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Plasma clouds and snowplows: Bulk plasma escape
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J. E. P. Connerney, Y. Harada®, T. Hara?, J. R. Espley®, G.A. DiBraccio®, and B. M. Jakosky?

'Department of Physics and Astronomy, University of lowa, lowa City, lowa, USA, *Laboratory for Atmospheric and Space
Physics, University of Colorado Boulder, Boulder, Colorado, USA, 3Space Sciences Laboratory, University of California,
Berkeley, California, USA, 4L'Institut de Recherche en Astrophysique et Planétologie, Toulouse, France, >NASA Goddard
Space Flight Center, Greenbelt, Maryland, USA

Abstract we present initial Mars Atmosphere and Volatile EvolutioN (MAVEN) observations and
preliminary interpretation of bulk plasma loss from Mars. MAVEN particle and field measurements show
that planetary heavy ions derived from the Martian atmosphere can escape in the form of discrete coherent
structures or “clouds.” The ions in these clouds are unmagnetized or weakly magnetized, have velocities well
above the escape speed, and lie directly downstream from magnetic field amplifications, suggesting a
“snowplow” effect. This postulated escape process, similar to that successfully used to explain the dynamics
of active gas releases in the solar wind and terrestrial magnetosheath, relies on momentum transfer from the
shocked solar wind protons to the planetary heavy ions, with the electrons and magnetic field acting as
intermediaries. Fluxes of planetary ions on the order of 10 ecm™ 257" can escape by this process, and if it
operates regularly, it could contribute 10-20% of the current ion escape from Mars.

1. Introduction and Context

Though superficially similar to the Earth’s magnetosphere, the Martian magnetosphere operates in a funda-
mentally different manner, with planetary plasma forming the primary obstacle to the solar wind [Nagy et al.,
2004]. As a result, the structure of the magnetosphere differ from the terrestrial case, with the magnetopause
replaced by an induced magnetospheric boundary (IMB) that forms the interface between plasma of solar
wind and planetary origin, as shown by Phobos 2 and Mars Express [Lundin et al., 1990; Rosenbauer et al.,
1989; Sauer et al., 1994; Dubinin et al., 2008]. The Martian magnetosphere fundamentally depends on mass
loading [Szego et al., 2000] in a manner unlike the Earth, and in many ways more like comets. Despite these
contrasts, many plasma processes with terrestrial analogues operate at Mars, including the formation of a
magnetotail and plasma sheet [Fedorov et al., 2006; Harada et al., 2015; DiBraccio et al., 2015], reconnection
[Eastwood et al., 2008; Dubinin et al., 2008] and flux rope generation [Brain et al., 2010; Hara et al., 2015],
and low-frequency fluctuations [Espley et al., 2004; Winningham et al., 2006], some of which may arise from
shear-driven instabilities [Penz et al., 2004; Gunell et al., 2008; Gurnett et al., 2010]. These diverse processes
can all facilitate the escape of planetary ions from Mars [Dubinin et al., 2011].

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission, designed to understand the escape of atmo-
spheric gases from Mars [Jakosky et al., 2015], arrived at Mars in September 2014. Since then, MAVEN has
made progress on characterizing the net escape rate of ions with energies > 25 eV [Brain et al., 2015]. A sig-
nificant fraction of this escape takes place through a pickup ion “plume”; however, a larger fraction escapes
down the tail and around the flanks [Dong et al., 2015]. Though MAVEN has measured the total rate, it has not
yet evaluated all the escape channels, and it has not characterized the lowest-energy component of the
ion escape.

Bulk plasma loss—or escape of planetary plasma in the form of coherent structures—constitutes one escape
channel postulated to occur at Mars, based primarily on the analogy to Venus, where Pioneer Venus Orbiter
observed detached plasma clouds, seemingly separated from the main ionosphere [Brace et al., 1982; Russell
et al., 1982]. Observations showing large-amplitude structures in and near the ionosphere [Gurnett et al.,
2010; Halekas et al., 2011] and apparently detached features in ionospheric density profiles [Dubinin et al.,
20117 suggest that such bulk plasma escape processes also occur at Mars. In this paper, we present the first
preliminary observations and interpretation of bulk plasma loss at Mars from MAVEN.
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2, Bulk Plasma Loss Observed by MAVEN

MAVEN’s comprehensive plasma instrumentation and its inclined elliptical orbit, which precesses rapidly
and samples different portions of the Martian environment, make it ideal for observing ion escape pro-
cesses throughout the magnetosphere [Jakosky et al., 2015]. In July 2015 MAVEN’s orbit lay near the
dawn-dusk plane, allowing it to cut across the IMB at the flank, perpendicular to the solar wind flow. We
present magnetic field and charged particle observations from Magnetometer [Connerney et al., 2015],
Solar Wind Electron Analyzer (SWEA), Solar Wind lon Analyzer [Halekas et al., 2013], and Suprathermal
and Thermal lon Composition (STATIC) [McFadden et al., 2014] during the inbound portion of one such
orbit in Figure 1, which shows an interval containing the transition from the magnetosheath into the iono-
sphere. In the sheath, the magnetic field pointed in the —X/+Y/+Z direction, consistent with the draping
pattern expected for an interplanetary magnetic field (IMF) orientation in the +Y/+Z quadrant in Mars
Solar Orbital (MSO) coordinates. Given this IMF direction and antisunward (—X) flow, MAVEN's location
in the +Y/—Z quadrant places it in the hemisphere where the motional electric field E.= — v X B points into
the magnetosphere (the —Z hemisphere in Mars Solar Electric (MSE) coordinates). A pickup ion plume on
the outbound side of the orbit (not shown) supports this inference for the location of the observation.
During the interval in Figure 1, B, reverses, indicating that MAVEN crosses the induced current sheet
(the MSE X-Z plane). Straddling this reversal, we observe several coherent structures in the magnetic field,
and during the same time interval we find sheath protons interspersed with discrete bunches of heavy
ions, and several sharp enhancements in electron flux.

It is highly tempting to interpret these structures as flux ropes or plasmoids containing escaping planetary
plasma, as previously reported by Mars Global Surveyor (MGS) and MAVEN [e.g., Eastwood et al., 2008;
Brain et al., 2010; Hara et al., 2015]. However, though the magnetic field does show evidence of some twisting,
the time sequence of events in Figure 1 strongly disfavors this interpretation. The enhancements in planetary
plasma density precede the magnetic field structures (dashed vertical lines on the figure mark their leading
edge), and, in fact, we only observe small fluxes of planetary ions at the times of peak magnetic field ampli-
fication. Furthermore, though they have some bipolar components, the magnetic structures do not have the
polarization signature expected for a force-free flux rope.

The directed and thermal pressures of the ions help clarify their nature. In the sheath, the shocked solar wind
protons have much higher directed (dynamic) pressure, consistent with the supersonic flow typically seen in
the flank magnetosheath. The interspersed heavy ion populations consist of nearly even admixtures of
atomic and molecular oxygen ions, with comparable directed and thermal pressures, and energies from a
few eV to a few hundred eV. The two species have approximately equal energies, suggesting acceleration
through an electrostatic potential. Finally, a distinct high-energy ~10keV O* population originates from
pickup in the distant corona [Dong et al., 2015].

In steady state, the momentum flux, which we can write for an isotropic plasma in the form
p U(U ﬁ) +pn — [B(fo'ﬁ) - %ﬁ] (0, p, U, and B represent mass density, thermal pressure, flow velocity,
and magnetic field), should be continuous across any boundary. We plot the dynamic, thermal,
and normal magnetic pressure components in Figure 1. For the boundary normal n, we use a value
of [-0.94,-0.35, 0.02], estimated by performing minimum variance across the first discontinuity at
14:55 UT (the result does not change significantly for any normal direction pointing primarily along
+X). Intriguingly, the electron and normal magnetic pressure so derived both maximize at the inter-
faces between the sheath protons and the planetary ions, with the total rising almost up to the total
heavy ion pressure at the other side of the interface (if we could account for curvature forces, they
might balance more closely) suggesting a mechanism whereby the momentum of the sheath protons
is transferred to the heavy ions using the electrons and/or magnetic fields as intermediaries. We will
discuss this scenario further below. The total momentum flux changes with time, implying an episodic
rather than steady state process. Consistent with this inference, the heavy ion populations evolve
within each discrete event and also along the orbit. Closer to the planet, we observe a repeating pat-
tern, with a dispersion feature (higher energies, then lower), and then a high flux population directly
preceding each magnetic amplification. Farther from the planet, we find higher ion energies, implying
greater acceleration.
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Figure 1. MAVEN observations along an inbound orbit segment, transitioning from the Martian magnetosheath to the
magnetosphere. The eight time series panels show magnetic field components, electron energy spectra, total ion
spectra, proton, 0", and 02+ spectra, ion thermal (dashed) and dynamic (solid) pressure components, and the total
pressures associated with protons, heavy ions, electrons, and the transverse magnetic field. All energy spectra have units
of eV/(eVcm?sst). In calculating electron pressures, we corrected for the effects of spacecraft potential and photo-
electrons (visible at energies below ~10 eV at times with sheath plasma present). The magnetic field pressure includes
the normal component but not the tension component due to curvature. The two panels at the bottom show projec-
tions of the orbit, with the magnetic field in-plane direction and magnitude indicated by individual whiskers, and the
out-of-plane component indicated by color (red = out of plane, green =in plane, and blue = into plane). A, B, C, and D
indicate the times when MAVEN measured the distribution functions shown in Figure 2. Vertical dashed lines mark the
current sheet at the leading edge of the magnetic field amplifications. All vector quantities utilize Mars Solar Orbital
(MSO) coordinates.

Figure 2 shows charged particle distributions from STATIC and SWEA. In the sheath, at time “A,” the protons
have a tailward and outward directed (—X/+Y) flow on the order of 300 km/s, consistent with the expected
deflected flow of shocked protons of solar wind origin. The electrons observed at the same time have a high
temperature, with higher parallel than perpendicular components, typical for the flank magnetosheath.

At the leading edge of one of the magnetic amplifications, at time “B,” the main proton component remains but
diminished in flux (note different color scales), implying that some protons have been reflected or deflected
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Figure 2. Cuts through 3-D velocity distributions in the X-Y MSO plane for protons, electrons, and atomic oxygen ions at times A, B, C, and D (we omit an o* distribu-
tion at time A due to the lack of any appreciable flux at the velocities shown). The lowest energy for electrons is chosen to exclude spacecraft photoelectrons. Arrows
in each panel show the projection of the measured magnetic field to this plane. Note the different color scales for each H™ distribution.

around the structure, and a separate proton component with an inward velocity in the —X/—Y direction appears,
traveling roughly perpendicular to the magnetic field. This second population could consist of solar wind or pla-
netary hydrogen. The electrons have a higher density (indicating compression) but lower temperature, possibly
indicating a component of ionospheric photoelectrons, and retain some anisotropy. The oxygen ions have a
directed flow of ~30 km/s in roughly the same direction as the original sheath protons, together with a second
component with comparable flow speed and a flow direction similar to the second proton component.

Just after the magnetic amplification, at time “C,” the proton distribution shows a further reduction in flux (note
different color scales), with multiple overlapping components similar to those at time B, but with a less distinct
separation. The electrons have a higher temperature and lower density, and some indication of an anti-field-
aligned component. The oxygen ions have only a single low-energy component, with a direction similar to that
of the original sheath protons. Intriguingly, this feature shows some indication of broadening along the flow
direction, suggesting a range of O" ions with the same flow direction, but different flow speeds.

At time “D,” at the leading edge of the next magnetic amplification, the proton flux diminishes still further, with simi-
lar velocity components to the previous two times. The electrons have a lower temperature, show evidence of com-
pression, and have a large field-aligned component. The oxygen ions at this time have an even greater spread in
velocities, all flowing in the same direction as the original sheath flow but with a wide range in flow speed.
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We note that the large differences in flow speed between the sheath plasma and the heavy ions appear
inconsistent with mature Kelvin-Helmholtz vortices [Penz et al., 2004] (which should accelerate some iono-
spheric plasma up to speeds comparable to the sheath flow). However, shear instabilities could play a role
in developing the initial structuring of the topside ionosphere that likely precedes the formation of the struc-
tures we describe here and may be responsible for the twisting of the magnetic field that we see in some of
the structures. The flow speed of the heavy ions (much greater than escape velocity) strongly suggests that
these structures will escape the planet, though it does not prove their detachment. It also indicates that
unless the structures themselves stand in the flow while their constituents move downstream (unlikely given
the widely varying ion velocities), MAVEN encounters these structures as they convect over the spacecraft.
This suggests that the heavy ion dispersion signatures that precede the peaks in heavy ion flux, which in turn
directly precede the compressed electrons and magnetic amplifications, may represent at least in part the
spatial evolution of a structure (with the spacecraft effectively moving from the downstream to upstream
side as the structure convects over it) rather than solely temporal variability or lateral inhomogeneity.

To understand the observations presented in the preceding section, we need to consider how the magnetized
sheath flow will interact with an obstacle consisting of unmagnetized or weakly magnetized ionospheric plasma.
A likely interpretation stems from the lithium and barium releases performed by the Active Magnetospheric
Particle Tracer Explorers (AMPTE) in the solar wind and magnetosheath, which produced a physical scenario in
many ways similar to that encountered here and to that seen in ionospheric plasma clouds at Venus.

3. Snowplow Mechanism for Bulk Plasma Acceleration

The AMPTE releases of unmagnetized material resulted in the formation of an initial diamagnetic cavity,
which external plasma and fields could not penetrate [Gurnett et al., 1985]. Upstream from this cavity, the
magnetic field became compressed, with a narrow region of overlap between compressed magnetic field
and heavy ions [Gurnett et al.,, 1985]. As elucidated by Haerendel et al. [1986], at a microscopic level, this
resulted from the differential motion of electrons (magnetized) and ions (unmagnetized) at the boundary
of the heavy ion plasma, which produced a polarization electric field and resulted in a shielding current dri-
ven by the drifts of the electrons. This shielding current canceled out the magnetic field in the cavity and pro-
duced the amplified fields upstream.

Figure 3 shows a proposed scenario for how such a process might operate at Mars. Given an unmagnetized or
weakly magnetized ionosphere, if inhomogeneities initially form in the topside ionosphere or at the IMB (pos-
sibly due to shear instabilities), and if the planetary ions have energies >1eV (quite commonly observed at
higher altitudes), such incipient structures can easily have scale sizes not dramatically larger than the gyroradii
of the planetary ions in the sheath field (=100 km). In this case, initially unmagnetized heavy ions will try to pro-
pagate freely outward into the sheath. However, electrons will remain strongly magnetized, gyrating around the
field at the boundary between sheath and planetary plasma. This will produce a polarization electric field Ep to
maintain quasi-neutrality, leading to the formation of a shielding current Js. This current will keep the magnetic
field in the planetary plasma weak and steepen and compress it at the upstream boundary to form a so-called
“snowplow,” leading to draping of the sheath magnetic field around the planetary plasma [Haerendel et al.,
1986]. As described by Szego et al. [2000], in the upstream region the magnetic normal pressure and tension
forces should balance, but downstream they will add to produce a downstream directed force on the planetary
plasma. Note that this implies that the magnetic pressure shown in Figure 1 constitutes a lower limit to the mag-
netic forces on the planetary ions, with the tension forces more important for smaller lateral scale sizes.

The cartoon in Figure 3 describes the hypothesized initial stages of the interaction between the magnetized
sheath plasma and the planetary plasma. At later stages, the snowplow would propagate through the heavy
ions, accelerating them downstream. Haerendel et al. [1986] gives a first-order expression for the snowplow
speed of v5p~ZBmax/\/m, which for the MAVEN observations works out to ~20-40 km/s, comparable
to the speed of the heavy ions we observe in the discrete bunches of heavy ions, but much slower than
the sheath proton flow speed of ~350 km/s.

In addition to the portion of the planetary plasma gradually accelerated by the snowplow, electric fields at
the boundaries of the unmagnetized plasma will extract ions that can reach even higher velocities
[Haerendel et al., 1986; Chapman, 1989a, 1989b; Chapman and Schwartz, 1987]. The motional electric field
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Ec of the sheath plasma will acceler-
ate ions inward (into the magneto-
sphere) from the leading and inner
edge of the structure, and the polari-
zation electric field Ep at the leading
edge will accelerate ions down-
stream that will pass through the
structure at higher velocities. These
extracted ions necessarily transfer
momentum from the structure.

If our interpretation proves correct,
the MAVEN observations represent a
detached cloud passing over the
spacecraft as it accelerates down-
stream under the influence of the
snowplow effect described above.
The energy dispersion we observe
may result from time dispersion of
extracted ions accelerated in regions
of the structure with different electric
field strengths and/or may reflect
acceleration in electric fields that vary
temporally as the structure evolves

Unmagnetized
X S Planetary
Heavy lons

Sheath
Protons

Figure 3. Schematic illustration of a possible interpretation of MAVEN observa-
tions, showing a “wavy” induced magnetosphere boundary with rays of iono-
spheric plasma and/or detached plasma clouds interspersed with sheath

plasma of solar wind origin. Inset shows the expected polarization electric field ~ and accelerates downstream. The
Ep and the associated shielding currents Js that form the snowplow, caused by ~ range of heavy ions with similar flow
the differential motion of ionospheric electrons and heavy ions at the bound-  directions but different flow speeds

ary between magnetized sheath and unmagnetized ionospheric plasma. seen at times C and D also appears

consistent with acceleration in a spa-
tially and/or temporally variable electric field pointing in the direction of the snowplow motion (roughly the
same as the sheath flow direction). Lending yet more credence to the scenario, we observe a second compo-
nent of both hydrogen and oxygen ions accelerated inward, perpendicular to the magnetic field, potentially
representing ions from the leading edge of the structure (as well as newly ionized planetary ions) accelerated
in the direction of the sheath motional electric field E..

4, Global Context for Bulk Plasma Loss From Mars

Observations of the sort presented in Figures 1 and 2 have proven relatively common during MAVEN's first year
in orbit. While we have not yet performed a full statistical study of their occurrence, we estimate that similar fea-
tures occur on ~5-10% of MAVEN orbits. This occurrence rate represents a convolution of the chance of obser-
ving the structures and the chance of their formation. Some reasons exist to think that they may occur quite
frequently but that MAVEN must pass through the right region of the magnetosphere to see them.

We show a second example set of observations, in the same format, in Figure 4. During this time period,
MAVEN's periapsis lay on the dayside, allowing it to sample the flank and tail. In contrast to the case in
Figure 1, MAVEN traveled outbound on this orbit segment, from the tail to the sheath. Just as in that case,
the inferred IMF direction (primarily +Y MSO) indicates a location in the —Z MSE hemisphere. All such
observations that we have examined in detail share this feature, suggesting that these features preferentially
occur in the —Z MSE hemisphere, implying that we require favorable IMF geometry to observe them. This
location bias may arise as a result of the effects of the recoil forces on the planetary plasma (required by
conservation of momentum to balance ion extraction) [Haerendel et al., 1986], which will accelerate the cloud
in the direction opposite the motional electric field E- in the sheath (and thus outward in the —Z MSE
hemisphere), favoring the detachment and escape of plasma clouds in this hemisphere.

Despite the different orbital geometry for this time period, we observe structures with the same character as
those presented above, consisting of dispersed heavy ion populations immediately preceding magnetic

HALEKAS ET AL.

PLASMA CLOUDS AT MARS 1431



@AG U Geophysical Research Letters 10.1002/2016GL067752

I
35— +
S8
a 0,"
e
o L
0o Proton
@& Heavy
a .
Magnetic
hhmm 2240 2300 2320 2340 :
2015 May 05
6000 T T 4000 T T
4000 - 1 2000
2000 0
B B
= 0 = -2000
> N
—-2000 —4000
—4000 -6000
-6000 L1 I I 1 L 1 —-8000 L. I | L L |
—-8000-6000-4000-2000 O 2000 —-8000-6000-4000-2000 O 2000
X (km) X (km)

Figure 4. MAVEN observations similar to those shown in Figure 1, in the same format, for a different orbital geometry,
along an outbound orbit segment.

amplifications, interspersed among sheath plasma. The energy of the escaping heavy ions evolves in a similar
way, with lower maximum energies closer to the tail, and higher energies as we travel outward into the
sheath. The consistent temporal ordering of the features, despite the opposite direction of spacecraft motion,
strongly supports the hypothesis that these represent structures convecting over the spacecraft and provides
further support for the idea that they form detached clouds of escaping plasma.

We note a clear evolution of the dispersion features, with greater dispersion seen closer to the central tail. These
signatures may represent ions extracted from the snowplow as it evolves, which then disperse in energy as they
travel inward toward the center of the tail. Therefore, the bulk loss process discussed in this paper may provide
a source for the variable electric fields postulated to explain commonly observed time-dispersed ion signatures,
which also occur preferentially in the —Z MSE hemisphere [Halekas et al., 2015]. This process may also be related
to the “sawtooth” events previously observed by MGS, which consist of quasiperiodic magnetic amplifications
near the topside of the ionosphere [Halekas et al., 2011]. Finally, we conjecture that this process could help
explain the tail “loading/unloading” described by DiBraccio et al. [2015], which may represent the periodic
release of draped field lines as they pull parcels of planetary plasma downstream.
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5. Conclusions and Implications

We have presented the first observations and a potential interpretation of bulk plasma loss from Mars
observed by MAVEN. Our observations support the idea that ionospheric plasma can be lost from Mars in
the form of coherent structures—“clouds”—accelerated by a snowplow effect. The postulated escape
process depends on momentum transfer from the shocked solar wind protons to the planetary heavy ions,
with the electrons and magnetic field acting as intermediaries.

Work remains to be done to place these observations in a global context, determine their coupling to other mag-
netospheric processes, and to further investigate the microphysics of the interaction, particularly the electron
kinetics and the currents and electric fields at the snowplow boundary and the downstream edge of the plasma
cloud. In addition, we need to determine the global significance of this escape process. The observations pre-
sented in this manuscript reveal fluxes on the order of 10 cm™2s™" of escaping ions. This number exceeds
the average loss rate for the entire tail reported by Brain et al., [2015] and Dong et al. [2015] (and is not fully
accounted for in those works since the energy of the escaping ions straddles the 25eV cutoff they utilized).
This process apparently operates over a portion of the magnetospheric flank in the —Z MSE hemisphere, which
we estimate as having a cross-sectional area on the order of ~1000 x 3000 km?, based on the duration of the
observations in Figures 1 and 4. If correct, this would indicate a global escape rate on the order of 3x 10?35~
for this process. If continuous, this would represent an escape rate 20% that of the global total reported by
Brain et al., [2015], implying a significant role for bulk escape. However, a key question is “At what duty cycle does
this process operate?” Future statistical studies should focus on answering this question rigorously.
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Erratum

In the originally published version of this article, several instances of vector signs were incorrectly typeset.
The following have since been corrected and this version may be considered the authoritative version of
record. In section 2. Bulk Plasma Loss Observed by MAVEN, vector signs appeared adjacent to U and B are
now above (U and B represent flow velocity and magnetic field).
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