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Abstract

Unmagnetized bodies with sufficiently dense ionospheres, such as Mars, form induced mag-
netospheres when interacting with the solar wind carrying the frozen-in interplanetary mag-
netic field (IMF). Mars Express equipped with the Analyzer of Space Plasmas and Energetic
Atoms (ASPERA-3) operating for 20 years over two solar cycles made fundamental contri-
butions to our understanding of how the induced magnetosphere of Mars works. ASPERA-3
established the ion escape rate from 2 x 10** s7! to 4 x 10%* s~! depending on the phase
of the solar cycle. The measured empirical dependences of the escape rate on the solar wind
dynamical pressure and UV fluxes allowed to determine the total atmospheric pressure lost
over the past 4 billion years to be on the order of 10 mbars, i.e. small, contrary to long-
standing expectations of a strong ion escape process. Comparing the measured escape rates
from Mars with Venus and the Earth resulted in formulating the paradigm-shifting statement
that the intrinsic magnetic field increases the escape rates and does not protect planetary at-
mospheres. Due to the long longevity of the mission, ASPERA-3 captured a number of ex-
treme solar weather events and the unique encounter of Mars with the comet Siding-Spring.
ASPERA-3 conducted the first-ever energetic neutral atom imaging of an induced magneto-
sphere, revealing the global periodic variability of the system, the significant precipitation of
ENAs originating in the solar wind and magnetosheath, and the enhancement of ENA emis-
sions from the Martian magnetic anomalies. ASPERA-3 conducted studies of the particles
responsible for the discrete Martian aurora and characterized the precipitation of solar wind
protons and alpha particles onto the atmosphere. The latter turned out to be a significant
contribution to the helium balance on Mars. ASPERA-3 made several important findings
outside its main science objectives among those are detection of the tentative signatures of
backscattered ions from the Phobos surface, investigations for the first time of radar acceler-
ated ions and electrons in non-magnetized environments, and measurements of heliospheric
ENAs. Despite the significant progress following outstanding Mars Express results in the
field of the Mars — solar wind interaction there is a broad spectrum of unsolved problems
and unanswered questions to be addressed by future mission. The most fundamental one is
the ionosphere — magnetosphere interactions.
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1 Introduction. Induced Magnetospheres and Solar Wind Interaction
with Non-magnetized Bodies

Unmagnetized bodies with sufficiently dense ionospheres, such as Mars and Venus, can be
considered conductors immersed in the solar wind plasma moving with velocity V, and car-
rying a frozen-in interplanetary magnetic field IMF), By. In the frame of reference, where
a conductor is at rest, the electromagnetic field has two components: By and the motional
electric field E = —Vj x By/c, where c is the speed of light. The motionalfield results in
a potential difference across the conductor that in turn results in induction currents flowing
through the conductor (unipolar induction). The magnetic field associated with the induction
currents acts on the solar wind plasma deviating it, and a void called an induced magneto-
sphere is created. The void is not complete due to collisional diffusion of magnetic barrier
field unto the ionospheric obstacle. The outer boundary of the void is termed the induced
magnetosphere boundary. The bow shock and magnetosheath form as a result of the in-
teraction of protons reflected and deflected by the induced magnetosphere fields and the
undisturbed supersonic solar wind. The magnetic pressure of the induced fields balances the
dynamical and thermal pressure of the hot magnetosheath plasma. At the inner boundary
the magnetic field pressure is balanced by the thermal pressure of the ionospheric plasma.
Though not always, as sometimes crustal fields contribute to the balance. The solar wind ve-
locity in the magnetosheath is lower than in the undisturbed regions and the IMF field lines
frozen-in to the plasma get stretched and “drape” the obstacle. The induced magnetosphere
is mainly filled with ionospheric ions. They get accelerated by the motional electric field
and the Hall electric field and can gain an energy exceeding the escape energy (2.1 eV for
oxygen ions). Also, the ionospheric ions are produced in the magnetosheath and upstream
from the neutral atmosphere that extends into those regions. The process of non-thermal
planetary ion escape is set-up that is fundamental for understanding the evolution of the
Martian atmosphere.

The basic physics outline above is applicable to all non-magnetized atmospheric bod-
ies with sufficiently conducting ionospheres. Mars, however, possesses a number of unique
features. Due to low gravity the Martian exosphere extends far beyond the bow shock and
can supply planetary ions over a large region around the planet that affects the solar wind
plasma as well as increase the overall escape rate. The ion gyroradii of O and O; ions of
10 eV energy in the typical 2 nT field 650 km and 910 km are comparable with the Martian
radius 3390 km. That makes the kinetic effects important for understanding the solar wind—
Mars interaction. Finally, the really unique feature of this planet is the presence of magnetic
anomalies (Acufia et al. 1998, 1999), strong crustal magnetizations with the magnetic field
strengths reaching up to 19,000 nT near the surface (Brain et al. 2003), nearly half the typi-
cal Earth magnetic field at the surface. The anomalies affect the interaction so strongly that
in some cases one can talk about a hybrid magnetosphere, a combination of induced fields
and magnetic anomaly fields.

For the sake of this discussion, we define the near-Mars environment as outside the col-
lisionally dominated atmosphere and ionosphere (Fig. 1). In this region charged particles
are mostly affected by forces from the electric and magnetic fields of the solar wind and of
the currents induced in the conductive ionosphere. Mars Express and, in particular, the Ana-
lyzer of Space Plasmas and Energetic Atoms (ASPERA-3) made fundamental contribution
to understanding how this region forms, works, evolves, and affects the central body. In the
frame of this review we mostly focus on the results from the ASPERA-3 instrument.
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Fig. 1 Artistic impression of the solar wind — Mars interaction (Grigoryeva, Anastasia. Solar Wind - Mars
Interaction. Watercolour, 2015)

2 Mars Express and Investigations of the Near-Mars Environment

The study of the near-Mars plasma environment started in July 14, 1965 with the flyby of
Mariner IV, that carried a magnetometer and an ion detector (Van Allen et al. 1965). The
first orbiter of Mars with plasma instruments was the Soviet mission Mars 2 that arrived at
the planet in November 1971, followed two weeks later by the identical Mars 3. The probes
did plasma and magnetic field observations for five and four months, respectively. Then in
February 1974, Mars 5 returned data from orbit during two weeks (Vaisberg 1992). The next
mission to study the near-Mars plasma environment was Phobos 2 that in 1989 did observa-
tions during two months (Sagdeev and Zakharov 1989) with several instruments on-board
that could detect ions and electrons, including the Automatic Space Plasma Experiment
with a Rotating Analyzer (ASPERA) instrument (Lundin et al. 1989), and a magnetometer
(Riedler et al. 1989). ASPERA was the first ion instrument capable of mass resolving mea-
surements at Mars that allowed constraining the planetary ion escape rate. Phobos-2 carried
out observations in February — March 1989 when the Sun was the most active over the en-
tire space era. ASPERA reported the escape 3 x 10 s~!, Lundin et al. (1990) an order of
magnitude higher than numbers now. A recent analysis of measurements from Phobos-2’s
circular orbits, using a modern understanding of the solar wind — Mars interaction confirmed
the earlier numbers (Ramstad et al. 2013).

Mars Global Surveyor (MGS) measured electrons and magnetic fields from 1997 to 2006
with the MAG/ER experiment (Acuiia et al. 2001) and established the presence of magnetic
anomalies.

Then Mars Express entered Martian orbit on December 25, 2003, with The Analyzer
of Space Plasma and Energetic Atoms (ASPERA-3) onboard (Barabash et al. 2006), an
instrument that can detect ions, electrons, and energetic neutral atoms (ENAs). An overview
of the ASPERA-3 science goals and details on the different sensors are given in a separate
paper by Wilson et al. (2025, this collection). Table 1 provides an overview of the ASPERA-
3 sensors and their key performance characteristics. The observations of ENAs are the first-
ever at Mars (Futaana et al. 2006a,b). Later on, the Mars Atmosphere and Volatile Evolution
(MAVEN) mission arrived at Mars in 2014, carrying a comprehensive set of plasma and
fields instruments (Jakosky et al. 2015).

There are several features of the Mars Express mission that provide unique plasma obser-
vations. In particular, the longevity of the mission allows studies of how different processes
depend on long time period changes, such as the Martian year and the solar cycle. Mars
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Table1 ASPERA-3 sensors and their key performance characteristics

Parameter Ton Mass Analser Electron Neutral Particle Neutral Particle
(IMA) Spectrometer (ELS) Deteector (NPD) Imager (NPI)
Particles to measure  Ions Electrons ENA ENA
Energy range 0.01 - 30 keV 0.01 —20 keV 0.1 - 10 keV 0.1 — 60 keV
Energy resolution 7% 8% 50% n/a
Masses resolved 1,2,4,8, 16, n/a 1,16 n/a
Heavies
Field of View 90° x 360° 4° x 360° 9° x 180° 9° x 344°
Angular resolution 4.5° x 22.5° 2° x 22.5° 5° x 40° 4.6° x 11.5°

Fig.2 Mars Express coverage of s Mars Express orbit distribution 2003-2023
the near-Mars space for the 20 ' J 5
years mission in the cylindrical " | 10

coordinates. The horizontal

[Ru

symmetry axis (Xpso) is along 23 102 4.:_;
the Mars — Sun line, The vertical Re s
axis is the distance to the Xps0 22 o %
axis. Main plasma boundaries: R= Z
BS — bow shock, IMB — induced kg

magnetosphere boundary, Ph — 10°

Phobos orbit 0

V.o m
AMSO [1¥M

Express entered orbit in the declining phase of solar cycle 23 and is now in the early phase
of solar cycle 25. It is the first plasma mission to have covered a complete solar cycle at
Mars, and if the mission is extended until the end of 2028 it may have then covered two
solar cycles.

Mars Express has also been a part of the first multi-point plasma observations at Mars.
MGS observed electrons and magnetic fields until 2006. During this time period MGS was
completely inside the bow shock on a mapping orbit at an altitude of 400 km (Acufia
et al. 2001), and Mars Express served as an upstream monitor. Multi-point ion observa-
tions using Mars Express were also done during the Rosetta flyby on 25 February 2007
(Edberg et al. 2009). From 2014 there are simultaneous electron and ion observations by
MAVEN. The magnetic field observations by MAVEN have been especially valuable to in-
terpret ASPERA-3 data since Mars Express is lacking a magnetometer. The MAVEN orbit
initially was in the solar wind, but after an orbit change by aerobraking in 2019 it is less
frequently observing the undisturbed solar wind.

The recent, and future, arrivals at Mars of more missions with plasma instruments will
enable further multi-point observations. In 2021, the Tianwen-1 mission entered orbit around
Mars (Yongliao et al. 2021). In the future, with launch planned in 2026, the Japanese MMX
mission will orbit Mars with a focus on studies of Phobos (Kawakatsu et al. 2023). Also,
the twin spacecraft mission ESCAPADE is scheduled for launch in 2025 (Lillis et al. 2022).
We can note the evolution in the investigations of the near-Mars plasma environment: from
flybys, to orbiters, to multipoint observations.

The longevity of the Mars Express mission allows for good statistics from the large
amount of observations over long time periods (Fig. 2). One example is estimating the es-
cape of heavy ions during a full solar cycle (Nilsson et al. 2023). Another example is the
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observation of boundary locations, like the bow shock location over seasons and solar cy-
cles (Hall et al. 2019). Having observations of the plasma conditions over a long time also
increase the probability of observing unplanned events, like the comet Siding - Spring flyby
(Kelley et al. 2014) and extreme events in the solar wind (Futaana et al. 2006c; Ramstad
et al. 2017b).

Mars Express has also operated as a solar wind monitor during the mission. Accurate
estimates of upstream solar wind conditions are essential when trying to understand obser-
vations inside the bow shock, and for modeling the solar wind driven near-Mars plasma
environment. The orbit of MEX enables observations of the solar wind outside the bow
shock in parts of the orbit most of the times. To have solar wind conditions monitored at
Mars also enables studies of how solar wind disturbances propagate through the heliosphere
(Futaana et al. 2008; Witasse et al. 2017), and the interpretation of soft X-ray emissions at
Mars (Dennerl et al. 2006).

The elliptical orbit of Mars Express also provides opportunities to observe heavy ions
escaping from the planet far into the tail. The apocenter is at an altitude of about 10,000 km,
and the pericenter at 300 km altitude. This can be contrasted to the circular MGS orbit at
400 km altitude (except for the early aerobraking orbits before MEX arrival at Mars) and the
apocenter of MAVEN at 6220 km early in the mission. The orbit precesses such that most
solar zenith angles are covered at apocenter and pericenter, giving a good coverage of the
complete near Mars plasma environment (Fig. 2).

Another unique feature of the MEX orbit is that it is in resonance with Phobos, giving
regular close flybys of the Moon, down to 50 km distance from the center of the moon.
During the 20 years since orbit insertion on December 25, 2003, there have been 230 flybys
with closest approaches less than 1000 km. In the coming three years there will be 44 more
such flybys (Pitzold et al. 2024, this collection).

ASPERA-3 plasma observations are also complemented by related observations by other
sensors on Mars Express. The MARSIS radar can measure both remote and local plasma
densities, as well as the magnitude of the local magnetic field (Gurnett et al. 2005). In col-
laboration with MARSIS, ASPERA-3 has also for the first time at another planet observed
radar accelerated ions and electrons (Voshchepynets et al. 2018; Barabash et al. 2019). Since
the ionosphere provides the plasma that escape the planet, ionospheric profiles from the ra-
dio science experiment MaRS are valuable for modeling and interpreting plasma observa-
tions at larger distances from the planet (Peter et al. 2024, this collection). The hydrogen
exosphere of Mars has been observed by the SPICAM experiment, the observations are
of importance for studies of the atmospheric loss and for estimating ion production from
charge exchange and photoionization. Also ASPERA-3 ion and electron observations have
provided the context for the auroras observed by SPICAM (Gonzélez-Galindo et al. 2024,
this collection).

3 ASPERA-3 Measurements of lon Escape and Implications for the
Evolution of the Martian Atmosphere

Investigations of the Martian geological record have gradually revealed that the planet’s
atmosphere was once thick enough (~1 bar) to support an active hydrological cycle around 4
billion years ago; i.e. Mars was warm enough, at least intermittently, for surface liquid water
and precipitation for millions of years (Mangold et al. 2016; Wordsworth et al. 2017). The
cause behind the disappearance of the ancient atmosphere and Mars’ subsequent evolution
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to the present-day cold dry planet has long remained one of the fundamental unanswered
questions in planetary science.

For nearly as long, the lack of a global Martian magnetic dipole has been suggested as
the main planetary factor behind the loss of the early atmosphere. In this view, Mars lacks
the intrinsic magnetic pressure to hold off the solar wind at large distances from the planet,
leading to a close interaction with the ionosphere. The electromagnetic fields induced by the
solar wind interaction and imposed by the flow around the planet heats and accelerates at-
mospheric ions, such as HT, O, O;r and CO;. Some of the ions gain sufficient energy and
momentum to overcome the gravitational potential and escape to space. This atmospheric
ion escape results in a loss of both light and heavy atmospheric particles over time, provid-
ing a particularly appealing hypothesis to explain the atmospheric evolution of the planet.
Especially, considering that the early Sun 4 Ga ago was extremely active and emitted a solar
wind about 100 times more intense compared to the present (Wood 2006) as well as radiated
EUV flux was up to 10x (or more) higher.

While escaping ions were observed by the Mars-2, -3, and -5 orbiters (Vaisberg and
Smirnov 1986), as well as the short-lived Phobos-2 orbiter (Lundin et al. 1990), the arrival
of Mars Express in 2004 initiated a revolution in understanding of the Martian plasma envi-
ronment, the solar wind interaction, and the ion escape process it powers. The combination
of advanced plasma instrumentation (ASPERA-3 and MARSIS AIS) and a relatively high
data downlink rate provides a detailed in situ view of the ion distribution, which can be
tracked from near the source in the top-side ionosphere to the deep induced magnetotail,
enabled by the eccentric orbit design. The apoapsis is also sufficiently high to enable MEX
to sample the undisturbed solar wind upstream of the bow shock on most orbits, and thus
provides the context to study effects of the solar wind properties on the ion escape process.

The earliest ASPERA-3 measurements revealed that the ion acceleration process begins
close to the planet, near the interface between the dayside ionosphere and the solar wind
(Lundin et al. 2006b). As shown by Dubinin et al. (2006) and Fedorov et al. (2006), the
solar wind interaction induces electric fields deep within the ionosphere, which can extract
ions into the surrounding solar wind flow and accelerate the ions to keV energies by the
solar wind motional electric field. These accelerated ions appear as energetic ion beams in
IMA measurements and were revealed by Carlsson et al. (2006) to be significantly com-
posed of molecular ions such as O;r and CO;r , strongly indicating a source region in the
deep ionosphere. Most of the escaping ions, however, flow tailward and were mapped by
Barabash et al. (2007) (shown in Fig. 3), who derived a global escape rate of 4 x 10%* s~!
for all heavy ions (O, O; , CO;) combined for energies > 30 eV. Around the same time,
it became evident that a significant low-energy ion population persisted up to high altitudes
in the induced magnetotail. This cold plasma population was mostly missed by the instru-
mental lower energy limit of 30 eV, imposed by the energy-voltage table used at the time for
IMA’s ion optics. New voltage tables were uploaded in 2007 and 2009, extending the lower
energy limit to 10 eV and ~1 eV, respectively. Escape rates subsequently derived from mea-
surements that included the low energy ion population yielded higher values in the 10%* s~!
range (Lundin et al. 2008a; Nilsson et al. 2010).

The long baseline of Mars Express measurements covering nearly two full solar activity
cycles enabled increasingly detailed studies of both planetary and solar drivers of atmo-
spheric ion escape. Unanimously, Lundin et al. (2008b), Edberg et al. (2010), Nilsson et al.
(2010, 2011), and Wei et al. (2012) found that a stronger solar wind (either dynamic pressure
or number flux) drives higher rates of ion escape in the >30 eV or > 50 eV range.

For atmospheric particles to escape as ions, the particles need to be not only ionized, but
also energized. Solar X-ray and Extreme Ultraviolet (EUV or XUV) fluxes dominate both

@ Springer



The Induced Magnetosphere of Mars and the Near-Mars Environment... Page70f35 79

Fig.3 Map of escaping heavy cm-2s-1
ions in the Martian induced .
magnetotail based on Mars
Express ASPERA-3/IMA
measurements of 30 eV - 30 keV
ion distributions from 2004-2006.
The fluxes are mapped in the
Mars-Sun-Electric field (MSE)
reference frame, in which Xpge
is oriented towards the Sun and
Zmse is defined by the direction
of the solar wind motional
electric field (E). Adapted with
permission from Barabash et al.
(2007). Copyright by AAAS

106

Xmse, Rm

the ionization and energy deposition rates in the Martian upper atmosphere (Jolitz et al.
2023) and are strong drivers for escape. The dependence of escaping ion fluxes on EUV and
its proxies (F10.7 and the sunspot number) was studied by Lundin et al. (2008a) and Lundin
et al. (2013), revealing that solar EUV is indeed a strong driver for the ion escape rate.

Identifying escape rate drivers is not trivial. At Mars, upstream solar wind and EUV
fluxes are correlated due to the common dependence on the varying distance to the Sun
imposed by the eccentric Martian heliocentric orbit, in addition to the solar activity cy-
cle. As such, stringent constraints are required in order to distinguish the dependence
on EUV from the dependence on solar wind and vice versa. Such studies were enabled
near the mid-mission with the availability of in situ measured solar wind moments from
Mars Express (https://archives.esac.esa.int/psa/ftp/MARS-EXPRESS/ASPERA-3/MEX-
SUN-ASPERA3-4-SWM-V1.0/). By dividing up the multi-dimensional parameter space of
solar wind and EUV parameters, and integrating IMA distributions from ~1 eV to 15 keV,
Ramstad et al. (2015, 2018a) found that solar EUV photon flux is the main driver for the
tailward ion escape rate, while the effect of the solar wind is either small or even negli-
gible. The main effect of stronger solar wind is the increased energization of ions already
energized to well over the escape energy, while increased EUV flux leads to an enhanced
cold ion (<50 eV) outflow (shown in Fig. 4) and escape rate despite a reduction in cou-
pling between the solar wind and the escaping ions Ramstad et al. (2017a). Fundamentally,
this implies that the ion escape process at Mars is limited by the supply of ions from the
ionization source region, as noted by Ramstad and Barabash (2021).

The escape rate dependencies on upstream conditions can be used to extrapolate the es-
cape rate backwards in time using estimates for solar wind and solar EUV conditions. By
integrating the extrapolated escape rates over time, Ramstad et al. (2018a) found that ion
escape through the induced magnetotail can account for at most ~10 mbar of equivalent
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energy cold ion outflow. Adapted with permission from Ramstad et al. (2017a). Copyright by the American
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atmospheric pressure lost over the past 4 billion years, contrary to long-standing expecta-
tions of a strong ion escape process. By contrast, the ancient Martian atmosphere would
have needed an atmospheric pressure on the order of a bar in order to sustain an active
hydrosphere.

Over time, plasma measurements from Mars Express have enabled significant progress
on the role of the Sun in the evolution of the Martian atmosphere, and such studies continue,
such as the full solar cycle comparison by Nilsson et al. (2023) shown in Fig. 5. Yet, there
are many open questions remaining. For example, are there co-dependent non-linear effects
on escape from additional variables such as seasons, crustal field orientations, or IMF di-
rection, that could result in higher escape rates over time? How large is the H escape rate
and how much of the heavy ion escape is sourced from atmospheric H,O as opposed to
CO,? How large is the role of return flows in reducing the escape rate, and which factors
influence the return flows besides solar EUV (Zhang et al. 2022)? Which mechanisms limit
the atmospheric ion escape rate and can those change with external conditions or over time?
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Fortunately, Mars Express is far from the only spacecraft at Mars capable of providing
measurements for such studies. Along with NASA’s MAVEN orbiter, the Chinese Tianwen-
1 orbiter, the United Arab Emirates’ Hope probe, and the upcoming JAXA Mars Exploration
mission, MEX contributes unique capabilities to study the Sun’s effect on the evolution of
the planet.

4 First Measurements of Energetic Neutral Atoms

ASPERA-3 was the first-ever instrument to carry out ENA measurements at Mars. The suite
includes two ENA sensors, one covers energy range 100 eV — 10 keV with an angular
resolution of 6° x 40° and total field-of-view 9° x 180°. The second sensor provides mea-
surements of energy and mass integrated ENA fluxes with an angular resolution of 5° x 11°
and the field-of-view 9° x 344°.

Initial modeling of the ENA production via charge-exchange of the solar wind protons
and the exosphere (Kallio et al. 1997) revealed the main morphological features of the ex-
pected ENA images. Those are highly anisotropic emissions from the magnetosheath tan-
gential to the plasma stream-lines and precipitation of ENAs originated outside the induced
magnetosphere boundary onto the upper atmosphere. The authors predicted a high inflow of
ENAs created in the undisturbed solar wind charge-exchanging on the exosphere extending
much beyond the bow shock due to the low gravity of Mars. This population (a few % of
the solar wind flux), referred to as a neutral solar wind, carries sufficient energy to excite
auroral-type emissions in the day-side atmosphere when hydrogen atoms collide with at-
mospheric constituents. The existence of this component was later confirmed by MAVEN
(Halekas et al. 2015; Deighan et al. 2018).

Neutral solar wind (~1 keV hydrogen atoms) and hot magnetosheath protons (few keVs)
can penetrate the induced magnetosphere boundary (see Section Particle Precipitation onto
the Martian Atmosphere, this paper). Charge — exchange cascading during transport of hy-
drogen/protons through the upper atmosphere (in the presence of the magnetic field) results
in backscattering of neutral hydrogen with an efficiency of 15 — 30% (Shematovich et al.
2011). This ENA population with a typical energy of a ~few 100s eV can be use to image
the precipitation regions.

ASPERA-3 was also designed to attempt ENA imaging of escaping oxygen atoms on
the night side (Barabash et al. 2002). However, no oxygen ENA have been identified in the
ASPERA-3 ENA data (Galli et al. 2006a) despite the fluxes predicted in fist publications
were > 10 times higher than the ASPERA-3 detection limit. The most plausible explanation
is that the simulated fluxes were overestimated due to a 10-100 times denser oxygen corona
used in modeling than the later observed one. No conclusive detections of hydrogen ENAs
originating from escaping planetary H* charge-exchanging on the hydrogen and oxygen
coronae have been reported though some indications could have been found in several en-
ergy spectra (Galli et al. 2006a). Therefore, ENA imaging of escaping planetary ions is still
to be performed. These observations promise instantaneous images of almost the entire pop-
ulation of escaping planetary ions (Barabash et al. 2002) and thus enabling the estimation of
the total escape rate from a single orbit. A very promising technique!

ASPERA-3 measurements of hydrogen ENAs originating from the magnetosheath
plasma (Futaana et al. 2006a; Gunell et al. 2006a; Mura et al. 2008; Wang et al. 2013)
not only confirmed the predictions based on a simplified empirical model of the protons
fluxes (Kallio et al. 1997) and even more advanced hybrid models (Gunell et al. 2006b;
Wang et al. 2016) but also discovered a number of unexpected features. The most intense
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Fig. 6 ENA jet from the subsolar region as observed by the ASPERA-3 ENA detectors. Reproduced with
permission from Futaana et al. (2006a). Copyright by Elsevier
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Fig. 7 ENA emission intensities projected on a screen at 100 Rys in a polar coordinate system (to the left)
based on the motional electric field. The polar axis (0°, 0°) point to the Sun, the azimuth (¢) is in the plane of
the direction to the Sun — magnetic field (the perpendicular component Bp), the inclination (6) is towards the
motional field E¢. The ENA emissions are close to ¢ = 90°, i.e, perpendicular to the sun direction, and form
an ENA layer. Emissions with the dashed line circle are backscattered ENAs. Reproduced with permission
from Wang et al. (2013). Copyright by the American Geophysical Union

ENA emissions form a layer-like structure coming from the subsolar point where the neu-
tral density increase exponentially with height and the stream-lines are almost perpendicular
to the Mars-Sun direction (Fig. 6). For a spacecraft flying through such a layer, or a wall,
these emissions look like a jet coming out from the subsolar point. Due to both directional
anisotropy and spatial variation of such emissions the global image of the emitting region
can be obtained only statistically. To investigate the directionality of the magnetospheath
ENAs, Wang et al. (2013) disregarded the spatial variability on a scale of few planetary
radii (Ry) by introducing a virtual spherical screen on a distance of 100 Ry and a polar
coordinate system with the axes aligned to the solar direction and the motional electric field
E. (Fig. 7). This projection clearly reveals the main features, namely, that the ENA emis-

@ Springer



The Induced Magnetosphere of Mars and the Near-Mars Environment... Page 110f35 79

0....60_120

1e5 2e5 3e5 1 10 100
Directional Flux (cm?s'sr") Crustal magnetic field intensity (nT)

Fig. 8 ENA emissions (left) and crustal magnetic field intensity (right) binned to match the ASPERA-3
ENA detectors angular resolution. Clear increase of the ENA fluxes at anomalies is seen. Reproduced with
permission from Wang et al. (2014). Copyright by the American Geophysical Union

sion form a layer at 90° with respect to the solar direction with the highest flux from the
—E. hemisphere. The £E. asymmetry is very likely due to an asymmetric induced mag-
netosphere boundary being closer to the planet, where the neutral density is higher. ENAs
are even observed emitted in the solar direction within a cone of 30° (inside the dashed red
circle in Fig. 7). This population results from backscattering of the precipitating ENAs orig-
inating in the undisturbed solar wind and magnetosheath and precipitating onto the upper
atmosphere and was first reported by Futaana et al. (2006b).

The ENA layer or jet exhibits strong temporal variability. Using ENA measurements
ASPERA-3 captured an exciting moment of a passing pressure pulse associated with an
interplanetary shock over the Martian induced magnetosphere (Futaana et al. 2006c). The
event was manifested as a sudden drop in the ENA flux intensity when Mars Express was
well inside the ENA layer. The drop occurred just 10 sec after the pressure pulse passed the
spacecraft as detected in the ASPERA-3 electron data. The pulse compressed the induced
magnetosphere moving the subsolar magnetospheath region closer to the planet and thus the
whole ENA layer was displaced downstream. Mars Express suddenly found itself outside
this structure and the ENA flux dropped.

The most remarkable feature detected by the ASPERA-3 ENA detectors is ENA flux
intensity variations when the spacecraft was well inside the ENA layer (Grigoriev et al.
2006). There have been recorded two well pronounced periodicities, fast oscillations with
an ENA flux peak-to-valley depth of 20-30% and a period of 50 sec, and slow oscillation
with a depth of 60-80% and a period of 300 sec. No firm physical explanation of these
observations is available to date. The 0.05 Hz frequency of fast oscillations is very close to
the frequency of O" cyclotron waves (0.02-0.03 Hz in the field 20 and 30 nT). Therefore,
the fast oscillations may result from cyclotron or mirror mode instabilities in plasma in
the subsolar region. Variations with similar frequencies have been observed in magnetic
field, electron and ion fluxes (Dubinin and Fraenz 2016; Winningham et al. 2006). Another
possible explanation involves global oscillations of the induced magnetosphere, driven by
Kelvin—Helmholtz instabilities and wave activity along its boundary. The slow oscillation
may be related to spatial variations of the ENA emissions within the ENA layer. By far
more observations with modern ENA instruments are needed to establish the nature of this
phenomenon.

Another mysterious observations still awaiting solid interpretation are ENA imaging of
magnetic anomalies. Unexpectedly ASPERA-3 observed an increase, not a decrease, of
ENA fluxes from the anomaly regions (Wang et al. 2014) (Fig. 8). Intuitively, one would
expect a decrease, as magnetic anomalies screen off solar wind plasma from reaching low
altitudes, where the charge-exchange process is most effective. Two explanations have been
proposed: (1) the anomalous magnetic field traps ionospheric electrons, enhancing the re-
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Fig. 9 ENA emissions as seen from the night-side in the Mars Solar Orbital (MSO) reference frame, the
x-axis is the MSO longitude, the y-axis is the MSO latitude in degrees. The MSO reference frame is defined
as follows: X points from Mars to the Sun, Z points to the North pole of the Martian orbital plane. The Sun
direction marked by X is at (0°, 0°). Red curve shows Martian limb. ENA emissions coming mostly from the
sun direction originate from the hot magnetosheath plasma moving downstream. Adapted with permission
from Galli et al. (2008). Copyright by the American Geophysical Union

combination rate and leading to a localized increase in neutral density; and (2) a more plau-
sible explanation suggests that plasma flow is scattered above the anomaly region, directing
more ENAs toward the detector.

Night-side observations of ENA emissions coming from the planet is challenging be-
cause the ENA detector field-of-view becomes close to the Sun direction. They were not
included in Wang et al. (2013) analysis and Fig. 7. To investigate this ENA population
Galli et al. (2008) used a very specific and unique inertial pointing of the spacecraft. These
observations revealed a different picture. The solar wind plasma stream lines in the mag-
netospheath become more parallel to the solar wind direction and ENAs emissions, while
thermally spread, are mostly coming from the Sun direction (Fig. 9). These features are well
reproduced in the MHD model by Ma et al. (2002).

Analysis of the ASPERA-3 measurements of the ENAs from the solar direction when
Mars Express was passing the penumbra and entering the umbra of Mars on the night-
side (Brinkfeldt et al. 2006) also proposed a potentially very promising technique, ENA
sounding, to profile planetary exosheres (Kallio et al. 2006). ENA sounding is somewhat
similar to the occultation technique but instead of a photon flux the neutral solar wind is
used. The profile of the neutral solar wind attenuation while an ENA detector entering the
eclipse is related to the exospheric parameters (density, temperature).

While not specifically designed for it, the ASPERA-3 suite provided the first ever-
measurements of heliospheric ENAs in the energy range 0.3 — 10 keV when its ENA detec-
tors were looking away from Mars (Galli et al. 2013; Wurz et al. 2008). The measurements
were in agreement with predictions during the pre-Interstellar Boundary Explorer (IBEX)
era (Wurz et al. 2008) and later confirmed by IBEX for 0.4 — 4 keV (Galli et al. 2013)
(Fig. 10) though seem to overestimate fluxes for energies below 400 eV.
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Fig. 10 Comparison of various measurements of heliospheric ENA spectra. Black histograms with error bars:
ASPERA (averaged ASPERA-3 and-4), crosses: loss-corrected ENA intensities measured with IBEX for
Voyager 2 (green) and ENA ribbon (red) directions. For descriptions of other measurements see the original
publication. Adapted with permission from Galli et al. (2008). Copyright by the American Geophysical Union

A very interesting feature was found in the ASPERA-3 ENA data related to the helio-
spheric ENAs that was also confirmed by measurements on Imager for Magnetopause-to-
Aurora Global Exploration (IMAGE) / Low-Energy Neutral Atom Imager (LENA). Both
instruments detected an increase of the ENA fluxes in the ram direction of Mars (1.57 au)
and Earth (1.0 au) respectively when the planets were at the same solar longitude 110°
(Holmstrom et al. 2008). This increase is not related to the focusing effects expected around
upstream (74°) down stream (254°) line. The firm physical (or instrumental!) explanation of
these observations is still to be made.

When ASPERA-3 was performing the first-ever ENA measurements at Mars and heliop-
sheric neutrals the field of ENA imaging was still young, detectors still maturing, importance
of various backgrounds not fully understood. Nevertheless, ASPERA-3 provided exploring
measurements to characterize the ENA environment of a non-magnetized planet. ASPERA-
3 ENA experiments were just a beginning!

5 Auroral Phenomena

Aurora at Earth is generated in the polar regions when energetic charged particles, usually
electrons, precipitate onto the top of the atmosphere along magnetic field lines and collide
with neutrals. When Mars Express entered orbit around Mars late 2003, aurora had also
been observed at the giant planets (Jupiter, Saturn, Uranus, and Neptune) and at Venus.
Aurora at Mars was discovered by SPICAM on Mars Express in August 2004. It was a UV
emission lasting 7 seconds at an estimated altitude of 130 km on the night-side of the planet,
from electron collisions with CO;. The location of the emission was in the region of large
crustal magnetic fields in the southern hemisphere of Mars, indicating that the aurora was
generated by electrons moving along the crustal magnetic field lines in a cusp type region
(Bertaux et al. 2005). This interpretation was supported by earlier observations of electron
flux increases regions with large radial magnetic field by Mars Global Surveyor (MGS) at
400 km altitude (Mitchell et al. 2001). For more details on the optical detections of aurora
at Mars, see Gonzalez-Galindo et al. (2024, this collection).
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The discovery of aurora at low altitudes prompted further investigations of in-situ ob-
servations of precipitating electrons and ions that could be responsible for the auroral emis-
sions. It was found by Lundin et al. (2006a,c) that ASPERA-3 on Mars Express observed up-
ward accelerated ions and downward accelerated electrons above magnetic anomalies, along
the boundaries between open and closed magnetic field lines. These”inverted-V” events have
also been observed above aurora at Earth, and are characterized by narrow up-going ion
beams and energized down-going electrons, where the acceleration increases with decreas-
ing altitude (Lundin et al. 2006a). Theoretical comparisons of the electric fields responsible
for the acceleration of the charge particles were made by Dubinin et al. (2008). Later also
more detailed studies of the observed charged particles, the associated energy fluxes, and im-
plications for ion escape, were made by Dubinin et al. (2009). The focus of Mars Express au-
roral observations was mostly discrete aurorae associate with magnetic anomalies. Later-on
MAVEN identified a zoo of various morphologically different and source-dependent forms
of aurora on Mars, namely, sinuous aurora (Lillis et al. 2024), diffuse aurora (Schneider et al.
2015), patchy proton aurora (Chaffin et al. 2022), and ENA-aurora (Deighan et al. 2018).

The observations of accelerated charged particles were not at the same time as the aurora
observations. This is difficult since it requires that the spacecraft encounters magnetic field
lines that are connected to the aurora emission region. However, Leblanc et al. (2008) studied
events that were observed in the nadir direction by SPICAM, increasing the probability
that observed precipitating electrons travel to the emission region on radial magnetic field
lines. The events were near crustal fields with open field lines in cusp like configurations
(boundary between open and closed). Accelerated electrons were detected by ASPERA-
3 and increased total electron content (TEC) by MARSIS during the events. There was
however a low correlation between aurora brightness and electron energy flux. A later study
including more nadir events confirmed the low correlation and concluded that the Mars
aurora is a time-dependent feature, consistent with the acceleration of electrons by transient
parallel electric field along semi-open magnetic field lines (Gérard et al. 2015), a scenario
also confirmed by modeling (Soret et al. 2016). In general, ASPERA-3 ELS characterized
the precipiting electrons revealing their accleration mechanisms (Soobiah et al. 2013).

It has also been suggested by Ip (2012) that auroras could be studied by the energetic
neutral atoms (ENA) from charge-exchange between upward flowing ions and atmospheric
neutrals over the emission regions, similar to the subsolar ENA jets detected by ASPERA-3
ENA detector (Futaana et al. 2006a; Grigoriev et al. 2006).

6 Global Simulations of the Interaction Between Mars and the Solar
Wind

Before the first in-situ plasma observations at Mars, the question relating to the interaction
between Mars and the solar wind was whether or not Mars has an intrinsic magnetic field,
and if so, how strong it is. Models of the interaction were that of a magnetic dipole interact-
ing with the solar wind. Scaled versions of the interaction of Earth with the solar wind. The
Mariner IV flyby in 1964 put an upper limit on Mars’ magnetic dipole moment at 0.001 of
Earth’s (implying less than 200 nT at the equatorial surface of Mars). It was concluded that
the solar wind could interact directly with the Martian atmosphere (Van Allen et al. 1965).
Later it was realized that a dipole field is not needed to stand off the solar wind. Currents
induced in the ionosphere can also deflect the solar wind and generate a bow shock upstream
of the planet. Gas dynamic models were first used to simulate this interaction. These models
were based on models for the solar wind magnetosheath flow at Earth, where the magnetic
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field is ignored and the Euler equations are approximated outside an assumed ionopause
(magnetopause at Earth). The magnetic field can then later be computed by propagation
through the domain, as done for Mars by Spreiter et al. (1970). A later variation of this
approach is the empirical model by Kallio (1996), where an analytical velocity field based
on observations is used. The first model that accounted for the gyroradius effects for ions
was by Cloutier et al. (1974). Between these early looks at finite ion gyroradius effects and
full global hybrid models were several versions where atmospheric ions were treated as test
particles in fields and flows derived from global MHD simulations (e.g. Fang et al. 2008;
Curry et al. 2014).

The two main model types currently used to study the global interaction between Mars
and the solar wind are hybrid and magnetohydrodynamic (MHD) models. Hybrid models
treat ions as particles and electrons as a massless fluid. They can thus capture the relevant
ion length scales and time scales, that are especially relevant at Mars. Since the planet size is
on the order of the typical ion gyro radius, kinetic effects is important in the interaction. The
first application of a hybrid model to Mars was by Brecht and Ferrante (1991), although non-
magnetized planets in general had been studied already by Brecht (1990). The hybrid models
are now the most popular tools to model the Mars—solar wind interaction. The modern hybrid
models are similar in using the generalized Ohm’s law and the treatment of ions as particles
and electrons as fluid. They differ in setting-up the boundary conditions, including magnetic
anomalies, real ionosphere, and electron fluid physics (Kallio and Jarvinen 2012; Holmstrom
2022; BoBwetter et al. 2004; Modolo et al. 2005).

Since the size of Mars is comparable to the spatial scales of ion motion, kinetic effects
are important. Hybrid models self consistently capture this (Kallio and Jarvinen 2012), while
MHD models do not. We can also note that this also implies MHD models have no inherent
spatial scale. Asymmetric motions of ions lead to large asymmetries for the electric and
magnetic fields at Mars, that can be captured by hybrid models (Wang et al. 2023).

The MHD equations are the gasdynamic Euler equations, including the magnetic field.
They can be single or multiple species, that use one momentum equation, but the fraction
of each specie is tracked in the multi specie case. Early MHD models of the solar wind
interaction with unmagnetized planets focused on Venus. The first global MHD simulations
for Mars used a 2D multi-specie model (Shinagawa and Bougher 1999), followed by a 3D
multi-species model (Liu et al. 1999). Modern multi fluid MHD models (Ma et al. 2014;
Dong et al. 2014) have a momentum equation for each fluid and are more suitable for Mars,
where there can be ion populations with very different velocities, e.g., ionospheric and solar
wind ions. The different fluids are coupled through the electromagnetic fields.

There have been two model comparisons for the interaction between Mars and the solar
wind, by Brain et al. (2010) and by Egan et al. (2018). In these comparisons many MHD
and hybrid models were run for the same set of upstream solar wind conditions, and in the
later paper a comparison with MAVEN observations was done. In both studies it was found
that most models give similar estimates of heavy ion escape, comparable to observed escape
rates. However, large differences were found in the distribution of the ion fluxes.

Global models of the interaction between the solar wind and Mars need to consider sev-
eral ion populations. The solar wind, with mainly H* and He*". The upper part of the
ionosphere is often modeled with OT, OF and COj, since O and OJ has been found to
be the most common ions in that region, with COJ being the minor species (Carlsson et al.
2006; Inui et al. 2019). These species are the most important for the interaction. Other mi-
nor species in the solar wind or the upper ionosphere can be modeled with test particles
propagated in the fields from a global simulation run.

The global models compute the magnetic field on a grid. An advantage of MHD models
is that the computation required per grid cell usually is less than that for a hybrid models,
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enabling higher spatial resolution. This can enable resolving the spatial scales of the iono-
sphere (10s of kilometers) and self consistently include a model of the ionospheric chemistry
in the global model (Ma et al. 2002). Hybrid models that do not resolve the ionosphere can
use a simplified representations (Holmstrom 2022) or solve for the ionospheric chemistry
on a separate grid (Ledvina et al. 2017).

Even if Mars lacks a global intrinsic magnetic field, there are local crustal magnetic
fields - magnetic anomalies (Acufla et al. 1998). This is a challenge for global models since
there can be large gradients in the magnetic field that require high spatial resolution. One
question is how these fields will affect the solar wind interaction, and in particular what
effect they will have on the ion outflow. This has been investigated by multi-species MHD
models (Ma et al. 2002), and the conclusion was that the presence of the anomalies reduced
the outflow by about 20%. However, using hybrid models it has been suggested that the
anomalies can reduce the ion outflow by an order of magnitude (Brecht and Ledvina 2014).
Later time-dependent MHD modeling work with the inclusion of crustal field rotation sug-
gest that anomalies may increase or decrease escape depending on the exact geometry (Ma
et al. 2014; Fang et al. 2017). Observations also indicate that escape will depend on where
the crustal fields are located geographically in relation to the solar wind, but that the outflow
averaged over time is unaffected (Ramstad et al. 2016).

Important for all global models is to have accurate observations of the upstream solar
wind, since that drives much of the interaction. If we want to compare model predictions
with observations closer to Mars, where the solar wind is affected by Mars, e.g., inside
the bow shock, we need multi-point observations. This is especially important if we want
to examine time dependent phenomena, like how solar wind disturbances affect the global
interaction (Romanelli et al. 2018). To make detailed comparisons between models and
observation, one needs to also include the instrument characteristics, e.g., field of view and
energy response (Jarvinen et al. 2018).

In the past, multi-point observations have been incomplete. Mars Global Surveyor (MGS)
lacked ion observations (Acuiia et al. 2001) and Mars Express is missing magnetic field ob-
servations. Observations of the full set of plasma parameters at Mars has been available
since 2014 by the Mars Atmosphere and Volatile Evolution (MAVEN) mission (Jakosky
et al. 2015), and since 2021 by the Tianwen-1 mission (Yongliao et al. 2021). The availabil-
ity of multi-point observations of plasma properties opens up many possibilities for model
studies and model validations.

7 Martian Induced Magnetosphere Under Extreme Upstream
Conditions

Solar activity is variable on a wide range of time scales and magnitudes. On rare occasions,
extreme space weather events, such as powerful solar flares, fast Interplanetary Coronal
Mass Ejections (ICMEs), and energetic particle storms, produce brief intervals of upstream
conditions with properties far outside nominal variability in one or more aspects. Extreme
events are also very valuable scientifically, as these challenge our understanding of the phys-
ical system, which is otherwise only informed by a relatively narrow range of typical con-
ditions. Extreme events also provide insight into the planet’s response to conditions that
prevailed during the early solar system and the effects on its atmospheric evolution, as well
as the interaction of similar planets with active stars such as M-dwarfs.

By definition, extreme events are rare. Yet, the long operational life of Mars Express
has allowed the mission to capture measurements during a few noteworthy events. In par-
ticular, on an orbit in July 2011, Mars Express was inside the induced magnetotail during
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Fig. 11 Analysis of the July 2011 ICME; the most intense solar wind event observed during solar cycle #24.
Left panel: Distribution of solar wind and solar EUV parameters observed by MEX as of 2018 (Ramstad
et al. 2018a). The evolution of solar parameters backwards in time is indicated by the curve. The event is
marked by a red circle and represents typical dynamic pressure ~3.5 Ga ago. Right panel: IMA ion moments
from the orbit covering the ICME impact at ~09:10. After impact, the IMB compressed significantly and
escaping heavy ions in the tail were accelerated up to ~100 km/s. Adapted with permission from Ramstad
et al. (2017b). Copyright by the American Geophysical Union

the impact of the most intense ICME observed throughout solar cycle 24 (Ramstad et al.
2017b), representative of typical solar wind conditions from ~3.5 Ga ago (Ramstad et al.
2018a), as shown in Fig. 11. The observations revealed extreme compression of the dayside
induced magnetic barrier and the tail. Ions escaping through the tail were also accelerated
to ~20 times the energies typically observed while escaping ion fluxes were surprisingly
unaffected, see the overview of measurements in Fig. 11.

Additionally, Mars Express has observed several intense solar energetic particle (SEP)
events (Futaana et al. 2008). Although the spacecraft does not carry detectors for energetic
particles, IMA’s detector can be triggered by >1 MeV electrons and >20 MeV protons
(Ramstad et al. 2018b), which are sufficiently energetic to penetrate the aluminum housing.
As such, Mars Express provided unique context for a particularly well studied SEP storm
which occurred in September 2017 (Lee et al. 2018), revealing that it was the 4th most
intense storm observed by MEX since 2004.

Mars Express also demonstrated that even “quiet” solar conditions include a range of
enhancements that can affect processes such as ion escape. Edberg et al. (2010) investigated
the passage of high-pressure pulses associated with corotating interaction regions (CIRs)
during the period of low solar activity in 2007-2008. They observed an average increase in
planetary ion escape by a factor of approximately 2.5.

8 First Ever Active Experiments at Another Planet

The combination of ASPERA-3 and MARSIS (Gurnett et al. 2008) operating in the iono-
sphere sounding mode made MEX the first ever mission conducting active experiments at
another planet. Observations of the sounder accelerated particles (SAP) at the Earth (James
1983, 1987; Huang et al. 2001) sparked great interest in mechanisms that can increase the
energy of ionospheric electrons and ions by hundreds of eV within several ms after a sound-
ing radar stopped transmitting. SAPs produced under conditions of the Earth’s ionosphere
were extensively studied through the 1980s and 90s. However, the lack of a strong magnetic
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Fig. 12 Sounder accelerated ions (SAI) detected by MEX on orbit 12495. Panels (a) and (b): altitude and
solar zenith angle (SZA) of MEX. Panel (c): ion differential flux measured by IMA. Grey dashed lines indicate
period when MARSIS was operating in the ionospheric sounding mode. Panel (d): zoom on the interval when
the most intense SAI events. White boxes show the time intervals of MARSIS active sounding phase. White
line within the boxes indicates moment in time when MARSIS was transmitting at a frequency close to the
local plasma frequency. Panel (e): electron differential flux measured by ELS. Solid black line shows total
electron flux

field at Mars makes conditions for active experiements there much different and unique.
Some of the mechanisms that can produce SAP at Earth are much less effective at Mars.

Sounder accelerated ions (SAI) are routinely observed by IMA, when MARSIS is op-
erating in the ionospheric sounding mode (0.1 — 5.5 MHz) at the altitudes below 800 km
(Voshchepynets et al. 2019). Examples of SAI observations are shown in Fig. 12. SAI are
detected by IMA as short, intense and periodic disturbances confined within the energy
range from 50 to 800 eV. Detailed timing analysis of IMA and MARSIS measurements
(Voshchepynets et al. 2018) revealed that ion acceleration takes place only under certain
conditions, namely when MARSIS is transmitting in the range of frequencies defined by the
local plasma frequency, typically between half and two times the plasma frequency, with a
peak SAI flux detected when MARSIS is transmitting close to the plasma frequency (Fig. 12
panel (d)). In addition, it was found that the electron flux measured by ELS is reduced during
the periods when MARSIS is transmitting (panel (e) in Fig. 12). All that led to a conclu-
sion, that SAI observed by MEX are due to the induced spacecraft charging: voltage applied
to the MARSIS antenna causes charging of the spacecraft to several hundreds of volts by
the electrons of the ambient plasma and the positively charged ions are accelerated when
the spacecraft discharges. Induced spacecraft charging model was originally proposed to
explain some of the SAI observations in the Earth’s ionosphere (James 1987).

Unlike SAP, sounder accelerated electrons (SAE) are observed by MEX very rarely. So
far only a handful number of orbits with SAE signatures have been identified. This scarcity
of observations indicates that very specific conditions should be met at Mars for SAE to be
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produced or detected. In comparison, at Earth, SAE were frequently detected on missions
carrying sounders and electron detectors (James 1983). Two orbits with SAE detected by
ELS are shown in panels (a) and (c) in Fig. 13. A detailed study showed that SAE properties
strongly depend on the local ionospheric conditions (Barabash et al. 2019). SAE detected
on the dayside, when MEX was close to the Martian magnetic anomalies, have very broad
spectrum (panels (a) and (b) in Fig. 13), while SAE detected when MEX was surrounded
by a plasma with weak magnetic field (below 15 nT) resemble almost monoenergetic beams
(panels (c¢) and (d) in Fig. 13). These results indicate that different acceleration mechanisms
are involved under different ionospheric conditions. SAE detected in a plasma with weak
magnetic field are presumably generated by non-linear wave-wave and wave-particle inter-
action, while SAE detected on the dayside are photoelectrons emitted by MEX and accel-
erated by sounder induced spacecraft potential. Presence of the magnetic field is crucial for
the detection of the accelerated photoelectrons, as they are driven away from the spacecraft
by the negative potential, and can be detected by ELS only at the end of the gyration period
when the recovery phase is already over.

Particle acceleration by sounders is a type of active experiments of great interest. SAP are
generated as a result of routine operation of satellite-borne sounders and do not require any
additional spacecraft resources (Holmstrom et al. 2025). On the other hand, SAP open addi-
tional opportunities for plasma diagnostics. For instance, ion acceleration to the energies far
above the thermal energy can be used to retrieve densities of cold ionospheric constituents
(Voshchepynets et al. 2019). However, development of new active experiments based on
SAP require better understating of the acceleration processes and the particle trajectories in
an induced spacecraft potential (Bergman et al. 2020; Rojas Mata et al. 2025).

9 Particle Precipitation onto the Martian Atmosphere

The following populations of particles can penetrate the induced magnetosphere boundary
and reach the Martian upper atmosphere depositing energy, momentum, and matter: (1) ener-
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getic electrons and protons of the solar wind during SEP events (Futaana et al. 2008); (2) so-
lar wind multi-charged ions, for example O%*, O’* (Holmstrém et al. 2001); (3) solar wind
protons and alpha particles; (4) neutral component of the solar wind due to charge-exchange
on the extended Martian exosphere (Kallio et al. 1997), (6) magnetosheath electrons and
electrons from the tail resulting in the Martian aurora (Lundin et al. 2006a,c). ASPERA-3
for the first time experimentally investigated the population (3). Due to the small size of the
induced magnetoshere and relatively weak magnetic field, heated protons and alpha parti-
cles with high enough energy (tails of the thermal distribution functions) can penetrate the
induced magnetosphere boundary and precipitate onto the upper atmosphere.

The fundamental importance of the particle precipitation process revealed by the
ASPERA-3 experiment is in its contribution to the helium balance in the Martian atmo-
sphere. To explain the disagreement between the internal production rates of helium from
the radioactive decay of potassium and thorium in the interior and the measured escape
rates, it has been proposed that the deficit of helium is replenished by solar wind parti-
cles (Barabash et al. 1995; Brecht 1997; Chanteur et al. 2009). ASPERA-3 confirmed these
ideas. Alpha particle fluxes were identified in 22% of the passes in the altitude range 260-
970 km. About 30% of the observed alpha particles penetrate the exobase and are ultimately
captured in the atmosphere (Stenberg et al. 2011).

ASPERA-3 observed protons of energies of a few keV inside the induced magnetosphere
boundary during just 3% of the observation time with an average ~0.2% of the incident solar
wind flux (Dieval et al. 2013a). Therefore, the precipitation is an intermittent phenomenon
and the induced magnetosphere is an effective shield against the magnetosheath protons. The
precipitating flux is higher on the dayside than on the night-side, and its spatial deposition
is controlled by the solar wind motional electric field. The largest crustal magnetic anoma-
lies tend to decrease the proton precipitation in the southern hemisphere. The particle and
energy fluxes vary in the range 10°—~10° cm~2s~! and 107-10° eVem™2s~!, respectively.
The corresponding heating of the dayside atmosphere is on average negligible compared
to the solar extreme ultraviolet heating, although the intermittent precipitation may cause
local ionization. The net precipitating proton particle flux input to the dayside ionosphere is
estimated as 1.2 x 10%! s7!, i.e, negligible in comparison with the hydrogen Jeans escape
~10%" — 10?8 s~! (Halekas 2017).

Surprisingly, the precipitation events, or in other words, observations of both protons and
alpha particles inside the induced magnetosphere are less frequent during the solar wind
dynamical pressure increases associated with ICMEs (Dieval et al. 2013b). During such
events the induced magnetosphere becomes compressed, the dayside field increases, and
the gyroradius of the magnetosheath ions reduces resulting in lower probability of detection
below the induced magnetosphere boundary.

ASPERA-3 findings initiated extensive modeling of the protons/hydrogen and alpha par-
ticles (He*™, He™, and He) transport through the Martian upper atmosphere using the Direct
Simulation Monte Carlo method with magnetic fields. Using ASPERA-3 measurements of
proton and alpha particle distributions it was shown that 22% of the particle flux and 12%
of the energy flux of the precipitating protons are backscattered by the Martian upper atmo-
sphere, if no induced magnetic field is taken into account in the simulations. A horizontal
magnetic field of 20 nT results in up to 40%—-50% of the energy flux of the precipitating
protons being backscattered (Shematovich et al. 2011). Applying a similar methodology to
alpha particles, it was found, that in the field-free runs alpha particles are not backscattered
at all by the Martian upper atmosphere. A horizontal magnetic field of 20 nT results in up
to 30%—-40% of the energy flux of the precipitating alpha particles is backscattered (Shema-
tovich et al. 2013).
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10 Extending Measurement Capabilities: Martian lonosphere and
Exosphere

ASPERA-3 was not designed for measurements of thermal ionospheric plasmas for energies
below a few eV. The main factor limiting the low energy threshold is the unknown space-
craft potential. However, the exceptionally high energy resolution (8%) of the ASPERA-
3 electron spectrometer makes possible the resolution and identification of photoelectrons
generated as a result of the He 304 A ionization of CO, at the Martian exobase (Frahm
et al. 2006). The energy of photoelectrons, 24 eV and 27 eV, is known and the shift of the
measured energy corresponds to the spacecraft potential that normally under such condi-
tions is —4 to —10 eV. Using this technique, Frinz et al. (2010, 2015) reconstructed the
thermal plasma distribution function in the terminator region and established a bulk velocity
of around 5 km/s for O* and OF comparable with the 5 km/s escape velocity from Mars. A
possible mechanism to generate this flux can be the ionospheric pressure gradient between
dayside and night-side. If only a half of these ions escape, the ionospheric loss rate would
be on the order of 3 x 10% s~!. This is significantly higher than the reported escape rate
down-tail where the ionospheric ions are assumed to have gained sufficiently high velocity
and the core distribution function is well within the IMA energy range. Therefore, the fate
of the trans-terminator ions remains a puzzle.

ELS observed characteristic photoelectrons all the way up to the Mars Express orbit
apocenter, indicating the presence of cold ionospheric plasma in many regions of the in-
duced magnetosphere. This also provided an opportunity to establish magnetic field line
connectivity to the ionosphere and to investigate their topology. Using a multi-species MHD
model, Liemohn et al. (2006) investigated magnetic connectivity between the high-altitude
flanks of the Martian magnetosheath and the subsolar ionosphere, and found good agreement
with ELS measurements, thus confirming the presence of open field lines

Neither was ASPERA-3 designed to measure neutral gas but “one man’s background is
another man’s signal”’. The ASPERA-3 ENA instrument effectively suppresses UV photon
count rates, mostly using time-of-flight coincidences, but the suppression is not completed.
Random coincidences of not-correlated start and stop signals from UV photons result in a
background. The UV flux is dominated by the Lyman-alpha radiation from the extended
Martian hydrogen corona. Therefore, the background count rate is given by the hydrogen
column density along the ENA instrument line-of-sights that in turn can be converted to the
exospheric parameters such as the exobase density and temperature. Galli et al. (2006b) used
this method to characterize for the first time the extended (hot) Martian hydrogen corona
during low solar activity and establish its exobase density 10* cm~3and the apparent tem-
perature T > 600 K.

11 Phobos - Solar Wind Interactions

Phobos is one of two natural moons of Mars (Pitzold et al. 2024, this collection) orbiting
Mars at 9.4 x 10° km. Due to resonance between Mars Express and Phobos orbital periods,
the spacecraft approaches the moon down to distances of a few 10 s km on a regular base.
This feature opened exciting opportunities to study or, at least, search for any signatures of
the Phobos — solar wind interaction. The interaction of Phobos with the solar wind is similar
to the interaction with asteroids as the moon posseses no magnetic field, no atmosphere, and
the size of the body is between the typical electron and ion gyroradii. The lack of magnetic
field and atmosphere results in the direct impact of solar wind and Martian plasma onto
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Fig. 14 a) The second detection of Phobos-related signals by IMA. The measurements were taken on January
14, 2016, and the closest approach was at 15:59. The high counts between 1603 and onward are for the solar
wind. The white arrows show non-solar wind protons, likely coming from Phobos. b) The result of the fake
flyby on May 19, 2017 (no Phobos but the spacecraft followed the exactly same attitude profile as for the
Phobos fly-by in January 2016, where no non-solar-wind protons were detected (see text for details). Adapted
with permission from Futaana et al. (2021). Copyright by the American Geophysical Union

Phobos’ surface. The physics of plasma—surface interaction is assumed to be similar to the
Moon, as well as other celestial bodies covered by regolith (Mercury, asteroids) The hybrid
spatial scale implies that the structure of the plasma wake is controlled by kinetic physics.

The ASPERA-3 measurements during Phobos flybys (Witasse et al. 2014) indeed re-
vealed some features of the plasma—surface interaction which could be similar to the lunar
surface. The first detection of Phobos-related ion signals occurred in June 2008, when Mars
Express flew by Phobos with a closest approach distance of <100 km (Futaana et al. 2010).
Recently, we reported the second detection of protons during a flyby (Futaana et al. 2021).
Figure 14a shows the time series of the data observed during the flyby in January 2016. The
observed proton signatures were common for the two events; We could find proton compo-
nents with energies similar to the solar wind. These exhibited sporadic temporal variations
with a periodicity of ~3-5 min) (Futaana et al. 2010). During those flybys, the attitude of
Mars Express was optimized for Phobos imaging and the spacecraft attitude was not nom-
inal. To rule out the possibility that the signals attributed to Phobos come from solar wind
protons reflected from the spacecraft body, we performed three additional special operations
(fake flybys): Mars Express was maneuvered using the same attitude profile and solar-panel
control sequences, but the spacecraft was not near Phobos (Futaana et al. 2021). No signals
similar to the ones observed during nominal fly-bys were observed, proving that the protons
measured during the actual flybys were not produced by the spacecraft body.

Overall, we have made two possible detections of Phobos-related ions though there have
been observations for more than 20 flybys. Therefore, the detection probability is extremely
low. Following MEX findings MAVEN also looked for any signatures of the interaction in
its ion data but reported none (Deniau et al. 2022). The measurements and investigations
by the mass spectrum analyzer (MSA) on the Japanese MMX mission will hopefully finally
settle the dispute on how Phobos interacts with the plasma environment.

12 Do Induced Magnetospheres “Protect” Atmospheres?
One of the fundamental results of the ASPERA-3 experiment with implications extending

far beyond the Mars — solar wind interaction field was the reassessment of the role of intrin-
sic magnetic fields for the overall evolution of planetary atmospheres. The paradigm before
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Mars Express was based on the intuitive reasoning that the magnetospheres created by in-
trinsic magnetic fields form a protective magnetic bubble separating the ionosphere from the
direct electrodynamical interaction with the IMF and the solar wind. Non-magnetized plan-
ets like Mars and Venus lack the protecting shield of an intrinsic magnetic field and become
subjected to intense ion escape, that “blows” away the ionospheric ions. When ASPERA-3
measurements of the ion escape at Mars were complemented by the ASPERA-4 measure-
ments onboard Venus Express (Fedorov et al. 2011) at Venus (Barabash 2010) for the first
time questioned the paradigm. Surprisingly that it did not happen earlier. The first estimates
of the escape rate (~10% s~!) were available back in the 70’s (Vaisberg 1992). Phobos-2
escape rate measurements 2 x 10> s~ (Lundin et al. 1989) was even compared with the
terrestrial escape rate of 2 x 10?° s~ (Chappell et al. 1987). Kar (1990) also paid attention
that in the case of a magnetized Mars, the escape through the polar regions could contribute
significantly to the atmospheric loss processes.

The basic consideration is simple: to be lost ionospheric ions should gain energy exceed-
ing the escape energy of the central body, this energy comes from the solar wind kinetic
energy transferred to the ions. Therefore, the more total energy that is channeled down to
the ionosphere, the higher escape rate. The total energy that the central body can intercept
depends on the area of the interaction region and the efficiency of the energy transfer. The
interaction area for magnetospheres is far larger than the similar area for induced magneto-
spheres. The efficiency of the energy transfer is similar for all planets (see below) although
physical processes responsible for this may be different. The escape rate for magnetized
bodies becomes significantly higher than for non-magnetized objects.

Barabash (2010) noted that the normalized escape rate does not differ much between
Venus, Earth, and Mars. The normalized escape, Q’, is defined as:

__2
(P/Eesc)
where Q is the total escape rate (# particles/sec), E., the escape energy for the typical ion,

for example, OF, P is the total power available from the solar wind defined as the solar wind
energy flux over the interaction area, A,

Q/

P=pV3A

here p is the solar wind mass density and V' the velocity. The normalized escape rate can also
be referred to as the energy transfer efficiency. For typical numbers for three planets, Venus,
Earth, and Mars (Table 2), the normalized escape differs by just a factor, as do estimations
of the escape rate itself.

The escape rates were taken from Persson et al. (2019) for Venus, from Schillings et al.
(2019) for the Earth, and Ramstad et al. (2018a) for Mars, all under typical solar wind

Table2 Normalized escape rates

for Venus, Earth, and Mars Venus Earth Mars
Solar wind density, em™3 134 7.0 3.0
Solar wind velocity, km/s 430 430 430
Interaction areas, (Rg) 4.5 50.0 7.1
Escape energy (OT), eV 8.6 9.3 2.0
Escape rate, s ! 40x10%*  16x10%  30x 10
Normalized escape 19x1075 13x1075 3.0x107°
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Fig. 15 Time-averaged O+ outflows from Earth mapped in cylindrical coordinates, with analogous maps for
Venus and Mars inlaid on the same scale, contrasting the scale of the outflow and interaction area with the
solar wind (Earth’s magnetopause shown as dotted line) imposed by Earth’s intrinsic magnetic dipole field,
compared to the smaller induced magnetospheres of Venus and Mars. Red colors show high fluxes and blue
colors show low fluxes in all maps, though the absolute values differ. Adapted with permission from Nilsson
et al. (2012), Fedorov et al. (2011), and Ramstad et al. (2017a). Copyright by the American Geophysical
Union

dynamical pressures. The interaction area was estimated for Venus and Mars as the induced
magnetosphere cross sections at the terminator and for the Earth as a typical cusp area.
The normalized escape rates for all planets are similar. If Mars had had a magnetosphere
of the same relative (to R,) size as the Earth, the escape rate would have been a factor of
50/7 = 7 higher, not lower! Kallio and Barabash (2012) considered the case of a magnetized
Mars using a hybrid model and also noted that a weak magnetization indeed increases the
escape rate. Later, Sakata et al. (2020) addressed the same subject using a multispecies MHD
model. They reached the same conclusion: that weak magnetization (a dipole of 100 nT at
the equator) indeed increases the ion escape rate. Further increases in the dipole magnetic
field strength result in a decrease in the escape rate. The main challenge in modeling the
effect of magnetization lies in the incomplete representation of all energy transfer channels.
Therefore, the comparative magnetospheric approach remains the most promising tool to
investigate this subject.

The intrinsic magnetic field does not protect atmospheres but, by increasing the size of
the interaction region and intercepting more energy, increases the total escape rate. The size
does matter (Fig. 15).

Obviously, the escape cannot increase unconstrained with the size of the interaction re-
gion and at some point it will be limited by the matter supply from the ionosphere as in at
Mars. The latter is defined by the upward diffusion rate at the exobase and the rate of the
ionization processes.

The ideas above based on the ASPERA-3 measurements were further developed by Ram-
stad and Barabash (2021) and laid the foundation for several large-scale projects (Brain et al.
2023) to investigate the role of intrinsic fields in atmospheric evolution. It is fair to say that
Mars Express re-energized interest in the question on the role of the intrinsic field protecting
planetary magentospheres. We believe that it will eventually lead to the paradigm shift in
this field.

The question on the importance of the magnetic field for atmospheric loss is thus di-
rectly linked to the stability of atmospheres that in turn is crucial for our understanding the
habitability of other worlds.
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13 Main Scientific Results and New Science Questions

Mars Express, missing a magnetometer, was not fully equipped for solar wind interaction
studies. Nevertheless the ASPERA-3 experiment in coordination with other relevant instru-
ments onboard significantly advanced our understanding of how the near-Mars environment

works (Table 3).

MAVEN, a dedicated mission to study Martian aeronomy and the solar wind interac-
tion, brought the field to new frontiers but there are still a number of fundamental science
questions awaiting to be answered (Table 4). The field continues to be exciting!

Table 3 Mars Express and ASPERA-3 main scientific results

Scientific results. Mars Express

References

Established the ionospheric ion escape rate

Determined the empirical dependence of the escape rate on
the solar UV radiation flux and solar wind parameters over
a solar cycle

Determined the coupling efficiency of the ionospheric
outflow with the upstream solar wind and its dependence
on upstream solar wind and solar EUV conditions

Investigated effects of SEP, ICME (pressure pulses),
extreme solar wind on the escape rate

Characterized the plasma environment above Martian
magnetic anomalies and their role for the ion escape

Established the total ion loss over the 4.5 Gy and showed
that this channel alone cannot explain the significant
atmospheric loss

Established variability of the bow shock position over a
solar cycle

Characterized the ENA environment at Mars and
established its main morphological features

Discovered low frequency (<0.1 Hz) variations of the ion,
electron, and ENA fluxes

Measured for the first time ionospheric photoelectrons and
showed that they can be used to trace ionospheric plasma

Found ion populations that could have been attributed to
the solar wind protons reflected from Phobos

Confirmed that significant amount > 30% of the Martian
helium originates from the solar wind alpha particles

Investigated and quantitatively characterized the
magnetospheath proton precipitation onto upper
atmosphere

Investigated sounder-accelerated ions (SAI) under weak
magnetic field (first ever active experiments at another
planet) and explain the physical mechanism of the process
Found inverted “V” electron distributions and established
mechanisms of the Martian discrete auroras

Barabash et al. (2007), Nilsson et al. (2010,
2023).

Lundin et al. (2013), Ramstad et al. (2015,
2018a);

Ramstad et al. (2017a)

Lundin et al. (2008b), Edberg et al. (2010),
Wei et al. (2012), Ramstad et al. (2013, 2017b,
2018b), Futaana et al. (2008).

Lundin et al. (2006a,c), Nilsson et al. (2006),
Dubinin et al. (2009), Wang et al. (2014),
Ramstad et al. (2016), Nilsson et al. (2011).

Ramstad et al. (2017b, 2018b);

Hall et al. (2019)

Galli et al. (2006a, 2008), Futaana et al.
(2006a,b,c), Gunell et al. (2006a), Brinkfeldt
et al. (2006), Mura et al. (2008), Wang et al.
(2013, 2016).

Grigoriev et al. (2006), Winningham et al.
(2006), Dubinin and Fraenz (2016).

Frahm et al. (2006), Liemohn et al. (2006).
Futaana et al. (2010, 2021).

Stenberg et al. (2011), Shematovich et al.
(2013).

Dieval et al. (2013a,b), Shematovich et al.
(2011).

Voshchepynets et al. (2018, 2019), Barabash
etal. (2019).

Lundin et al. (2006a,c), Dubinin et al. (2009).
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Table 4 Science questions to be addressed by future missions

Overarching science
objectives

Science question

Instrument and mission
requirements

Planetology: planetary atmospheres, interior (He balance problem)

To study the atmospheric
evolution over
planetological time scale

To investigate properties of
induced magnetospheres in
the past or at other stars
(magnetospheres of
exoplanets)

Space plasma physics

To further investigate
properties of induced
magnetospheres. To
investigate and understand
short-tem (down to sec)
variability of the
magnetospheric
configurations and escape
rates

To study magnetosphere —
ionosphere interaction and
to establish the fundamental
acceleration process. To
characterize the ionosphere
as a reservoir of escaping
ions

To determine the limiting
amount of energy available
for processes such as
escape and heating

What are the ion escape rates of other
light planetary ions such as HT, Het,
Ct, and N*t?2

What are the ion escape rates of
molecular ions such as NOT, N+,
cot, coi?

What is the role of the atmospheric
sputtering on the escape of neutral gases
from the Martina atmosphere?

How does the atmospheric sputtering
depend on the external conditions?

What is the escape rate of neutral
originating from dissociative
recombination?

How does the near-Mars environment
respond to extreme solar wind and solar
conditions?

What is the global instantaneous
distribution of the escaping planetary
ions? What is the instantaneous
ionosphere escape rate?

What are the dynamical properties of
the Martian induced magnetosphere as a
single system? What is the response
time of the system to changes in
upstream conditions?

What are the spatial and temporal scales
of plasma in the system

How do ionospheric ions gain the initial
a few eV energy and are extracted from
the ionosphere? (“The first “2-eV
problem”)

How large is the rate of ion supply from
low altitudes and what drives the supply
rate?

What is the total electrodynamic energy
budget of the solar wind-induced
magnetosphere-ionosphere system?

Innovative measurement
techniques and combination of
high sensitivity with high
mass-resolution

Direct measurements of
neutral atoms (< few eV
energy) simultaneously with
the monitoring of the upstream
conditions and heavy ion flux

Very long duration (> 2 solar
cycles) monitoring missions
with plasma and field
instruments

Global ENA and FUV imaging
of the escaping planetary ions

Simultaneous plasma and field
measurements inside and
hydrogen ENA measurements
outside the magnetosphere
with high time resolution and
monitoring of the upstream
parameter with a dedicated
spacecraft.

Multi-point measurements of
plasma and fields

Low energy (down to 0.1 eV)
ion measurements
simultaneously with the
spacecraft potential
measurements / control down
to the exobase

Measurements of AC and DC
electric field vectors, as well as
instantaneous electric currents
using multi-spacecraft
missions
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Table 4 (Continued)

Overarching science
objectives

Science question

Instrument and mission
requirements

To study and understand the
plasma physics of the
magnetic anomalies

To study Martian aurorae

How do magnetic anomalies interact
with the ambient plasma and cause the
Martian discrete aurora?

What is the role of magnetic anomalies
in the ionopsheric ion acceleration and
escape (“the first 2-eV problem”)?

What is variability (typical time scale)
of various forms of Martian aurorae?
Is variability driven by external
(upstream) or internal (instabilities)
drivers?

Comparative planetology: asteroids and airless bodies

To understand long-term
impact of the solar wind
and ionospheric plasma on
the Phobos’ regolith

How do Phobos/Deimos interact with
the solar wind and ionospheric plasma?
How does regolith interact with
impinging ions?

High time resolution plasma,
fields, and wave measurements
at low attitude.
Multi-spacecraft missions

Dedicated mission equipped
with visible, UV, FUV imagers
and particle instruments

Measurements of the plasma
environment and fields at
distances down to 10 — 20 km
under slow relative velocities,

properties. < 100 m/s.
To establish physics of the
asteroid — solar wind

interactions
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