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Inverted-V Electron Acceleration Events Concurring
With Localized Auroral Observations
at Mars by MAVEN
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ISpace Sciences Laboratory, University of California, Berkeley, CA, USA, 2Laboratory for Atmospheric and Space
Physics, University of Colorado Boulder, Boulder, CO, USA, 3IRAP, CNRS-University of Toulouse-UPS-CNES, Toulouse,
France, *Goddard Space Flight Center, Greenbelt, MD, USA

Abstract From February to March 2019, the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft repeatedly observed aurora near periapsis over Mars' southern strong crustal fields. During
these orbits, the Solar Wind Electron Analyzer observed accelerated electrons at similar locations to where
the auroras were observed, resembling the inverted-V structure observed near Earth's auroral region. In
this study, we present a case study of such an acceleration event, where we estimate a field-aligned
electrostatic potential drop of ~440 V. We determine the field-aligned current from the observed magnetic
perturbation reaches 1.1 pA/m?, agreeing reasonably well with the estimated net electron current carried
by acceleration electrons with a maximum of 2.5 pA/m?. Similar to Earth, the potential drop develops
when the ambient plasma cannot sustain the imposed field-aligned current. We also estimate the potential
layer to be located above 750- to 850-km altitude and the associated electric field to be ~0.6 V/m.

1. Introduction

Inverted-V electron acceleration events, characterized by an enhanced flux in a narrow energy band, have
long been observed at Earth and are responsible for discrete auroral emissions (e.g., Birn et al., 2012;
McFadden et al., 1986). These electrons are accelerated above the observational locations by a parallel elec-
tric field (E,,) within a narrow potential layer (typically a few kilometers in thickness) (e.g., Birn et al., 2012;
Paschmann et al., 2002), attributed to one or more double layers in the auroral cavity (e.g., Ergun et al.,
2004). The energy shifts are interpreted as the spacecraft passing below a time stationary potential structure
with a “U” shape (the simplest structure), an “S” shape, or more complicated shapes (see example schemat-
ics in our Figure 3 or in Marklund et al., 2007). The potentials associated with U shapes do not reach down
to the atmosphere, while some or all of those associated with S shapes do. The inverted-V signature is a
result of the spatial distribution of these potential structures and thus to be observed below these structures.
Inverted-V electron signatures have been observed by a few spacecraft, for example, Freja (e.g., Haerendel
et al., 1994) and the Fast Auroral Snapshot (FAST) mission (e.g., Partamies et al., 2008), and the potential
drop tends to be located above Freja's orbit at ~1,700 km. However, the shape and altitude distribution of
potential structures vary significantly depending on the boundary conditions. At Earth, the formation of
this potential drop is associated with a shear in the magnetic field at the open-closed field line boundary or
a twist in the magnetic field, indicating a field-aligned current. When this current cannot be sustained by
ambient plasma, a parallel electric field is needed. At Jupiter, inverted-V electron acceleration events were
also observed by Juno but were not the dominant source of the intense auroral emission, even though the
acceleration is an order of magnitude more intense than at Earth (Mauk et al., 2017).

AtMars, the discovery of aurora was reported by Bertaux et al. (2005) using images from the Spectroscopy for
Investigation of Characteristics of the Atmosphere of Mars (SPICAM) onboard Mars Express (MEx). Leblanc
et al. (2006) and Liemohn et al. (2007) suggest that low-energy electrons peaking at 20-30 eV (i.e., unac-
celerated solar wind electrons or ionospheric photoelectrons) might be responsible for emissions observed
by SPICAM. Brain et al. (2006) reported inverted-V electron acceleration events with measurements from
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the Mars Global Surveyor (MGS) spacecraft, where sharp spectral peaks were observed from 100 eV to
2.5 keV, and preferentially near the Martian crustal magnetic fields. For one orbit example in Brain et al.
(2006), abrupt changes in magnetic field were observed at the edges of the inverted-V structure, indicative of
field-aligned currents, which means the quasistatic electron acceleration was occurring similar to what often
is associated with the inverted-V events observed at Earth. However, no UV observations that could have
coincidently identified aurora were made. Later, simultaneous auroral emission and accelerated electrons
were observed by MEX, as reported by Leblanc et al. (2008). MEx also observed counterstreaming acceler-
ated ions and electrons, indicative of an acceleration by a large-scale potential structure (Lundin et al., 2007).
However, the lack of magnetic field measurements made it difficult to determine the acceleration process. In
addition, it is worth mentioning that other types of auroras, triggered by other particle sources, are observed
at Mars, including auroras produced by the solar energetic particles (SEP) electrons (Schneider et al., 2015,
2018) and auroras by solar wind proton precipitation (Deighan et al., 2018; Ritter et al., 2018).

During late February to early March 2019, the Imaging Ultraviolet Spectrograph (IUVS) instrument
(McClintock et al., 2015) onboard MAVEN (Jakosky et al., 2015) repeatedly observed localized auroral emis-
sions near periapsis over the southern strong crustal field region at Mars. During these orbits, the Solar
Wind Electron Analyzer (SWEA) instrument (Mitchell et al., 2016) observed accelerated electrons at simi-
lar locations. In addition, magnetic vector field measurements from the magnetometer (MAG) instrument
(Connerney et al., 2015) identified disturbances in the magnetic field suggesting field-aligned currents asso-
ciated with the accelerated electrons. In this study, we utilize data from SWEA and MAG onboard MAVEN
to investigate the mechanism for the observed electron acceleration with an event on 26 February 2019.

2. MAVEN Observations

Observations from MAVEN on 26 February 2019 are displayed in Figure 1, when the spacecraft passed
through a region of strong crustal magnetic fields (geographic latitude from —58° to 15° and longitude
from 163° to 189°) near periapsis and in the darkness (solar zenith angle 97-144°). Superthermal electron
voids (electron fluxes close to the instrument background flux level) were observed for several time inter-
vals in Figure 1a4, indicating closed crustal magnetic field loops, a common topology in this region (e.g.,
Steckiewicz et al., 2015, 2017). Between these voids, electron flux spikes are seen with one-sided loss cones
(Figures 1a3 and 1b5), generally interpreted as electron precipitation along open-field lines in the cusps (e.g.,
Brain et al., 2007; Lillis & Brain, 2013; Weber et al., 2017, 2019; Xu et al., 2017).

From 11:05:50 universal time (UT) to 11:06:50 UT, the pitch angle (PA)-averaged electron energy spectra
from SWEA (Figure 1b6) exhibit an organized signature in time, high electron fluxes concentrated in a
narrow energy range with decreasing peak energies from ~500 to ~40 eV and then increasing peak energies
back to ~500 eV. The descending and ascending peak energies resemble the inverted-V structures at Earth,
and each spectral shape is similar to localized electron acceleration at Earth (Evans, 1974). We therefore
interpret these data as the spacecraft passing in and out of magnetic field lines that have a field-aligned
potential structure above the spacecraft. A more detailed analysis is presented in section 3.

In Figure 1b2, we show the variation (AB) for each magnetic vector component by subtracting two adjacent
1-s magnetic vector measurements, that is, AB = B, — B,_; for time-ordered data at a 1-s or 4-km cadence,
which means we filter out variations less than 1 s. The smooth, systematic variation of the magnetic field
over timescales of ~1 min (~240 km) results from passing through the large-scale magnetic field originating
from crustal sources below the spacecraft. Small-scale and more abrupt perturbations in magnetic field are
seen during 11:05:45-11:05:55 UT and 11:06:35-11:07:00 UT, right at the edges of the accelerated electron
structure, indicative of a field-aligned current.

3. Field-Aligned Potential Estimation

To confirm that the observed energetic electrons are accelerated by field-aligned potentials, we examine
whether the phase space densities are similar in shape to each other but shifted in energy, as illustrated in
Figure 2. Here, phase space densities are obtained by averaging over PAs 0-60° to account for downward
electrons only, as the magnetic field points radially inward (Figure 1b1), which are mostly absorbed and
form loss cone PAs 120-180° (as shown in Figure 1b5). A few observations can be made. (1) The phase space
density of the accelerated (blue) spectra remains roughly constant from a low energy (~25-60 eV) to some
higher energy (E,) and then drops exponentially with increasing energy. This flat-top shape is interpreted

XU ET AL.

20f8



~1
AGU

100 Geophysical Research Letters 10.1029/2020GL087414

ADVANCING EARTH
AND SPACE SCIENCE

SUNLIT
SHADOW

Altitude (km)
ellipsoid
I}

o
o
T
=

9 model
o<
<
=2 w_ A obs><
o - - 23
1 i I [T
&g_ 15?) ( i il |':‘I i =l Y
—‘3% 90 £ l (i e ! ‘ 1] 1 g
5“_3 60 gLl AN i‘l‘uuw‘l i 5
png 38 | ) ST i i \l\‘l i anhll 0z
’>‘ E X T - ™ R T o T = 7 ’a 109
© 1000 Ests X A s B 108
> A : " 1072
g 100 - ! 10°m
E ; ] 5
orb 8614.9 0 8615.1
lon 46.1 7.1
lat -62.9 6.2
SZA 57.6 19.4
alt 1871.8 665.7
hhmm 1040 1140
2019 Feb 26
200 T T T T T T T T T T T T T B
ew
£ 100 (B1) E
£
= 0 S - Bns
8 -100E \\ —
‘ —
m 200E- - 2 Br
-300 L L I . L I S . P
6 F T T T T T T T T T T T T 3
= 4 —| dBew
E 2 (B2 — e ]
g O — = 7 dBns
% j i assumed ) E
g 4 ohad e ) 3 aer
] N S S IR
0.2F T T T T T T T T T T T T T T 3
& 0F T(BI) ; £
% 02F in E
-0.4E =
g 0.6 3
= -08F E
-1.0E -
-1.2E L | | | | 1 L | | | | 1 . | E|
10— T T T T T T T T T T T T —3
T [ (B4 :
£ 1 j_se
T i
o 01 E
0.01L_ . . . . . |\f\ . . ) | . I
180 T T T T Il | 2§
a_. = 4
av _ 1205 ENET
38 9oF S41118
<D, E 3| N
g: 60— 4| =
»— 30F o) £
ot JH0Z
8
%‘ 10 5
7
° 1073
g 10°E,
g w
w 10°
10°*
orb
lon
lat
SZA
alt
hhmm
2019 Feb 26

Figure 1. Time series on 26 February 2019 of (al) MAVEN altitudes, (a2) observed (MAG, blue) and modeled
(Morschhauser et al., 2014) (red) magnetic field magnitudes, normalized pitch angle distribution for 111-140 eV (a3)
and averaged electron energy spectra (a4) measured by SWEA. Panels (b1)-(b6) show the zoom-in orbit: (b1) magnetic
vectors (nT) relative to the local geographic plane (blue for the local east direction, green for the local north direction,
and red for the radial direction), (b2) AB (nT) for each magnetic vector component (i.e., AB = B, —B,_; for time-ordered
data at a 1-s or 4-km cadence), (b3) field-aligned current density (A/m?) estimated from magnetic field measurements,
(b4) the absolute parallel current density from AB (blue) and the net electron current carried by superthermal electrons
(red), (b5) normalized pitch angle distribution for 111-140 eV, and (b6) pitch angle-averaged electron energy spectra
measured by SWEA. Electron spectra within vertical dashed lines in panel (b6) are plotted in Figure 2. The gray vertical
stripes below 30 eV in (a4), for example, 10:50-11:00 and 11:25-11:40 UT, identify data affected by sporadic low-energy
electron suppression, an instrumental effect that occurred from January to April 2019 and is well understood.
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Figure 2. Electron distribution functions (DF) averaging over pitch angles 0-60° (downward traveling) for the two
time periods marked by vertical black lines in Figure 1b6, (a) for Period 1 (11:05:48-11:06:05 UT) and (b) for Period 2
(11:06:28-11:06:48 UT), colored in light (earlier times) to dark (later times) blue. The solid magenta lines are the
assumed source electron DF to be compared with, averaging over a time range marked by the two vertical magenta
lines in Figure 1b6. The dashed magenta lines are the source electron DF (only >20 eV used) shifted by some potentials
(phi, labeled in the upper left corners). (c) The normalized pitch angle distribution for each energy, resampled into

128 x 1.4° bins, for source electrons.

as electrons being accelerated by an electrostatic potential, with a magnitude comparable to E,, similar to
electrons in the sheath being accelerated by the cross-shock potential (e.g., Feldman et al., 1983; Schwartz
et al., 2019). Some departures from the flat-top shape may be caused by a cold plasma beam (probably the
local plasma at the potential layer) also accelerated by this potential drop (Akbari et al., 2019). (2) The high
fluxes at low energies (<~ 25 eV) are probably from a combination of secondary electrons created by impact
ionization as these energetic beams interact with the neutral atmosphere below the spacecraft and also sec-
ondary electrons produced within the instrument by these beams. (3) The maximum acceleration is ~300 eV
higher than what is observed in the sheath (not shown) so that these electrons cannot be simply precipitating
sheath electron, but an acceleration mechanism is required, implying a field-aligned potential.

We can infer field-aligned potentials from the shift in energy of these accelerated distribution functions
(DFs) from the source electron spectrum. We assume the source electron spectrum to be the least accelerated
spectrum (associated with magnetic flux tubes not connected to the potential layer), which we obtain by
averaging over distributions within the time range marked by two magenta vertical lines in Figure 1b6. The
power law decrease at high energies is similar for the blue spectra and the source spectrum, suggesting
these electrons share the same source but are shifted by a range of potentials. The energy shift from the
source spectrum to the most accelerated blue spectrum is ~440 eV for both Period 1 (11:05:48-11:06:05 UT,
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U-shape \\ S-shape A Radial Figure 2a) and Period 2 (11:06:28-11:06:48 UT, Figure 2b). In other words,

potential

the field-aligned potentials can be up to ~440V, or more if the spacecraft
did not pass through field lines that sample the entire potential layer. The
magnitude of this potential drop is similar to results based on observa-
tions from other Mars orbiters (e.g., Brain et al., 2006; Lillis et al., 2018;
Lundin et al., 2007).

These accelerated blue DFs in Figures 2a and 2b match up with the source
electron spectrum down to 20 eV or higher energies but not very low
energies. Correspondingly, the source electrons have an isotropic distri-
bution for PAs 0-180° below 20 eV but a loss cone above, as shown in
Figure 2c. It is probable that this source electron spectrum experienced
an acceleration around 20 V, and it is mainly secondary electrons below
20 eV.

4. Current Estimation
auroral

.. In this section, we evaluate whether the potential formation is similar
emission

to what occurs at Earth: Somewhere above the spacecraft, the ambient
plasma cannot support an imposed field-aligned current, so that a poten-
tial forms to accelerate electrons to carry the current. To investigate this,
we estimate field-aligned currents from magnetic field perturbations and

South ® North then compare them to the net electron current.
East g To estimate currents from B, we take the time period of 11:05:45-11:05:55
B UT as an example, as highlighted by the black bar in Figure 1b2, during

Figure 3. A schematic shows the geometry of the magnetic field, the
field-aligned current, and the spacecraft motion in the local geographic
frame, as well as the U- and/or S-shape potential structure and auroral

which the perturbation in magnetic field is mainly in the local east-west
direction (AB,,,) and has a clear baseline or background field of —1.7 nT.
We thus estimate the maximum magnetic disturbance of 4.2 nT in the

emission by electron impact. The current sheet is perpendicular to the page ~ east-west direction from a current layer by subtracting this background
with its projection the same as the magnetic field line, and the current field of —1.7 nT. Over the same time interval, the spacecraft moved

within is antiparallel to the magnetic field. Ax = AL, sin  is the distance
perpendicularly across the magnetic field, as the spacecraft moved
horizontally from south to north (AL,), and 6 is the magnetic

elevation angle.

mainly horizontally from south to north, which gives a length scale in the
north-south direction of AL,; ~ —3.8 km with a negligible radial motion
Ar ~ —0.5 km. We can then simplify the geometry to what is shown
in Figure 3 in the local geographic frame as it is a small-scale structure
(~50 km). In other words, assuming this current structure to be stable for this 10-s time period, the current
sheet is perpendicular to the page with its projection the same as the magnetic field line, and the current
within is antiparallel to the magnetic field. The spacecraft was crossing this current sheet at an angle equiv-
alent to the magnetic elevation angle (@) as the spacecraft moved horizontally from south to north instead
of traversing the current sheet. This current sheet gave rise to a perturbation in magnetic field mostly in
the east-west direction (AB,,). Therefore, j,, = i EL T ”i ﬁ where Ax = AL, sin# is the
distance perpendicularly across the magnetic field and 0 =~ —60° for this time period. The calculated
field-aligned current density is displayed in Figure 1b3 as the blue curve, with a maximum magnitude of
max(lj, 1) = 1.1 pA/ m?, which is of the same order as terrestrial auroral currents. The field-aligned current
J;; is negative with respect to the radially inward magnetic field (Figure 1b1), and thus upward, consistent

with downward traveling electrons being the main current carrier.

Similarly, for Period 2, the perturbation in magnetic field is mainly in the north-south direction but spreads
over a larger spatial distance, which means the field-aligned current density is smaller than Period 1. These
differences between Periods 1 and 2 might be explained by the spacecraft passing through different parts
of the same potential/current structure or temporal variation of these structures. It is worth noticing that
the background magnetic field is less clear for this period, and therefore, we carry out our quantitative
calculation for Period 1 only.

These downward field-aligned currents are carried predominantly by electrons because of their high mobil-
ity, mainly precipitating superthermal (solar wind origin) electrons above the potential layer. We estimate
the net current density carried by superthermal electrons (the red line in Figure 1b4) by integrating the
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1200 [ i DF for PA 0-60° (downgoing) subtracted from that for PA
[ ] 120-180° (upgoing). The current density of these accelerated electrons
1000 ] has a maximum value of max(|j,|) = 2.5 pA/m? for Period 1, agreeing
[ ] reasonably well with the maximum current density derived from the
E 800 . magnetic perturbation (max(|j,,|) = 1.1 pA/m?). The factor of two dif-
= L 1 ference is probably because the spacecraft crossed the current sheet at an
= o0 _ _ angle (i.e., the current sheet is rotated in the north-south direction from
100F : 7 the east-west direction in the horizontal plane) or did not cross the center
[ ! ] of the current sheet so that we underestimate the maximum field-aligned
200[ ‘ L y current density. Similarly, for Period 2, the maximum electron current
0.001 0.010 0.100 1.000 density reaches 0.5 pA/m?, corresponding to a smaller current density
Bamp/Bsc from magnetic disturbances. In other words, the net current carried by
Figure 4. The ratio of the presumed magnetic field strength and the the acceleration superthermal electrons agrees with the field-aligned

magnetic field strength at the spacecraft (Bsc) as a function of altitude. The  current inferred from the observed magnetic perturbation.

black and blue lines assume the magnetic field amplitude vary as a function . . .
of r=3 and 2, respectively, where r is the distance from the dipole source ~ Moreover, source electrons (Figure 2c) can be identified from SWEA

and effectively the distance from the surface here. The green line is the observations, which give a net electron current < 1 x 1072 pA/m?
profile based on magnetic field line tracing from a crustal field model (Figure 1b4), much smaller than the field-aligned current from AB. This

(Morschhauser et al., 2014) starting at the spacecraft location at around
11:05:50 UT. The vertical red dashed line marks the critical ratio of ~0.08.

suggests that the source electrons cannot carry the imposed current
unless they are accelerated by an electrostatic potential.

5. Discussion of the Potential Layer

We can estimate the lower altitude limit of the potential layer with PA distributions of the source elec-
trons and accelerated electrons. As shown in Figure 2c, the precipitating source electrons are observed to be
isotropic for PA 0-90°. At high altitudes, isotropic source electrons become more field-aligned immediately
after acceleration by the potential layer. As these now more beamed electrons travel to lower altitudes, the
crustal magnetic field gets stronger and electron distributions broaden again in PA to conserve the first adi-
abatic invariant. These accelerated electrons are observed to be nearly isotropic again at the spacecraft for
PA 0-90° for energies above 100 eV (e.g., P-1 and P-2 in Figure 1b5), which establishes a minimum ratio of
the magnetic field strength at the potential layer to that at the spacecraft.

Assume that, just above the potential layer, electrons have an energy ¢, and an isotropic distribution for PA
0-90° and a local magnetic field strength B,,. After an acceleration of ¢ by the potential layer, these electrons
have a width of PA of § = Sin_l(m) immediately below the potential layer. At a critical altitude
with a magnetic field strength of B, the PA width becomes 90°, which means B, /B, = sin’0 = £,/(g, +e®).
This critical altitude has to be above the spacecraft so that By, > B, which gives B,/Bg- < £,/(g, + e),
where By is the magnetic field strength at the spacecraft. To estimate the lower altitude limit of the potential
layer, given ¢ = 440 V, we take the minimum ¢, to be the temperature of the source electrons. By fitting
the source distribution with a Gaussian distribution for 40-100 eV (as shown in supporting information
Figure S1), we obtain T, = 37 eV and n, = 0.44 cm~3, which gives B, /By < 0.08. Figure 4 shows the ratio of
the presumed magnetic field strength and By against altitude for different approximations of the magnetic
field configuration, B ~ r=3 for a magnetic dipole (black), B ~ r~2 for a line dipole (blue), and field tracing
results from a crustal field model (Morschhauser et al., 2014) (green). The distance of the spacecraft from
the crustal magnetic sources (~200 km) is small compared with the east-west extent of the crustal sources
(>2,000 km), so the latter two are better approximations. With the vertical red line marking the ratio of 0.08,
we estimate the lower altitude limit for the potential layer to be around 750-850 km.

We can also estimate the magnitude of the associated field-aligned electric field. Assuming that the acceler-
ation of these electrons comes from one double layer, then one can estimate the maximum parallel electric
field associated with the acceleration. The thickness of a double layer at Earth is often ~10 Debye lengths
(Andersson et al., 2002). As thermal plasma from below does not have sufficient energy to diffuse past the
potential layer, we estimate the Debye length (4,,) at the potential layer with the hot population, that is, the
source electrons, which is ~70 m. Therefore, assuming the thickness to be 104,,, given a total potential drop
of 440 V, we can obtain a parallel electric field of ~0.6 V/m, similar to typical values at Earth.

The location of the potential layer can also be inferred from a statistical analysis of many electron accelera-
tion events. Generally, field-aligned accelerated electrons are observed below the potential layer so that the
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altitude distribution of these accelerated electrons can establish a lower altitude limit for the potential layer.
Brain et al. (2006) reported tens of thousands of peaked spectra from MGS observations, which were made
at a fixed altitude of ~400 km and fixed local times of 2 a.m./p.m. This suggests that many of the potential
layers, assuming these are what caused the peaked spectra, occurred above 400-km altitude. Alternatively,
field-aligned potentials can be inferred from the energy dependence of loss cone sizes, as well as accelerated
ion beams, above the potential layer (e.g., Lundin et al., 1987, 2007; McFadden et al., 1998). It is reasonable
to assume some of large field-aligned potentials derived from loss cone shapes with MGS data by Lillis et al.
(2018) can be explained by the mechanism discussed here, which means potential layers might occur below
400 km as well.

6. Concluding Remarks

In this study, we analyze an electron acceleration event on 26 February 2019, closely associated in time and
space with localized auroral emissions detected by the IUVS instrument. We infer the field-aligned poten-
tials to be up to ~440 V from electron observations. At the edges of the most intense electron acceleration,
significant magnetic perturbations were observed, which suggest the existence of a field-aligned current
sheet. We estimate a maximum upward current density of max(|j /) ~ 1.1 pA/m?. Meanwhile, the elec-
tron current carried by the identified source electrons is much smaller than max(|;j 77D but that carried by
the accelerated electrons can be up to 2.5 pA/m? in locations where magnetic perturbations were observed.
This set of observations suggests a mechanism very similar to what occurs at Earth: There exists a shear in
magnetic fields at the open-closed field line boundary or a twist in magnetic fields, indicating a field-aligned
current; when this current cannot be sustained by ambient plasma, a parallel electric field is needed. The
potential acceleration gives the inverted-V electron signature.

We estimate that the lower altitude limit of the potential layer is around 750-850 km from the PA distribu-
tions of the source electrons and accelerated electrons. As the thickness of the potential layer is typically a
few Debye lengths, we obtain 4;, = 70 m, and the associated parallel electric field is therefore estimated to
be ~0.6 V/m.

Finally, we have manually searched for and identified inverted-V electron events from late February to
March 2019 for when auroras were observed and found that these events mainly occurred near the termina-
tor and over the strong crustal magnetic fields. This is consistent with MGS observations (e.g., Brain et al.,
2006) of a clustering of inverted-V events near the strong crustal regions. This might suggest the importance
of a significant intrinsic field, like Earth, for such a mechanism to operate. A more systematic statistical
analysis is, however, needed to characterize the general behavior of these events.
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