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ABSTRACT

Mars Express (MEX) has operated for more than 10 years in the environment of Mars, providing solar
wind ion observations from the Analyzer of Space Plasmas and Energetic Atoms experiment's lon Mass
Analyser (IMA). On 21 September 2008, MEX/IMA detected foreshock-like discrete distributions of
oxygen ions at around 1 keV in the solar wind attached to the bow shock and this distribution was
observed continuously up to more than 2000 km from the bow shock. Foreshock-like protons are also
observed but at a shifted location from the oxygen by about 1000 km, at a slightly higher energy, and
flowing in a slightly different direction than the oxygen ions. Both protons and oxygen ions are flowing
anti-sunward at different angles with respect to the solar wind direction. This is the first time that a
substantial amount of planetary oxygen is observed upstream of the bow shock. Although rare, this is not
the only IMA observation of foreshock-like oxygen: oxygen ions are sometimes observed for a short
period of time ( <5 min) inside the foreshock region. These observations suggest a new escape channel
for planetary ions through the acceleration in the bow shock-magnetosheath region.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In the solar wind where the interplanetary magnetic field (IMF)
points toward the bow shock, a region of ions flowing away from
the bow shock with energy higher than the solar wind is some-
times formed (e.g., Asbridge et al., 1968; Eastwood et al., 2005).
This phenomenon is the foreshock. Besides the solar wind, there
are two types of foreshock ions: high-energy ions with diffuse
pitch angle-energy distributions and low-energy ions (up to about
6 times the solar wind energy) with discrete pitch angle-energy
distributions. The latter is further subdivided into field-aligned ion
beams and gyrating ion flow (Eastwood et al., 2005; Yamauchi
et al, 2011). In this paper we consider only the discrete compo-
nent. The He™ */H™ ratio of foreshock ions upstream of the Earth's
bow shock is lower than the ratio in the solar wind or magne-
tosheath (Fuselier and Thomsen, 1992). For the magnetospheric
component, AMPTE/CCE spacecraft detected energetic O of more
than 40 keV inside the foreshock (Mobius et al., 1986; Krimigis
et al., 1986). However, they are interpreted as either the diffuse
component that went though the Fermi acceleration inside the
bow shock (Mobius et al, 1986) or leakage from the
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magnetosphere (Edmiston et al., 1982; Krimigis et al., 1986; Sarris
et al., 1987; Sibeck et al., 1988). Foreshocks with a discrete com-
ponent of O at several keV have never been detected.

The probability of observing foreshocks is different for different
planets or objects: they are often observed upstream of the ter-
restrial and Venus bow shocks, but seldom observed upstream of
the Martian bow shock. Phobos-2 observed the foreshock sig-
natures upstream of the Martian bow shock (Dubinin et al., 2000);
however, using the Mars Express (MEX) ion mass analyser (IMA)
data for the 2004-2005 period, we could not find ion distributions
similar to the foreshock ions of the Earth or Venus (Yamauchi
et al,, 2011) in the dayside upstream region of Mars.

Instead, MEX/IMA detected reflected ions and tailward ion flow,
just outside of the bow shock. These ions form a double foot
structure outside the bow shock. The first layer (foot) at very close
to the bow shock boundary (within about an ion inertia length) is
associated with a tailward directed collimated ion flow along the
bow shock surface. The second layer is associated with reflected
solar wind protons. These reflected solar wind protons continually
return to the bow shock for another reflection after gyrating
around the interplanetary magnetic field (IMF) (Yamauchi et al.,
2011). Such a multiple reflection signature has not been found at
Venus, although this could be due to the spatial resolution of the
observation (Venus Express traverses the bow shock very quickly
compared to MEX). Yamauchi et al. (2011) suggested that the
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difference between Venus and Mars comes from the curvature of
the bow shock compared to the local ion gyroradius and from the
existence of cold ions inside the bow shock (Dubinin et al., 1993).

Although the reflection is considered as a possible mechanism
for generating the discrete component of foreshock ions (Gosling
et al, 1978; Paschmann et al., 1980; Kucharek et al., 2004),
Yamauchi et al. (2011) did not call the reflected ion signature
foreshock because (1) the ion distribution was more discrete than
ordinary foreshock ions observed at the Earth or Venus, (2) the
region where these ions were found was limited to be close to the
bow shock, (3) the exact mechanism for reflection still remained
as an open question, and (4) foreshock ions might still be formed
by mechanisms other than the reflection of the solar wind.

Yamauchi et al. (2012) identified nine cases between 2004 and
2005 where the ion distribution in the foreshock region showed a
triple ring structure. The lowest energy ring represents gyromo-
tion around the IMF of pick-up ions that originate from newly
ionized exospheric hydrogen. The two extra rings at higher energy
represent gyromotion of multiply reflected ions (first and second
bounces) around the IMF. The velocity distribution of the pick-up
ions was used to identify the magnetic field orientation. The
analyses revealed that the reflections could be specular, i.e.,
without gyration of ions during the trajectory from entering into
the bow shock to exiting from the bow shock. Such reflections, i.e.,
outward accelerations, are possible by an outward directed
potential electric field at the bow shock. Since all cases took place
at the bow shock flank where the solar wind angle to the bow
shock surface is shallow, a strong electric field is not required to
reflect 1 keV protons.

On the other hand, many past observations (including those
described above) do not exclude local acceleration of ambient ions
inside the bow shock-magnetosheath region as an alternative
mechanism of forming the foreshock ions, such as wave-particle
interactions (Tanaka et al., 1983; Mazelle et al.,, 2003; Meziane
et al., 2004). If cold ions exist inside this acceleration region (in the
bow shock-magnetosheath), its behavior could give hint to the
acceleration mechanism because potential acceleration energizes
cold ions whereas Lorentz force acceleration will not. The Martian
bow shock is a good candidate for holding such cold ions (Dubinin
et al.,, 1993), originating from ionized exospheric atoms (coronas).
Since the foreshock acceleration mechanism must equally influ-
ence such cold ions as well as the solar wind, the cold ion (par-
ticularly if it is oxygen) provides extra information about the
foreshock acceleration mechanisms.

On 21 September 2008, MEX/IMA detected foreshock-like
oxygen ions (O*1) at around 1 keV as intense as protons (H"), and
extending outward from the dayside bow shock. This is the first
time that intense O* at that energy is observed upstream of the
dayside bow shock, including the other planets (for Earth the
energy would be much higher). The observation also indicates for
the first time that a substantial amount of low-energy O* may
exist at the bow shock location of Mars. Furthermore, the O*-H*
difference provides new information on the acceleration
mechanism of the foreshock.

2. Instrument

MEX carries one ion instrument (IMA) and one electron
instrument (Electron Spectrometer: ELS). IMA measures ions
below 30 keV/q in a 96 step energy sweep every 12 s. The low
energy limit and scaling had changed several times during the
mission, but the energy stepping above 50 eV remained logarith-
mic. ELS covers an energy range from 0.5 eV to 20 keV and has
several different measurement modes. For the data presented in
this paper, ELS measures electrons logarithmically in a 127 step

energy sweep every 4s. Both IMA and ELS are top-hat instru-
ments with a 360° field of view, divided into 16 azimuthal sectors
(0-15), each 22.5° wide. The angular acceptance width at the
entrance is 4.6° for IMA and 4° for ELS. After completion of each
energy scan, IMA also steps the entrance direction, which ranges
from —45° to +45° (elevations 0-15) in 192 s using an electro-
static deflection system. Unfortunately, some of IMA's field-of-
view (FOV) is blocked by the spacecraft and disappearance of
expected counts in the IMF's FOV could sometimes be due to this
blockage.

IMA has three mass-resolution modes for detecting different
ion species up to 40 amu/q. These three modes have completely
different low-energy limits that can detect low-energy protons
(the lowest mass-resolution mode is the most favorable for proton
detection). For details of the IMA and ELS instruments, see Bar-
abash et al. (2006), Fedorov et al. (2006), and Frahm et al. (2006a,
2006b).

3. Observation

Fig. 1 shows the IMA and ELS observations (energy-time
spectrograms) of the outbound traversal of the bow shock from
the ionosphere to the solar wind on 21 September 2008. Fig. 2
shows the spacecraft trajectory that corresponds to Fig. 1, indi-
cating that the spacecraft traversed the bow shock nearly radially
outward during this bow shock crossing. Fig. 3 shows IMA's FOV at
around 01:40 UT of this traversal. From around 01:15 UT to around
01:20 UT, the solar wind was nearly entirely blocked by the
spacecraft, and this blockage diminished as the spacecraft moved
away from pericenter. Therefore, one may not discuss the intensity
of the solar wind for this traversal.

The top two panels of Fig. 1 show the average energy flux
accumulated from all azimuthal sectors for the electrons and ions.
The lower panels of Fig. 1 show count rates of protons (upper four
panels) and heavy ions (lower four panels) from neighboring azi-
muthal sectors (sectors are common for the protons and heavy
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Fig. 1. Observations of foreshock ions during 21 September 2008. Energy-time
spectrograms of energy flux (keVcm~2 s~'keV~!) for (a) total electron and
(b) total ions, and count rate for (c) H at different azimuthal sectors and (d) O at
different azimuthal sectors observed by ELS and IMA. Note that this paper uses
numbering of 0-15 in the same order as Yamauchi et al. (2006, 2008, 2011, 2012)
but some papers used numbering of 1-16. The nearly 3 min (192 s) cycle in the IMA
data is due to the scanning cycle in the elevation direction from —45° to +45°.
Solar wind protons are observed at around 0.6 keV near 0° elevation angle. The unit
Ry is the Mars radius (3397 km). A short burst of electron at around 01:50 UT is
consistent with a direct magnetic connection to the bow shock during this short
period.
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Fig. 2. Orbit of Mars Express during period corresponding to Fig. 1. Time markers
are drawn every 10 min with UT hours labeled. Cylindrical coordinates in Mars
Solar Orbital (vertical axis denotes the distance from the Sun-Mars line) are used to
show the trajectory of the spacecraft in the Mars environment. The thin dashed
lines indicate the average position of the bow shock (BS) and ionopause (IMB),
respectively, and the Sun is at the left. The solid arrows denote directions exhibiting
the most intense flux of the solar wind, foreshock H* and O*.
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Fig. 3. Definition of field-of-view directions (azimuth and elevation) of IMA. The
azimuthal sector numbers (¢) are given in the upper panel, and the elevation
numbers () are given in the lower panel.

(oxygen) ions). The masses of these ions are confirmed by exam-
ining the energy-mass matrix (e.g., Fig. 4a for 01:39-01:42 UT). In
the ion data of Fig. 1, the entrance direction of IMA is scanned from
—45° to +45° every 192 s, and this is why the ion patterns (par-
ticularly the solar wind at 0.6 keV) repeat every 192 s.

At the beginning of the pass, low-energy planetary ions were
observed inside the dayside ionosphere, which was identified by
photoelectron peaks (strongest one is at around 15 eV in Fig. 1a)
before 01:14 UT corresponding to atmospheric CO, and O ioniza-
tion (Frahm et al., 2006a). From about 01:15 UT the shocked
electrons were detected until 01:33 UT when the bow shock was
crossed. After the bow shock, both intensity and average energy of
electrons decreased from 01:31 UT to 01:37 UT. During the same
period, solar wind proton energy (0.6 keV in Fig. 1b after 01:37 UT)

was observed to decrease to 0.4 keV (01:32 UT and 01:35 UT).
Therefore, the ion signature suggests that bow shock boundary is
located somewhere between 01:31 and 01:37 UT. Starting from
inside the magnetosheath (01:21 UT), through the bow shock, and
into the solar wind, a discrete ion population with energy higher
than the solar wind energy (0.7-2 keV) is continually observed.
This population is detected until the end of instrument operation
for this pass (02:02 UT), which corresponds to about 3000 km
from the bow shock.

The energy-angle distribution of this discrete ion population,
particularly its spread over different directions, is quite different
from those of multiple ring distributions that were reported in
Yamauchi et al. (2011, 2012). The distribution rather resembles
those of ordinary foreshock ions at Venus that is detected using an
identical IMA instrument (Yamauchi et al., 2011). Thus, there are
two types of discrete ion populations outside the bow shock: one
is this foreshock-like structure and the other is the multiple
reflection signature.

One outstanding feature of this discrete foreshock event is that
it contains O*. In the oxygen (heavy ion) panels of Fig. 1, discrete
O™ signatures are observed without a corresponding H* signature
at around 0.7-1 keV during 01:33-01:50 UT in sector 4, and this
extends to inside the magnetosheath (01:21 UT) at around
0.3-0.5 keV in sectors 2 and 3, whereas faint signatures (compared
to H') are observed in sector 5 extending up to the end of the
observation interval (02:00 UT). The proton foreshock is also
observed at slightly higher energy and in a different direction
compared to O*. The foreshock H* are observed at around
1.2-1.4 keV during 01:35-01:57 UT in sector 3, about one and a
half-minute after O* (i.e., about 35-40° difference in the elevation
angle) and above 2 keV in sector 3 at 02:00 UT. Although we
cannot quantify the H* flux due to the limitation of the instru-
ment and because the proton counts fall un-designated mass
channels, the energy flux density is most likely higher for the O*
foreshock than H* foreshock according to Fig. 1b (we can use
integration of all mass channel for this purpose because no other
species exist for that specific energy and angle). Therefore, the
density of the foreshock O* is more likely higher than that of the
foreshock H*.

The flow directions of both H* and O* are narrow and per-
sistent (less than 15° spread from the center direction for 30 min,
i.e., more than 2000 km), with H* foreshock ions flowing about
50-60° away from the solar wind direction and the O* foreshock
ions flowing about 70-80° from the solar wind direction, as illu-
strated in Figs. 2 and 5a. The narrow and persistent direction over
a proton gyroradius (normally less than 1000 km) inside the solar
wind electric field suggests that the proton flow directions are not
far from the IMF direction, because otherwise these ions must
occupy wider azimuth-elevation area due to the change of direc-
tion during gyromotion (cf. Yamauchi et al., 2012, Figure 3b).

Fig. 1 also indicates that the energy of foreshock O* began to
rise inside the magnetosheath (01:21 UT) and the most intense
flux of O" ended at 01:47 UT, whereas foreshock H™ appeared
after (outside the bow shock) and its flux peaked at 02:00 UT.
Unlike the solar wind, the absence of foreshock H* inside the
magnetosheath along the MEX trajectory is not due to the block-
age IMA's FOV. Considering the flow angle of these O* foreshock
ions (about 100 km/s) and H* foreshock ions (about 450-600 km/
s) they must have come from different locations when these ions
left the bow shock as illustrated in Fig. 5a.

In fact, only foreshock O* are observed inside the magne-
tosheath, with its energy gradually increasing from 0.3 keV at
01:21 UT to about 1 keV at 01:33 UT. Considering the short travel
time (0.3 keV O" travels 2000 km within 40 s), this energy dis-
persion indicates a long-lasting, accelerating, spatial structure. The
short travel time of the foreshock ions indicates that the co-
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Fig. 5. lllustration of solar wind reflection at the bow shock. The incident solar
wind is marked by SW. (a) The direction of observed foreshock ions is mapped back
to the bow shock. (b) The directions of specular reflected solar wind at the bow
shock (normal direction: n) and the observed foreshock H* direction. The differ-
ence in the velocity is consistent with velocity of foreshock O*.

existence of O* and H™ inside the foreshock during 01:38-01:50
UT was simultaneously produced at, most likely, different loca-
tions along the bow shock-magnetosheath region.

4. Summary and discussion

Using MEX/IMA, discrete foreshock-like O* was found just
outside of the dayside bow shock with higher energy flux than the
foreshock H™. The acceleration of these O™ started from inside the
magnetosheath, gradually increasing in energy toward the solar
wind region as a spatial structure, and this O" ion structure was
observed extending more than 1500 km away from the bow shock.
At slightly higher energy, foreshock H* were simultaneously
observed at larger distances from the bow shock than the

foreshock O™, extending at least 3000 km from the bow shock
where the IMA operation ended. Both the O" and H™ flows are
contained within limited directions without a large spread in
angle (Fig. 4a), staying in the same direction for more than the
distance of a proton gyroradius, indicating nearly field-aligned
flow for the observed H". The flow angle between the directions
of two species is about 50° (Fig. 3), with protons more anti-sun-
ward than O* (Fig. 2).

The large contribution of O™ to the foreshock population raises
a question about the foreshock formation mechanism. The present
example indicates that the local plasma (O*) is able to form the
main component of the foreshock ions and its morphology is
closer to ordinary foreshock ions rather than the multiple reflec-
tion signature that are caused by specular reflection of solar wind
at the bow shock. However, it is too early to conclude that the
foreshock ions are formed by such a local acceleration because
some foreshock populations contain alpha particles, indicating
that they came from reflected solar wind (Fuselier and Thomsen,
1992). The energy-mass matrix in Fig. 4a shows also substantial
counts in the He* * channel at nearly the same energy as fore-
shock H*. Therefore, the mechanism(s) to produce the foreshock
ions must explain both the local cold source (accelerated) and the
solar wind (accelerated more than specular reflection).

Note that the narrowness of the observed foreshock H* by
itself does not tell information about the spread of the H* direc-
tion at the source (bow shock) because only those ions that flow in
nearly the field-aligned direction can reach a distance beyond one
ion gyroradius from the bow shock. On the other hand, the flow
direction of the very narrow He™ * in Fig. 4a is slightly different
from that of the foreshock H*, as drawn in Fig. 3, and this could
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Fig. 6. Same format as Fig. 1 but for the 5 June 2010 foreshock event.

give some hint on the reflection at the bow shock. Although the
distance from the bow shock where He** is detected is com-
parable to the He* * gyroradius, it is still difficult to explain why
there is such a wide angular separation in the flow direction
between H* and He™ * if the ejection angle from the bow shock is
wide. Furthermore, the O™ direction is very narrow and constant
all the way from the magnetosheath to the solar wind region,
indicating that these O™ are flowing with small pitch angles and
therefore are accelerated nearly along the field-aligned direction
by a quasi-stationary mechanism.

Although the location of the O" acceleration is different from
that of the solar wind H™ reflection (cf. Fig. 5a), the observed
energies of H" and O™ in the foreshock are related. According to
Fig. 1d, the acceleration of the O" data is equivalent to a 1kV
electric potential (slightly oriented anti-sunward with respect to
the radial direction). If an acceleration equivalent to 1 keV is added
to the specularly reflected solar wind H* (0.6 keV) in the same
direction as O acceleration, we expect about 1.3 keV H* flowing
in oblique direction between radial and anti-sunward, as is
observed in Fig. 1c. Thus, the observation suggests that the same
acceleration mechanism (does not have to be potential accelera-
tion) was most likely applied to both the cold O" in the magne-
tosheath and the reflected solar wind, as illustrated in Fig. 5b. In
such a case, the O direction and the H* direction are naturally
different, and this acceleration is velocity independent (i.e.,
acceleration scenarios by Lorentz force only will be excluded).

The mechanism for the O acceleration is an open question.
There are many models and simulations of the solar wind reflec-
tion (e.g., Gosling et al., 1982; Burgess and Schwartz, 1984; Richer
et al.,, 2012), but none of them predicted any test particle (O") to
be accelerated in nearly constant and collimated direction as
observed. If the O" acceleration of about 1 keV is related to the
temporal and/or localized electric charging like the case for field-
aligned potential acceleration, then the hybrid code simulations
assuming quasi-neutrality are not adequate to study the observed
phenomenon.

The existence of O" in the foreshock region with increasing
energy outward from the bow shock also indicates the existence of
dense cold O* in the bow shock, which has never been reported.
The supply route of these O ions is not clear but it is not likely
that they come from (the temporal expansion of) the oxygen
corona because such a scenario predicts a much lower count rate
in the foreshock O* distribution in Fig. 1. Thus, the cold O% is
probably transported from the ionosphere as cold dense ions
through the route that the spacecraft did not traverse (cf. Fig. 2).
We have no clue to the exact route of these planetary oxygen.

The O* foreshock observation opens up a new escape channel
for planetary ions as cold bulk ions that are accelerated in the bow
shock. Such a possibility has never been considered in past escape

models (e.g., Yamauchi and Wahlund, 2007). If we do not seek a
large-scale event like that shown in Fig. 1, discrete O" distribu-
tions are sometimes observed in the foreshock region. Fig. 6 shows
one such example from 5 Jun 2010, where the spacecraft per-
formed an inbound traversal at the flank of the bow shock. The
solar wind is continuously observed until 05:26 UT without a
reflection signature (Yamauchi et al., 2011). Inside the solar wind,
isolated from the bow shock, foreshock H* is observed occupying
a relatively narrow flow direction in a similar manner as Fig. 1. At
the end of these foreshock ion observations (closest to the bow
shock), a slightly different ion distribution from the main part of
the foreshock population is observed at around 05:13 UT. The
energy mass matrix (Fig. 4b) indicates that this signature contains
a substantial amount of heavy ions, either O, or O*.

Yamauchi et al (2011) surveyed the solar wind data between
2004 and 2005 for foreshock signatures using IMA data when IMA
operated in the lowest mass-resolution mode (which is the most
favorable mode for detecting protons), but find no foreshocks that
were similar to those detected in the upstream of Venus bow
shock by an identical instrument. Even extending the survey to the
other mass-resolution modes, only few cases of weak signature are
found over more than 1000 traversals during 2004-2005. How-
ever, when extending this survey to 2011, the foreshock ion sig-
nature was observed occasionally, particularly during 2008 and
2010 (IMA was not in a suitable observation mode during 2006).
These two years are times when the solar EUV flux reaching Mars
was minimum due to both the solar cycle and the Sun-Mars dis-
tance (Lundin et al., 2013). The solar EUV controls the cold ion
density in the bow shock and solar wind through both the
expansion of the exosphere and ionization of the exospheric
hydrogen, as is statistically shown by Yamauchi et al. (2015).
Therefore, the increased occurrence rate of foreshock signatures
during 2008 and 2010 suggests that cold ions in the bow shock
somewhat controls the foreshock formation, although we cannot
suggest any solid mechanism for such relation.
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