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Abstract The canonical picture of the magnetotail of unmagnetized planets consists of draped
interplanetary magnetic fields (IMFs) forming opposite-directed lobes, separated by the current sheet.
DiBraccio et al. (2018, https://doi.org/10.1029/2018GL077251) showed that Mars's magnetotail has a twist
departing from this picture. Magnetohydrodynamic (MHD) results suggest that the asymmetry in how
open field lines connected to the planet populate the tail causes the apparent twist. To validate this
interpretation, we compare the tail topology determined from MHD simulations to that inferred from data
collected by the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, in particular, how each
topology responds to the upstream IMF orientation. The occurrence rates for open topology from both data
and MHD vary with IMF polarities in a similar fashion as the tail twisting. This suggests that Mars's crustal
fields have a global effect on the magnetosphere configuration, supporting the picture of a “hybrid”
magnetotail that is partly induced/draped and partly intrinsic/planetary in origin.

Plain Language Summary The interaction of the solar wind with unmagnetized planets, such
as Venus, results in an induced magnetotail, which is formed by the interplanetary magnetic field lines
draping around the planet, forming opposite-directed lobes. Mars is similar to Venus in many aspects and
was thought to have a similar tail configuration. A recent study, however, shows that Mars has a twist in
its tail lobes and that modeling results suggest this twist is caused by the effects of its crustal magnetism.
In this study, we use the superthermal electron measurements from MAVEN to infer the magnetotail
topology resulting from the interaction between the solar magnetic fields and Mars's

crustal fields, which is compared with the global magnetohydrodynamic model topology.

Our results support the hypothesis that magnetic reconnection between crustal magnetic

sources and the solar wind is responsible for the observed twist in Mars's tail lobes.

1. Introduction

Venus and Mars both lack an intrinsic global dipole magnetic field but have a significant ionosphere mainly
produced by solar extreme ultraviolet photons ionizing the neutral atmosphere, and thus share many simi-
larities in terms of their interaction with the solar wind. Both have an induced magnetosphere formed with
the upstream interplanetary magnetic field (IMF) being piled up and draped around the planet. A promi-
nent difference between these two planets is that Mars possesses localized strong crustal magnetic fields
(e.g., Acuna et al., 1999; Connerney et al., 2005) that contribute to and modify its induced magnetosphere
features on a global scale (e.g., Brain et al., 2007) while Venus has a negligible intrinsic dipole magnetic field
at the current epoch (e.g., Phillips & Russell, 1987). As a result, Venus's induced magnetotail consists of
two magnetic lobes with oppositely directed magnetic fields formed by draped IMF, separated by a current
sheet perpendicular to the plane of the IMF and the solar wind flow (e.g., Luhmann, 1986; McComas et al.,
1986; Saunders & Russell, 1986; Zhang et al., 2010), as illustrated in the left column of Figure 1. Note that
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Figure 1. The comparison of the Venus's (left column) and Mars's magnetotails (right column). The top two panels are schematics of the tail configuration and
magnetic topologies and the bottom two panels are the averaged B, in the tail from measurements by Venus Express and MAVEN, (adopted from Figure 2 of
Zhang et al., 2010 and Figure 2 of DiBraccio et al., 2018), respectively. The dotted black lines in the bottom panels indicate the current sheet that separates the
two lobes. The lower left panel is for all IMF directions under the Venus Solar Electric coordinates (VSE) such that the X axis is antiparallel to the solar wind
flow, the Z axis aligned with the convection electric field (E¢opy = —V X B), and the Y axis completing the right-handed system. The lower right panel is in the
Mars-centered Solar Orbital (MSO) frame for east IMFs only. In the MSO frame, the X axis points from the center of Mars to the Sun, the Z axis points to the
north pole of Mars's elliptical orbit plane, and the Y axis completes the right-handed system.

the bottom two panels in Figure 1 cannot be used for a direct comparison as they are under different IMF
conditions and in different coordinate frames. We use them here to illustrate the typical tail configurations
of Venus and Mars.

In contrast, Mars's magnetotail departs from this canonical induced-tail picture, having an apparent inter-
lobe current sheet twist away from the expected +E_ , location, as reported by DiBraccio et al. (2018),
also shown in the right column of Figure 1. This twist also varies depending on the IMF sector (hereafter
referred as east and west, corresponding to Parker spiral fields pointing away from and toward the Sun, as
well as B, > 0 and B, < 0, respectively), suggesting that Mars's crustal magnetic fields play a role. DiBraccio
et al. (2018) further compared the tail configuration from magnetohydrodynamics (MHD) with or without
crustal magnetic fields included and revealed that the tail twist was indeed attributed to the inclusion of
crustal magnetic fields. The tail twist controlled by the Y component of IMF is a well-known phenomenon
of the Earth's magnetotail, where magnetopause reconnection causes an asymmetric addition of open mag-
netic flux to the tail lobes (e.g., Cowley, 1981). DiBraccio et al. (2018) proposed that Mars's magnetotail is
part of a hybrid magnetosphere, consisting of a global intrinsic dipole field (from the low-order dipole term
of the crustal magnetism) contribution surrounded by induced/draped fields (Dubinin et al., 1980, 1994).
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Mars's crustal magnetic fields can magnetically reconnect with the IMF (e.g., Harada et al., 2017, 2018),
giving rise to complex and dynamic magnetic topologies (e.g., Brain et al., 2007; Lillis & Brain, 2013; Weber
etal., 2019; Xu et al., 2018a, 2019a). Magnetic topology consists of closed (both of the footpoints of a magnetic
field line connected to the planet), open (one footpoint of a field line connected to the planet and the other
to the solar wind), and draped (both of the footpoints of a field line connected back to the solar wind).
Mars's magnetotail consists of various magnetic topologies, instead of simply draped like Venus, as reported
by previous studies. Nightside tail topology at low altitudes has been studied in detail with Mars Global
Surveyor data (Brain et al., 2007) and MAVEN data (Weber et al., 2017). Photoelectrons have been observed
in the tail by both the Mars Express (MEx) spacecraft (Coates et al., 2011; Frahm et al., 2006, 2010) and
MAVEN (Xu et al., 2016a, 2017a, 2017b), interpreted as magnetic connectivity to the dayside ionosphere
through open field lines (Liemohn et al., 2006) or closed field lines (Xu et al., 2016a, 2017b). Luhmann et al.
(2015a) analyzed magnetic topology from MHD simulations and found that a significant portion of Mars's
magnetotail is populated with open field lines.

The magnetotail topology is also important for characterizing electron precipitation (e.g., Adams et al., 2018;
Fillingim et al., 2007; Lillis et al., 2011; Némec et al., 2010; Shane et al., 2016) and low-energy ion escape (e.g.,
Dubinin et al., 2017; Frinz et al., 2015; Inui et al., 2018). Solar wind electrons can precipitate along open
field lines, and ionospheric photoelectrons along cross-terminator closed field lines onto the (nightside)
atmosphere, causing ionization, and auroral emission. Meanwhile, low-energy ions can escape along open
field lines (e.g., Ergun et al., 2015; Jakosky et al., 2018), partly driven by ambipolar electric fields (e.g., Akbari
et al., 2019; Collinson et al., 2015; Ergun et al., 2016; Xu et al., 2018b), and on draped field lines, mainly
accelerated by the Jx B force and/or the convection electric field (e.g., Cravens et al., 2017; Dong et al., 2014;
Fang et al., 2008; Halekas et al., 2017a). More general properties of the Martian magnetotail are discussed in
several review papers (Bertucci et al., 2011; Dubinin & Fraenz, 2015; Liemohn & Xu, 2018; Nagy et al., 2004).

DiBraccio et al. (2018) advocated for the key role of the crustal fields in introducing the twist to Mars's
magnetotail with MAVEN magnetic field data and modeling efforts. The interaction of crustal fields and
the IMF results in complex magnetic topology close to Mars and mainly open and draped fields in the tail
with a pattern that differs significantly for the two main IMF orientations. To further validate the picture
of a hybrid Martian magnetotail, we compare the actual tail topology determined from the MHD simula-
tions with topology inferred from the MAVEN superthermal electron data, in particular, how each magnetic
topology varies with respect to the upstream IMF polarity. The results of this study on the detailed character-
ization of the tail topology are also important for understanding the energy and particle exchange between
Mars's ionosphere and the solar wind.

2. Methodology

To infer magnetic topology from MAVEN data, we utilize a new technique developed by Xu et al. (2019b)
that combines superthermal electrons' energy and pitch angle distributions. This technique mainly relies
on three basic principles: (1) the presence of photoelectrons in one or both field-aligned directions indi-
cates that the magnetic field line has one or both footpoint(s) embedded in the dayside ionosphere at the
superthermal electron exobase (~160 km, Xu et al., 2016b); (2) the presence of loss cones in one or both
field-aligned directions indicates that the magnetic field line has one or both footpoint(s) embedded in the
collisional atmosphere; (3) the presence of superthermal electron voids indicates that both footpoints of the
magnetic field line are connected to the nightside atmosphere (Mitchell et al., 2001; Steckiewicz et al., 2015).
Magnetic topology is determined based on where each end of the field line is inferred to connect. One caveat
of inferring magnetic topology from electrons is that we can only determine field lines’ connectivity to the
ionosphere but not to the planet's surface so that deeply draped field lines can be identified as “open” topol-
ogy. Photoelectrons can be identified automatically with a shape parameter (Xu et al., 2017a), loss cones with
a pitch angle distribution (PAD) score (Weber et al., 2017), and electron voids by the electron flux level. The
detailed description of how to combine all these aspects to infer magnetic topology is provided in Xu et al.
(2019b). In this study, we analyze magnetic topology from December 2014 to September 2018, based on the
superthermal electron measurements by the Solar Wind Electron Analyzer (SWEA) instrument (Mitchell
et al., 2016) and magnetic field vector measurements by the magnetometer (MAG) instrument (Connerney
et al., 2015) onboard MAVEN.
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CLOSED 2019). Thus, each pass through the tail has IMF clock angle estimates

both before and after. We then assign each inferred magnetic topol-
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ogy within the magnetosphere with an upstream IMF clock angle by
interpolating between the inbound and outbound values.

We determine the occurrence rate of the model magnetic topology from
16 steady-state simulations with the multispecies 3-D MHD model (Ma
et al., 2002, 2004). Nominal Parker spiral IMFs and a nominal solar wind
proton density (4 cm~3) and speed (400 km/s) with the fall equinox con-
dition are used. Eight simulations are generated for the east IMF (By > 0)
and eight for the west IMF (B, < 0) in the MSO frame. For each IMF
direction, the eight simulations consist of the neutral atmospheres and
ionization frequencies for the solar maximum and minimum conditions
as well as four subsolar longitudes (SSL) for when the southern strong
crustal magnetic fields are located on the dayside (SSL = 180°), dawn (SSL

Lo b b bovv v baa g =90°),dusk(SSL=270°),andnightside(SSL=0°).Foreachsimula-

2

0 -1 -2 tion, magnetic field line tracing starts from a grid of points in the Y-Z

Y [Rm] planeatX = —1.5R;,X = —2R);,and X = —2.5R,,, separately. Magnetic

topology for each field line is determined by its intersection with one or

Figure 2. Magnetic topology from MHD at Xy;so = =2 Ry, for an east both of two Mars-centered spheres: an inner sphere at 150 km altitude

upstream IMF and strong crustal fields located on the dayside (SSL = 180°),
blue for draped, green for open, and red for closed, with black dots
indicating field lines connected back to dayside. Circles are for B, < 0 and

and an outer sphere at a radial distance of 5.5 R;,, where R, is the Mars
radius. The occurrence rate is calculated as the fraction of each magnetic

“4+” for B, > 0. The blank spots within 2.3 R, are when field line tracing ~ topology type in the respective tail grid from three X cuts for the eight

is not successful.

simulations in each IMF sector; that is, each grid point has 24 samples
of topology. We note that the models provide steady-state “snapshots” of
the Mars field topology, which in reality is constantly changing as Mars
rotates (Ma et al., 2014).

In this study, we focus on qualitative comparison on the gross features of magnetic topology from MAVEN
data and MHD, as there are caveats for each data set. For the data, SWEA has an angular resolution of ~20°,
which might be insufficient to detect small loss/source cones, expected to be smaller than 10° over strongly
magnetized regions of the crust. Therefore, our method might misidentify open field lines connected to
strong crustal fields as draped. In addition, the IMF clock angle might vary between the time it is measured
upstream of the bow shock (or by proxy in the magneosheath) and the time we infer magnetic topology in
the tail. The IMF clock angle proxy determined in the sheath also has an uncertainty of a few tens of degrees
(Dong et al., 2019). For the models, the multispecies MHD simulation relies on numerical diffusion as a
substitute for magnetic diffusion to enable magnetic reconnection. It is not known how well this approach
approximates the physics of magnetic reconnection. Furthermore, magnetic topology is obtained by trac-
ing the magnetic field vector over large distances, which can accumulate error. Lastly, the occurrence rate
from MHD is based on only eight steady-state simulations for each IMF polarity, which might not accurately
reflect the actual sampling of data over different seasons and continuously rotating crustal field orienta-
tions. Despite these limitations, the model results and data results in this study show reasonable qualitative
agreements, which suggests that the MHD simulations can provide useful physical insight into the magnetic
topology of the tail.

3. Results

3.1. Detailed Magnetic Topology From MHD and MAVEN

As illustrated in the lower right panel of Figure 1, as well as Figure 2 of DiBraccio et al. (2018), Mars's
magneotail has a twist in its lobes and current sheet. MHD results show that this twist also has topological
signatures. We take the tail topology from MHD at X5, = —2 R,, under the east IMF condition as an exam-
ple, shown in Figure 2. The tail field topology from MHD consists of draped field lines (blue) in the outmost
layer, surrounding mostly open field lines connected to the dayside (green with black dots overplotted), and
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Figure 3. The cylindrical averaged occurrence rates of magnetic topologies in the tail (Xygo = [-3,—1.5] Ry;) from

MAVEN data for all IMFs as a function of pygo = Y1\2/1
open-to-night, and red for closed.

sot ZIZVISO, blue for draped, black for open-to-day, green for

then open field lines connected to the nightside (green). There is also a central region of closed field lines
(red) whose size varies with down-tail distance. The twist of the tail current sheet is manifested in mainly
the closed and open topologies, suggesting the importance of magnetic topology in imposing the twist. A
similar trend is found in the other 15 MHD simulations, with a case for the west IMF shown in Figure S1b
in the supporting information.

Magnetic topology inferred from MAVEN data (Figure 3) shows a systematic variation in the dominant
topology with distance from the MSO X axis (tail center line). This is qualitatively similar to the MHD
results, as shown for one of the 16 simulations in Figure 2. The cylindrically averaged occurrence rates of
magnetic topologies for all IMFs are calculated and shown, because they are roughly cylindrically symmetric
(as shown in Figures S1c-S1fin the supporting information). The data results show that draped fields occur
over 80% of the time for p > 1.5 R;, (note the log scale for percentage), open-to-day fields are mostly
concentratedat1l < p < 1.5 R,,, open-to-night fields occur most frequently within the optical shadow, and
the occurrence rates for closed fields peak at 10% at the center. This ordering of where each topology occurs
most frequently agree with MHD results.

3.2. Data-Model Comparison for Different IMF Polarities

To examine how the IMF polarity affects the tail topology for both MHD and the data, we compare occur-
rence rates for the east and west IMF separately. The occurrence rates from the data have been averaged
over all planetary rotations and over a range of extreme ultraviolet flux and solar wind conditions. To better
capture the twist, we limit our analysis to when the IMF is within 30° of the X,;55-Yyso plane. To approx-
imate this with the MHD simulations, we average the topology in two groups of eight models (four SSLs x
2 solar conditions for east and west IMF separately) at three X distances (X = —1.5, -2, and —2.5R},). The
comparison is shown in Figure 4. The color range is 0 to 1 for MHD results (left column) but 0 to 0.5 for
open field lines for MAVEN results (right column), as the occurrence rates from MHD are roughly twice
that of MAVEN data. We use different color ranges to highlight relative variations in the occurrence rates.
Because of the aforementioned caveats, the disagreement in the absolute occurrence rate is not unexpected.
The high occurrence rate of open topology from the model suggests an artificially high reconnection rate
(from numerical diffusion), which leads to more field lines connected to crustal sources. This serves as a
reminder to focus on qualitative comparisons between the simulations and the data.
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Figure 4. Model-data comparison for open topology for east (top row) and west IMF (bottom row). The left column
shows the occurrence rates from MHD at Xy;so = [-1.5,—2.5] Ry, calculated from eight simulations (four SSLs and
two solar conditions) separately for each and west IMFs, and right from MAVEN data for Xy5o = [-1.5, —3] R),. Note
that the color ranges for the occurrence rates from MHD (left column) and data (right column) are different to
highlight features.

Despite differences in the overall occurrence rates from the model and data, the patterns of the occurrence
rates and their variation with respect to IMF polarities share similarities. For east IMF (top row), the open
topology occurs most frequently in the +Z/ — Y and —Z/ + Y quadrants in both simulations and data, in
agreement with the orientation of the current sheet for this IMF direction as shown in Figure 2 of DiBraccio
et al. (2018). For west IMF (bottom row), open topology occurs most frequently in the +Z/ + Y quadrant in
both simulations and data, but only simulations show a significant region of open topology in the —-Z/ — Y
quadrant. Again, these topological results are in agreement with a ~90° rotation of the current sheet about
the X axis when the IMF polarity changes from east to west (DiBraccio et al., 2018).

The occurrence rates for draped topology from MHD and data are shown in Figure 5, separated for east
and west upstream IMFs. The pattern of low occurrence rates from MHD (left column in Figure 5) shifts
significantly for the east and west IMF, corresponding to the variation in open topology in the left column
in Figure 4. A corresponding variation in draped topology from the MAVEN data (right column in Figure 5)
to the open topology (right column in Figure 4) is seen as well, low occurrence rates in the +Y/ + Z and
—Y/—Z quadrants for east IMFs and in the —Y /+Z quadrants for west IMFs. Quantitatively, the occurrence
rate for draped topology in the data is mostly above 50% whereas the open topology shown in Figure 4 has
an occurrence rate below 50%. In contrast, the probability for draped topology from MHD reaches down
to nearly 0 within the two tail lobes, where open topology prevails instead. Furthermore, MHD predicts a
higher occurrence rate of closed field lines near the current sheet (Figure 2), which is not present in the data.

In summary, the discrepancies between results from the MAVEN data and MHD modeling include the fol-
lowing: (a) a factor of 2 difference in the maximum occurrence rates for the open topology, (b) occurrence
rates in the —Y/ —Z quadrant, and (c) occurrence rates for closed field lines. These discrepancies can proba-
bly be explained by some combination of the caveats listed in the section 2. Despite these discrepancies, the
pattern of open topology in both simulations and data respond similarly to a reversal of the upstream IMF
polarity, probably because the magnetic reconnection patterns of the crustal magnetic fields with east and
west IMFs are different.
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Figure 5. Model-data comparison for draped topology for east (top row) and west IMF (bottom row). The
same format as Figure 4 but for draped topology. The left column shows the occurrence rates from MHD at
Xmso = [—1.5,-2.5] Ry, and right from MAVEN data Xy50 = [-1.5,-3] Ry,.

3.3. Open Topology in the Tail

The results above suggest that the presence of a high occurrence rate of open topology significantly impacts
the Martian magnetotail configuration. It also has important implications for characterizing cold ion outflow
and electron precipitation. In Figure 6, we show the occurrence rates for the open topology in the Xy;50-Ruso

iacti — “Zmso 2 2
projection, where Rygo = T Yiso T Zuso-

Overall, the occurrence rate of the open topology mostly ranges from 20% to 50% on the nightside, decreasing
with distance down the tail (Figure 6). There is a north-south asymmetry, with a higher occurrence rate in
the north, regardless of the upstream IMF polarity, as the twist in the tail topology is averaged out for each
hemisphere. This north-south asymmetry probably occurs because (1) cusps of open field lines consist of a
small spatial area/solid angle over the southern strong crustal fields such that the overall occurrence rate for
open topology in the southern hemisphere is not necessarily higher than that in the northern hemisphere,
except for right at the cusp regions at low altitudes; (2) more deeply draped field lines (into the collisional
atmosphere) in the northern hemisphere are identified as open field lines by our technique; and (3) we
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Figure 6. Occurrence rates of open topology in the Xy;so — Rpso projection for all MAVEN data (left), east (middle), and west IMF (right), respectively.
The white dashed lines are conic fits of the induced magnetic boundary from Vignes et al. (2000).
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underestimate the occurrence rate of open field lines over strong crustal sources because of SWEA's limited
ability to detect small loss cone angles. One noticeable difference is that the occurrence rate for Ry5o < 0
and X < —1.5 R, is higher for east IMFs (middle) than west IMFs (right). This difference mirrors the low
occurrence rate of open topology in the south for west IMFs (the lower right of Figure 4), probably because
of the different reconnection patterns for east and west IMFs, which likely results in different occurrence
rates for open field lines. In addition, if west IMFs result in more connectivity to strong crustal sources than
the reverse polarity, SWEA's limited ability to detect small loss cones may artificially suppress the observed
occurrence rate of open field lines.

4. Discussion and Conclusions

Motivated by the evidence that the apparent twist of the Martian magnetotail is caused by reconnection
between the IMF and the crustal fields (DiBraccio et al., 2018), we compare magnetic topology inferred from
the MAVEN data with that from MHD simulations. From both the model and data, Mars's magnetotail is
found to be dominated by combinations of draped and open magnetic topologies, and not merely draped
IMFs as at Venus. In addition, the pattern of open field lines in the tail at X = [-1.5, —3] R,, twists by ~90°
in response to reversing IMF polarity, in the same sense as the tail magnetic polarity pattern and cross-tail
current sheet, as inferred by DiBraccio et al. These results are consistent with the interpretation that a large
portion of open field lines populating the tail produces the twist.

The topology results from the model and data show significant differences, such as the absolute occurrence
rates, for which a combination of caveats in the model results and/or data-derived topology products, as well
as uncertainties in upstream clock angles, might be responsible. However, a detailed analysis to determine
specifically what causes these differences could require time-dependent simulations, a better representation
of magnetic reconnection in the models, and sampling the models along the MAVEN trajectory to recreate
the data sampling function. Each of these tasks is beyond the scope of this study. Instead, the qualitative
agreements on the gross features in the model and data results in this study have provided useful insights
to the implication of topology being the cause of the twist in the tail, which varies significantly for different
IMF polarities interacting with the crustal fields.

One might argue that magnetic topology inferred from superthermal electrons cannot distinguish deeply
draped IMF below the electron exobase from field lines connected to the surface, so that some field lines
identified as open by our technique may in fact be deeply draped. However, the variation in occurrence rates
of open field lines in response to changes in the IMF polarity supports the interpretation that Mars's crustal
magnetic fields cause the tail twist, because the conditions for magnetic reconnection between IMF and
crustal magnetic fields depend on IMF polarity. These same conditions also affect where the draped IMF
can penetrate deeply into the ionosphere. In other words, both open field lines connected to the surface and
deeply draped field lines are affected by the interaction between crustal magnetic fields and IMF, which is
why both types of “open” field lines can vary with upstream IMF polarities.

This tail topology variation with the IMF polarity also echoes draped field distortions revealed by Brain et al.
(2006) with Mars Global Surveyor observations: the magnetic field at 400-km altitude over a northern weak
crustal region is more consistent with a draping pattern under the west IMF but more scattered in directions
under the east IMF. Luhmann et al. (2015b) showed from MHD simulations that this distortion is likely due
to different reconnection geometries for different IMF polarities. While the results from Brain et al. (2006)
are for dayside, open field lines from dayside magnetic reconnection will populate part of the tail lobes,
forming at least part of the open-to-day topology seen in the tail. In all, previous studies and our results
suggest that the Martian crustal magnetic fields have a global effect on the magnetosphere configuration,
supporting the picture of a hybrid magnetotail at Mars.
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