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Abstract We report on observations made by the Mars Atmosphere and Volatile EvolutioN spacecraft

at Mars, in the region of the ion plume. We observe that in some cases, when the number density of oxygen
ions is comparable to the density of the solar wind protons interaction between both plasmas leads to

formation in the magnetosheath of mini induced magnetospheres possessing all typical features of induced
magnetospheres typically observed at Mars or Venus: a pileup of the magnetic field at the head of the ion cloud,
magnetospheric cavity, partially void of solar wind protons, draping of the interplanetary magnetic field around
the mini obstacle, formation of a magnetic tail with a current sheet, in which protons are accelerated by the
magnetic field tensions. These new observations may shed a light on the mechanism of formation of induced
magnetospheres.

Plain Language Summary There is a class of the induced planetary magnetospheres when the
absence of intrinsic magnetic field allows a direct interaction of solar wind with planetary atmospheres/
ionospheres. We have shown the existence of mini-induced magnetospheres at Mars. When the density of
the extracted from the ionosphere oxygen ions becomes comparable with the proton density in solar wind
mini-induced magnetospheres with all typical features of the planetary induced magnetospheres arise.

1. Introduction

The absence of a global magnetic field at Mars leads to a nearly direct interaction of solar wind with the iono-
sphere and to the formation of an induced magnetosphere where the interplanetary magnetic field (IMF) drapes
around the ionospheric obstacle. On the other hand, existence of strong localized crustal magnetic fields (Acuna
et al., 1999; Connerney et al., 2005) adds features typical for planets with a global intrinsic magnetic field. As
a result, the Martian magnetosphere contains elements of induced and intrinsic origin (see e.g., Brain, 2021; E.
Dubinin et al., 2011, 2020; Halekas et al., 2021; Nagy et al., 2004). There are many planets, satellites and comets
possessing induced magnetospheres—Venus (Luhmann, 1995; Russell and Vaisberg, 1983), Titan (Bertucci
et al., 2008; Ness et al., 1982), Pluto (McComas et al., 2016), comets (Gombosi, 2015; Nilsson et al., 2021).
Artificial induced magnetospheres were even created in plasma laboratories and in space (Haerendel et al., 1986;
Podgorny et al., 1979). In induced magnetospheres solar wind dynamic pressure is converted to magnetic pres-
sure by compressing the IMF which drapes around the ionospheric obstacle. The compressed field forms a
magnetic barrier and a magnetospheric cavity almost void of solar wind. The draped IMF lines in the wake form
a long magnetic tail on the night side (E. Dubinin and Fraenz, 2015). The well-organized structure of the induced
magnetic tail consists of two lobes with oppositely directed magnetic field lines, separated by a plasma sheet.
Draping of the IMF lines around Mars is asymmetric with respect to the direction of the motional electric field
with a shift of the position of the upstream magnetic field pileup toward the -V x B side (E* hemisphere) (E.
Dubinin et al., 2019; Modolo et al., 2016). An important feature of the induced magnetosphere at Mars is the
extraction of the ionospheric oxygen ions in the E* hemisphere where the motional electric field =V, x B points
outward from the planet. The energy of extracted ions increases with distance from Mars (E. Dubinin, Lundin,
et al., 2006) and they form an ion plume that is one of escape channels for ion loss (Dong et al., 2015). The
incursion of oxygen ions into the Martian magnetosheath and undisturbed solar wind lead to a direct interaction
of both plasmas.

In this study we analyzed several cases of such an interaction between plume ions and shocked solar wind in
the Martian magnetosheath. The observations were made by the Mars Atmosphere and Volatile EvolutioN
(MAVEN) spacecraft in the ion plume. MAVEN arrived at Mars in September 2014 to study the processes in the
upper atmosphere/ionosphere and its interaction with the solar wind (Jakosky et al., 2015) and was inserted into
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Figure 1. Particle and field data from Mars Atmosphere and Volatile EvolutioN measurements on two orbits. From top to bottom: spectrograms of differential energy
fluxes of protons, oxygen ions (O* and OF); number density of protons (black curves) and oxygen ions (red curves); the magnetic field magnitude (black curve) and the

speed of protons (red curves);

B,-component of the magnetic field.

an elliptical orbit with periapsis and apoapsis of 150 and 6,200 km, respectively, and with a period of 4.5 hr. In
this paper, we discuss observations made by the magnetometer (Connerney et al., 2015) and the Supra-Thermal
And Thermal Ion Composition (STATIC) instrument (McFadden et al., 2015). The STATIC measurements allow
aretrieval of the velocity distribution functions of H*, He**, O*, O; ,C O; ions. From this time series we calculate
density, velocity, thermal pressure and temperature for the different sorts of ions (Fraenz et al., 2006). Because
of angular coverage limitations of the STATIC sensor, we only estimate the three diagonal terms of tensor of ion
pressure and calculate pressure as P = ZP,/3.

We find that when the local density of the extracted oxygen ions is comparable or even exceeds the local solar
wind proton number density features typical for global induced magnetospheres can be observed around the local
oxygen clouds.

2. Observations

Figure 1 shows examples of MAVEN particle and field data from the measurements made in the region of the ion
plume. Upper panels (a) and (al) depict the spectrograms of the proton fluxes. MAVEN is moving in the magne-
tosheath approaching the magnetosphere boundary clearly identified from a drop of the proton fluxes. Panels (b)
and (bl) present the energy differential fluxes of oxygen (O and O;) ions. lons in the plume extracted from the
Martian ionosphere and gaining energy in the motional electric field are clearly seen. What sets the observation
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Figure 2. (upper panels) (right) Three components of the proton velocity and the total speed; three components of the magnetic field and the total value; the magnetic
field pressure (green), thermal pressure of protons (black) and thermal pressure of oxygen ions (red) across the current sheet in the mini induced magnetosphere. (left)
projections of the field vectors (black), vectors of the proton velocity (red) and oxygen ions (blue) onto XY-Mars Solar Orbital plane. Lower row shows the examples of

the distribution functions of oxygen ions.

apart from a typical ion plume is a sudden appearance of ion fluxes with a broad energy distribution. The oxygen
ion density in these narrow plasma streams/clouds (red curves in panels ¢ and c1) strongly increases reaching the
density of the shocked solar wind protons (black curves in panels ¢ and c1). The impinging of the proton flow
with the oxygen cloud is accompanied by strong variations in the magnetic field and the proton speed (panels d
and d1). In the event on 28 November 2015, the magnetic field strength increases while on 27 December 2015 it
sharply decreases. In contrast, the proton bulk speed in these events decreases (increases). The B, component of
the magnetic field in both cases changes sign (panels e and el) pointing to a draping of the magnetic field lines
around the oxygen ion cloud/stream. This is reminiscent of the behavior of particles and fields when an induced
magnetosphere is formed. The crossing by MAVEN of such a mini induced magnetosphere on 28 November
corresponds to a typical crossing at the dayside with a pileup of the magnetic field. The data obtained on 27
December well match to a typical crossing in the tail where a plasma jet is formed under action of the magnetic
field stresses.

The upper left panel in Figure 2 shows the projections of the magnetic field (black arrows) onto the XY-Mars
Solar Orbital plane during crossing of the ion stream/cloud on 27 December. Red arrows present the projections
of the proton velocity. Blue arrows on a shifted trajectory depict the projections of the velocity of O* ions. Drap-
ing of the IMF around the oxygen stream/cloud and proton acceleration in the settled current sheet are observed.
We also observe a slight deflection of the magnetosheath plasma around this small obstacle. In contrast, oxygen
ions flow into the formed mini-magnetosphere. The lower row shows examples of the projections of the distribu-
tion function of oxygen ions in the ion plume and in the oxygen cloud. It is observed that ions in the cloud have a
trend of streaming in the same direction with ions in the plume and the magnetosheath flow although with lower
velocities. The upper right panel depicts from top to bottom the proton velocity components and its total value,
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Figure 3. Same as for Figure 1. The bottom panels show the magnetic field pressure (green), thermal pressure of protons (black), thermal pressure of oxygen ions (red)
and the dynamic shocked solar wind pressure in the reference frame of the oxygen cloud.

the components of the magnetic field and different pressure terms (thermal pressure was estimated as an average
of three diagonal terms in pressure tensor). The gain in proton speed in the current sheet is about ~120 km/s
which might be compared with the Alfven speed (~160 km/s) in the magnetosheath plasma. A balance between
the magnetic pressure and the thermal pressure of oxygen ions observed at ~05:00 UT indicates a dynamic equi-
librium. It is worth noting that the dynamic pressure of the proton flow in the reference frame of the ion cloud
is small.

Figure 3a shows a more complicated case when we observe three oxygen streams/clouds in the magnetosheath
and in the adjacent boundary layer. In the event, at ~10:34 the proton speed increases although the spacecraft
does not completely cross the current sheet. In the event centered at ~10:43 the proton velocity and the proton
number density decrease. This indicates entry to the head part of the mini induced magnetosphere. The third
event occurs very close to the boundary of the Martian magnetosphere (~10:52:30). The crossing is defined
by a sharp reversal of the magnetic field, but without a noticeable change in the proton speed. Note, that the
number density of oxygen ions in this case is about 40 times higher than the density of protons. Figure 3b
depicts an example with a more pronounced cavity (at ~23:47) for the streaming shocked solar wind crossing
the mini induced magnetosphere. The proton density in the sheath drops almost by factor eight and the oxygen
ions completely dominate the plasma. The drop is accompanied by a sharp decrease in the proton speed and a
narrow jump of the magnetic field strength B, that can be interpreted as a magnetic barrier in front of the proton
cavity. The bottom panels in Figure 3 show the pressure terms. For events observed on March 15 the solar wind
protons and oxygen ions move with approximately the same speed and therefore in the reference frame of the
oxygen cloud the dynamic pressure of the sheath plasma is small. A pressure balance in the event at ~10:43 is
ensured between the magnetic pressure B%/8x and the thermal pressure of the ion oxygen cloud nkT,. On 12 April,
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contribution of the dynamic pressure becomes important and the pressure
balance is achieved in two steps: pAV? ~ B%/87 ~ nkT,.

We have found about 20 similar structures in 4 years of observations by
the MAVEN spacecraft. Figure 4 shows their positions in cylindrical coor-
dinates. Mini induced magnetospheres were detected in the sheath, usually
rather close to the nominal position of the induced magnetospheric boundary.
Note that during events inside the nominal position the real boundary was
observed at lower altitudes.

3. Discussion and Conclusions

Figure 4. Location of mini induced magnetospheres in cylindrical

coordinates. Nominal positions of the bow shock and the induced
magnetosphere boundary (Dubinin, Fraenz, et al., 2006; Vignes et al., 2000)

are also shown.

SOLAR riIND

3.1. Size and Shape of Induced Mini-Magnetosphere

The size of the induced mini-magnetospheres can be roughly estimated from
the time interval of the crossing and the ion oxygen velocity which is usually
higher than the spacecraft speed. The size varies from several hundreds
to several thousand km. It is not clear whether such structures are detached from the ionosphere or attached.
Figure 5 shows two sketches of the Martian space with a planetary magnetosphere with embedded mini intrinsic
magnetospheres generated by the existence of crustal magnetic fields and mini induced magnetospheres during
strong oxygen ion injection into the ion plume in the magnetosheath. In one case, the mini magnetospheres are
detached structures while in another case, mini magnetospheres are formed around moving and folding plasma
rays resembling plasma clumps in the Active Magnetospheric Particle Tracer Explorer Ba release (Valenzuela
etal., 1986) or ray structures at comets (Bonev & Jokers, 1994; Sauer & Dubinin, 1999). Extension of the draping
field lines in the region of ion plume to the nightside of the Martian magnetosphere will produce extra structures
in the tail lobes and the current sheet.

3.2. Pressure Balance and Forces

We observe different pressure balance processes on the dayside of the mini induced magnetospheres. In some
cases shocked solar wind and the ion stream/cloud move with approximately the same speed and in such
quasi-static configurations the thermal pressure in the ion stream is balanced by increased magnetic pressure.
In other cases protons move much faster and the dynamic pressure exerted on the ion stream is balanced by
pressure of the piled up magnetic field which in turn is balanced by the thermal plasma pressure in ion streams.
Forces playing in such interaction depend on the relative values of the spatial scale § of the field enhancement

a) b)

oC¥
ION PLUME son &

iMagn, 2tosphere

INDUCED MAGNETOSPHERIC
ATH BOUNDARY

Figure 5. Sketches of the Martian space containing a global magnetosphere and mini intrinsic and mini induced magnetospheres.
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in the magnetic barrier and the ion skin length ¢/Q.. The ion skin length is typically 100-300 km. It is more
difficult to estimate the characteristic scale because the different elements of clouds move with different veloc-
ities (see e.g., Figure 2). In some events, as for example, in 12 April 2017 it can vary from ~200-1,000 km
and therefore might be comparable to the ion skin length (100-150 km). For such cases the real force which
decelerates and deflects the impinging shocked solar wind protons is the Hall electric field directed outward
from the barrier, perpendicular to the magnetic field, and balancing the dynamic pressure. The drift of elec-
trons in EXB fields generates a current responsible for pileup of the magnetic field. At the boundary between
the piled up magnetic field and ion cloud the Hall electric field is pointed in the opposite, inward direction
and balances the gradient of the thermal pressure in ion stream. For the events when § > ¢/Q,, the current is
maintained by the diamagnetic drift of ions. For accurate determination of the characteristic scale we have to
distinguish the spatial and temporal variations. It can be done, for example, in the future ESCAPADE project
with two spacecraft.

3.3. Ion Composition Boundary

An interesting feature is that mini-magnetospheres are formed when the ion density in the streams/clouds reaches
the density of the flowing protons in the shocked solar wind. This again raises the question about the role of the
ion composition boundary (ICB) in formation of induced magnetospheres. This term was introduced in Breus
et al. (1991), Sauer and Dubinin (2000), and Sauer et al. (1994, 1995) to describe the boundary of the Martian
magnetosphere. Halekas et al. (2018) have found that the compositional transition at Mars on average lies at or
below the altitude where pressure balance between shocked solar wind and the magnetic barrier is maintained,
and is not sensitive to variations in solar zenith angle and solar wind parameters. The existence of such a bound-
ary might be related to the Lorentz force ~n,n,/n(V, — V,) X B in the momentum equation for protons in the
multi-ion fluid magnetohydrodynamics equations (Chapman & Dunlop, 1986; E. Dubinin et al., 2011; Harold &
Hassam, 1994; Halekas et al., 2018; Sauer et al., 1994) which describes the mass-loading process. For n, < n,
this force is small while at n, ~ n, the force can strongly deflect the proton flow. Another alternative is that the
ICB corresponds to a critical point in plasma consisting of several ion species. At this point a regular plasma flow
is broken and a new flow configuration can be formed (E. M. Dubinin, Sauer, & McKenzie, 2006). In any case,
the existence of the ICB might be a general feature of the formation of induced magnetospheres and requires
further analysis.

In conclusion, it is shown that during the enhanced oxygen ion extraction from the Martian ionosphere into the
ion plume in the magnetosheath, interaction of the shocked solar wind with localized ionospheric plasmas leads
to formation of mini induced magnetospheres. These mini magnetospheres have all characteristic properties of
planetary induced magnetospheres (draping of the IMF around mini obstacles, magnetic barrier, magnetospheric
cavity for solar wind protons, tail with a current sheet).

Data Availability Statement

MAVEN data are publicly available through the Planetary Plasma Interactions Node of the Planetary Data System
(https://pds-ppi.igpp.ucla.edu/mission/MAVEN/MAVEN/MAG) and (https://pds-ppi.igpp.ucla.edu/mission/
MAVEN/MAVEN/STATIC).
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