. The electron drift velocity is equal to VD - Vae

( (AB/B)/Ax (where AB/B is the magnetic field jump at
the front, Ax is its width, vz = coope/tpe is the Alfven
velocity for electrons), therefore the condition for the insta-
hﬁlyb'cxistinﬂ)ecascofABlB-l has the form Ax < c/pe
¥ages, ic., the instability exists even for sufficiently wide
M'sAx = 100 c/odpe. 1t should be noted that to excite the
usual ion acoustic instability at the shock front the electron
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teroperature must exceed significantly the proton temperature.
Another instability that can also excite short wavelength
oscillations of ion-acoustic type is the negative energy mode
driven by cold beam of Martian ions. This instability can
develop in the downstream region where protons are hot (T, p
> Te). Dissipation of this negative energy mode due to
resonant interaction with protons leads to the instability. For
both types of instability the maximum growth rate corre-
sponds to small wave length of the order of Debye length krp
~ 1. In that case the frequency, modified by Doppler shift due
to relative motion of the solar wind plasma and the spacecraft,
is @ = ku~ @pe u/vye < 1-2 kHz. These waves could there-
fore be associated with the high frequency component of the
wave activity observed downstream in the magnetosheath.

Returning now to the low frequency oscillations (f<100 Hz)
excited by the cold Martian ions, it should be emphasized that
they are likely to be responsible for the main features in the
magnetosheath, namely i) heating of the electrons, ii) turbu-
lent diffusion of the Martian ions through the planetopause,
iii) tailward ion escape by collective pick-up mechanism.

Electron heating is connected with the acceleration of
electrons that are in Cherenkov resonance ( = k;; vy with the
waves, as is the situation at the shock-foot. The characteristic
energy of the electron tail, obtained from Equation (3), is
found to be equal to 300 €V, as compared to 100 &V in the
foot region, because the wave activity is more intense in the
magnetosheath. The anomalous diffusion of heavy ions into
the magnetosheath region as well as wilward ion escape both
can be attributed to momentum exchange mechanism between
the solar wind and the planetospheric ions due to the oscilla-
tions. In order to estimate the efficiency of such mechanism it
is necessary to calculate the effective collision frequency
characterizing the loss of the momentum by the solar wind
protons. In the reference frame of the planetospheric ions,
solar wind protons form a cold beam; the rate at which this
beam loses momentum, while exciting oscillations, can be
calculated in the quasilinear approximation. The result in a
simplified form could be written as

Vgmpn uzXy, kN, (10)

where Ny is the spectral density of plasmons, Y is the growth
rate of the mode, Ni = 1/ (@pe/@ye)? [Ex//8R. The left-
hand side of this equation gives the rate at which protons of
the solar wind lose momentum due to the instability; the right-
hand side is the rate at which excited oscillations absorb
momentum. Equation (10) yields the following estimate for

the effective collision frequency:
2
o 2
pe
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Excited oscillations lead to vibrations of heavy ions across
the magnetic field with the characteristic velocity v' ~ eE/mim
and finally to transverse ion diffizsion with a corresponding
ion diffusion coefficient D = < v'2 >/vesr ~ (mp/mi)? u2fy ~
3 x10% - 10'2 cm?fs. The ion mean free path 1 ~ Dfv; ~
100-300 km is large enough to allow the ions to penetrate
deeply into the magnetosheath.
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It was shown by Lundin et al. [1989] that assuming a
complete transfer of solar wind momentum to the ionospheric
ions it is possible to obtain on ion escape rate (~ 4 x 1026
ions/s), close to the observed value. We wanted to prove that
such effective momentum transfer could be due to a viscous
like interaction! tween the solar wind and the planetary
ionosphere via oscillations. Assuming that the wave energy
W=(pe/tye)?EZ/4 is of the order of the solar wind energy
nompu?/2 it follows from equation (11) that the mean free path
of the solar wind protons u/vesr ~ 103 km is sufficiently small.
Excited waves are propagating mainly across the magnetic
field and may cross the planetopause. Being absorbed by
cold Martian ions they create a tailward moving ion flux.

The Planetosphere

Intense and discrete bursts of plasma waves are observed
inside the planetosphere, which is a region dominated by
heavy ions of planetary origin. The durations of these bursts
were 0.5 - 2 min, and their spatial extent was 100 - 400 km
[Grard et al., 1989]. It is important to note that correlated
pulses of highly energetic electrons and heavy ions are also
observed in this region [Rosenbauer et al., 1989; Lundin et
al.,, 1989].

If Mars has an intrinsic magnetic field, the wave bursts can
be interpreted as whistlers trapped and propagating in magne-
tospheric wave guides. The possible mechanism for whistler
wave excitation is the fan instability driven by the high energy
electron tail [Shapiro and Shevchenko, 1968]. Anomalous
Doppler resonance between electrons and waves with fre-
quencies below the electron gyrofrequency leads to an in-
stability characterized by the following growth rate:

Ye2(oy 7vy) (np/ng ~1+3) 1070, (12

where ve and n, are the characteristic velocity and density of
the accelerated electrons. The scale length of this instability is
sufficiently small, Line; ~ 10 ve/y~ 300 + 1000 km, to allow it
to develop in the planetosphere. The whistler waves are guid-
ed by magnetospheric wave guides where the plasma density
is low and which are parallel to the magnetic field lines. Wave
bursts are observed when the spacecraft crosses these wave
guides. The absorpton of these low frequency waves (<<
Opge) can also lead to the acceleration of ionospheric ions.
Cherenkov resonance (® = kv) is possible for energetic ions.
This acceleration is described by the usual quasilinear equa-
tion for unmagnetized ions from which the scaling law for the
perpendicular energy can be easily obtained

L 1 M 1]

where Ly is the length scale required for the acceleration to
develop. Taking Ly ~ 100 km and E ~ 10 mV/m, one obtains
an ion energy E;~ 1 keV.

Several other mechanisms can also be responsible for ion
acceleration, e.g., reconnectfon of magnetic field lines in the
tail region. Our main purpose was to point out that whistler
waves are also important,

Conclusion

We have analyzed various wave phenomena which were
observed in different regions of the dayside magnetosphere
the planet Mars. Some of these instabilities are typical in so:-
wind planet interactions, ¢.g., those found in the shock-fogt
and the bow shock regions. Closer to Mars, the loading of
the solar wind by Martian ions becomes important. This g
loading results in very intense wave activity downstream of
the bow shock and in the magnetosheath. Additional plasma
features observed in the magnetosheath and magnetosphere
such as ion escape and fluxes of accelerated electrons alsg
seem to be connected with the observed wave activity,
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