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Hot diamagnetic cavities upstream of the Martian bow shock
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Abstract. We present Mars Global Surveyor (MGS) obser-
vations of hot diamagnetic cavities upstream of the Martian
bow shock. The events are characterized by a region of tur-
bulent magnetic field, high electron temperature, and densi-
ties at or below the ambient solar wind density. The region
of high temperature is flanked by layers of high magnetic
field and electron density and is accompanied by a rotation
in the interplanetary magnetic field (IMF). We suggest that
the events are generated by interplanetary discontinuities in-
teracting with the Martian bow shock, i.e., the events are the
Martian counterpart to the hot flow anomalies observed up-
stream of the Earth’s bow shock.

Introduction

A wide range of plasma and magnetic field perturbations
are known to occur upstream of the Martian bow shock [e.g.,
Riedler et al., 1989; Russell et al., 1990; Skalsky et al., 1992,
Barabash and Lundin, 1993]. Waves at the proton gyro fre-
quency have been associated with the pick-up of protons
from the extended Martian exosphere [Russell et al., 1990;
Barabash et al., 1991]. Strong turbulence near the crossings
of the orbit of the Martian moon Phobos has been interpreted
as a signature of the solar wind interaction with a gas/dust
torus along the Phobos orbit [Dubinin et al., 1990]. Fore-
shock turbulence and reflected ions and electrons have been
observed when the interplanetary magnetic field (IMF) was
connected to the bow shock [Kiraly et al., 1991; Barabash
and Lundin, 1993].

Although pick-up processes are present in the Martian
foreshock, it has been suggested that the basic processes
operating in the foreshocks of Earth and Mars are simi-
lar [Skalsky et al., 1998 and references therein]. Hot flow
anomalies (HFAs), earlier known as hot diamagnetic cavities
[Thomsen et al., 1986] or active current sheets [Schwartz et
al., 1985] have been observed in the Earth’s foreshock re-
gion. HFAs are regions of hot tenuous plasma and turbulent
magnetic field deflected from the surrounding solar wind
flow and bounded by rotations in the magnetic field direc-
tion and regions of compressed, heated, and weakly shocked
antisunward flowing plasma [Fuselier et al., 1987].
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Observations of HFAs near the Earth’s bow shock are rel-
atively rare [Thomsen et al., 1988]. However, it has recently
been pointed out that the events may be quite common but
are only detected when a spacecraft is located in the imme-
diate vicinity of the bow shock at the time of arrival of an
interplanetary discontinuity [Sibeck et al., 1999; Schwartz et
al., 2000].

In the present study we report observations of hot dia-
magnetic cavities in the solar wind near the Martian bow
shock, using electron and magnetic field observations from
the MGS spacecraft. We suggest that the cavities are hot
flow anomalies generated by the same mechanisms as the
corresponding events observed near the Earth’s bow shock.

Observations

The magnetometer/electron reflectometer (MAG/ER) ex-
periment onboard the MGS spacecraft is described in Acuiia
et al. [1998]. In the present study a magnetic field resolu-
tion of 0.3 seconds has been used. Calibration uncertainties
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Figure 1. MGS SPO 443 in x-y, y-z, and x-z SSE coordi-
nates (solid line). The two intervals of disturbances shown
in Figure 2 are marked along the MGS orbit track. The or-
bits of Phobos and Deimos are plotted with the dotted lines,
and the position of the moons at the time of the disturbances
are marked.
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of the order of I nT (when the spacecraft is in sunlight) pre-
clude us from finding the absolute magnetic field direction
in the solar wind, although relative changes in the direction
over short (~ minutes) time intervals can be reliably esti-
mated. The clectron distribution function is measured in the
range from ~10 ¢V to 20 keV every 2 to 12 seconds, de-
pending on the energy channel. The ER does not provide
full 3D measurements and the clectron density and temper-
ature have been estimated by fitting the measurements (o a
Maxwellian distribution, assuming isotropy. The electron
distributions are closc to a Maxwellian in the solar wind,
while there is a flux increase in the 30-800 ¢V range inside
the (hot) magnetic cavities. The clectron bulk flow velocity
cannot be reliably estimated from the ER measurements.

We have used the sun synchronous ecliptic (SSE) coordi-
nate system where X points from the center of the planet to-
ward the Sun, the Z-direction is normal to the ecliptic plane,
pointing north, and Y is directed opposite to the planet’s or-
bital velocity.

The data arc from science phasing orbit (SPO) 443 on July
22, 1998, when MGS was in an elliptical polar orbit with
periapsis in the Martian ionosphere near the north pole. The
MGS SPO 443 orbit is shown in Figure 1.

An overview of the MGS MAG/ER data from SPO 443
(13:13 - 14:42 UT) is shown in Figure 2. MGS crossed the
bow shock from the magnetosheath into the solar wind at
14:06 UT. Ten minutes later (at 14:16 UT) the MAG/ER
instrument recorded a ~ 2 minute disturbance in both the
energy flux (panel a) and the magnetic field magnitude and
direction (panels d, e, and f). Fourteen minutes after the first
disturbance ended a second interval (at 14:32 UT) with simi-
lar characteristics was recorded. The two disturbed intervals
are marked along the orbit track in Figure 1.

Figure 3 shows the first disturbed interval in detail. The
disturbance is characterized by a turbulent magnetic field
and high clectron temperature, while the density (panel b)
remains at the same level as in the undisturbed solar wind.
The interval of turbulent field is flanked by large magnetic
field and electron density enhancements. The inner and outer
boundaries of this edge region are marked by the red and the
black dashed lines, respectively. A rotation in the IMF 6 an-
gle of 40° is associated with this event (panel f). We note
that the magnetic field magnitude and the density enhance-
ments on the edges of the event coincide, while the tempera-
ture increase occurs later but remains high in the core of the
event.

Figure 4 shows the second interval of disturbance. This
disturbance is composed of three separate events similar to
the type shown in Figure 3. Each event is characterized by a
hot turbulent field region flanked by magnetic field and den-
sity enhancements. The three events are marked with num-
bers 2, 3, and 4 in Figure 4. All events are associated with
rotations (~ 40°, ~ 20°, and ~ 50° for event 2, 3, and 4,
respectively) in the IMF 6 angle. The amplitude of density,
temperature, and magnetic field variations varies from one
case to the next, but do not appear to be correlated with the
size of the IMF rotation.
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Discussion

As can be seen in Figure 2, the events are observed in
close proximity to the bow shock. This raises the question
whether the events are simply multiple bow shock crossings.
A bow shock crossing is characterized by a simultaneous
increase in magnetic field magnitude, plasma temperature,
and plasma density. The events presented here (Figure 3 and
4) are flanked by a factor of 2.5 - 4 increases in the magnetic
ficid magnitude, which is typical for bow shock crossings.
However, the events differ from a bow shock crossing in that
the density and temperature do not increase simultancously.
The high electron temperature region has the same density
as in the undisturbed solar wind and the region is flanked by
two high density and magnetic field layers. Hence the events
arc not simply multiple crossings of the Martian bow shock.

Foreshock turbulence is known to occur when the mag-
netic ficld is connected to the Martian bow shock [Grard et
al., 1991; Skalsky et al, 1992]. However, the factor of 2.5 - 4
increase in the magnetic field magnitude for the events pre-
sented here is larger than what has been observed for usual
foreshock turbulence ncar Mars |Russell et al., 1990; Kiraly
etal. 1991].

Outgassing from the Phobos and Deimos moons could
conceivably give rise to measurable plasma and magnetic
field variations [Ip and Banaszkiwicz, 1990]. However, the
events shown in Figures 3 and 4 occurred far away (> 3000
km) from the Phobos orbit and an explanation in terms of so-
lar wind interaction with a Phobos gas/dust torus is unlikely.

The MGS spacecraft was located downstream of Deimos
(see Figure 1) at the time of the events. For the first event
MGS was located 9° off the Deimos-Sun line, and for the
last three events MGS was 13° off. Based on Phobos-
2 observations Sauer et al. [1995] estimated the Deimos
Mach cone to have a 13° opening angle and attributed iso-
lated magnetic field perturbations to crossings of the Deimos
Mach cone. If the events presented here were caused by
the solar wind-Deimos interaction it would imply a Deimos
Mach cone opening angle of up to 26°. We find such a
large Mach cone unlikely. Besides, the signatures reported
as Phobos and Deimos events [Dubinin et al., 1990; Sauer et
al., 1995] are substantially different from the present events.
They do not show hot plasma flanked by large magnetic field
and density enhancements.

Another possibility is that Deimos and the spacecraft are
magnetically connected. Deimos and the magnetic field
vector measured at the spacecraft appear to lie in different
planes (separated in Z). However, we can not conclusively
rule out a magnetic connection between the spacecraft and
Deimos as a cause of the event because of the uncertainty in
the measurements of the solar wind magnetic field direction
(see above).

We believe that hot flow anomalies (HFAs) are a more
likely explanation for the present events. The hot plasma
structures observed upstream of Mars (Figures 3 and 4) are
characterized by a central region of turbulent magnetic field
and an associated increase in electron temperature, similar
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Figure 2. MGS MAG/ER data from orbit (SPO) 443.
The clectron energy spectrogram (energy flux) is shown in
panel (a), while panel (b) and (c) show the electron den-
sity (N,) and temperature (T¢), respectively, both obtained
by Maxwellian fitting. The magnetic field observations are
given in panels (d) - (f) as the magnetic field magnitude

(|B]), the ¢ angle, and the 6 angle, where ¢ = arctan gl

and fp = arcsin l%l'

to the HFAs observed upstream of the Earth [Schwartz et al.,
1985; Thomsen et al., 1986]. The central region of the events
is flanked by strong magnetic field and high density, as was
also the case for the terrestrial HFAs [Schwarz et al., 1985;
Thomsen et al., 1986].

All four events presented here are associated with rota-
tions in the IMF. Earlier observations have revealed that
HFAs are associated with directional discontinuities in the
IMF [Paschmann et al., 1988; Schwartz et al., 1988]. The
presence of flow deflection, typical of terrestrial HFAs can-
not be verified for the MGS events because of the 2D nature
of the electron measurements.

Based on the close similarity in the plasma and field prop-
erties of the present events and the Earth’s events, we thus
suggest that these events are the Martian counterpart of the
terrestrial HFAs. The close association of the occurrence of
HFAs and IMF rotational discontinuities indicates that the
HFAs are generated by an interaction between an interplan-
etary current sheet and the bow shock [Schwarz et al., 1985;
Thomas et al., 1991; Lin et al., 1997]. A hot diamagnetic
cavity, or HFA, form when ions initially reflected at the bow
shock interact with the current sheet embedded in the shock
to produce a high-temperature region [Thomas et al., 1991;
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hot central region is marked by the red dashed lines while
the black dashed lines mark the outer boundaries of the edge
regions.
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Figure 4. Zoom-in of the second disturbance in Figure 2.
The hot central regions are marked by the red dashed lines
while the black dashed lines mark the outer boundaries of
the edge regions.
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Lin, 1997]. The region of high temperature then expands
against the surrounding medium, excluding the incoming so-
lar wind with weak shock waves, causing a decrease in the
density and magnetic field in the regions of high temperature
[Thomas et al., 1991].

Observations of hot diamagnetic cavities upstream of the
Martian bow shock are rare. Out of ~250 bow shock cross-
ings only five candidate events were found in addition to the
four events presented here. This should not be surprising
since it has been shown also for the Earth’s case that the ob-
servations of HFAs are also rare [Thomsen et al., 1988]. The
detection of an HFA may require that the spacecraft be lo-
cated near the intersection point of the interplanetary current
sheet and the bow shock at the time of intersection [Sibeck
etal., 1999].

Conclusions

We have presented observations of hot diamagnetic cav-
ities upstream of the Martian bow shock. We suggest that
they are most likely the Martian counterpart to the hot flow
anomalies (or hot diamagnetic cavities) observed upstream
of the Earth’s bow shock and generated by IMF disconti-
nuities interacting with the bow shock. The existence of
these events upstream of both the Martian and terrestrial bow
shock suggests that the two bow shocks have similar proper-
ties although the nature of the two solar wind obstacles (one
with and one without a magnetosphere) are quite different.
The existence of HFAs upstream of both the terrestrial and
the Martian bow shock also eliminates the possibility that
HFAs are generated at the planetary magnetopause, since
Mars does not have a magnetosphere.

Finally, the HFAs upstream of the Earth have been ob-
served closer to the subsolar region [e.g., Schwartz et al.,
1988], while the Martian events presented here are observed
at the dawn flank of the bow shock, near the terminator
plane. Hence, the present observations imply that hot flow
anomalies are present not only upstream of the subsolar bow
shock, but also at the flank where the shock is weaker.
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