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Abstract we present Mars Atmosphere and Volatile EvolutioN (MAVEN) observations of a giant
magnetic flux rope in the Martian dayside ionosphere. The flux rope was observed at an altitude of <300 km,
downstream from strong subsolar crustal magnetic fields. The peak field amplitude was ~200 nT, resulting
in the largest difference between the observed magnetic field strength and a model for crustal magnetic
fields of the entire MAVEN primary science phase. MAVEN detected planetary ions, including H*, O*, and O3,
across the structure. The axial orientation estimated for the flux rope indicates that it likely formed as a result
of interactions between the local crustal and overlaid draped interplanetary magnetic fields. Pitch angle
distributions of ionospheric photoelectrons imply that this structure is connected to the Martian upper
atmosphere. However, the flux rope is not present in observations at the next commensurable orbit
crossing (approximately two Martian days later), implying that it eventually detaches from the atmosphere
and is carried downstream. The flux rope observations occurred during an interplanetary coronal mass
ejection event at Mars, suggesting that the disturbed upstream state played a role in allowing the
interplanetary magnetic field to penetrate deeper into the Martian ionosphere than is typical, allowing

the formation of the flux rope.

1. Introduction

Flux ropes are fundamental twisted helical magnetic field structures [e.g., Russell and Elphic, 1979a]. They have
been detected throughout the solar system, including Earth [e.g., Russell and Elphic, 1979b; Hasegawa et al.,
20101, Mercury [e.g., Slavin et al., 2009; Imber et al., 2014], and the Jovian planets [e.g., Walker and Russell, 1985;
Jasinski et al., 2016], which possess a global intrinsic dipole magnetic field. One key issue associated with
the flux rope studies is to understand how flux ropes are formed in the solar system. Flux ropes have been
currently postulated to form as a result of magnetic reconnection between interplanetary magnetic field (IMF)
and intrinsic magnetic field.

On the other hand, they have been also measured around the Martian plasma environment, even though
Mars does not possess a global intrinsic magnetic field [e.g., Cloutier et al., 1999; Vignes et al., 2004]. The can-
didate sources of the Martian flux ropes are due to not only the IMF draped around Mars but also the highly
asymmetric localized crustal magnetic fields [e.g., Acuria et al., 1998, 1999]. A large number of flux ropes had
been detected by Mars Global Surveyor (MGS) in the Martian ionosphere [e.g., Cloutier et al., 1999; Vignes et al.,
2004; Briggs et al., 2011]. Indeed, Mars Atmosphere and Volatile EvolutioN (MAVEN) also successfully mea-
sures several flux ropes around Mars even at altitudes higher than 1000 km [Hara et al., 2015; DiBraccio et al.,
2015]. Their peak field amplitudes are mostly weaker than ~30 nT [e.g., Vignes et al., 2004]. Meanwhile, strong
axial field flux ropes (~80 nT) have recently been discovered in the magnetosheath, in particular, during the
passage of the interplanetary coronal mass ejection (ICME) [Hara et al., 2016].
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Furthermore, large-scale ionospheric flux ropes with a peak field stronger than 100 nT were measured by
MGS downstream from the strong crustal fields [e.g., Brain et al., 2010; Morgan et al., 2011; Hara et al., 2014a].
Brain et al. [2010] proposed that the dayside crustal field lines are stretched tailward because of the solar
wind flow and may detach via magnetic reconnection. Beharrell and Wild [2012], who found magnetic field
enhancements mostly due to flux ropes, were repeatedly detected by MGS around the terminator region
in the southern hemisphere. They were also downstream from the strong crustal fields. Based on candidate
lists done by Beharrell and Wild [2012], Soobiah et al. [2014] further investigated one large-scale flux rope in
conjunction with the Mars Express (MEX) measurements, because MEX was occasionally close to MGS within
500 km and 40 min. Beharrell and Wild [2012] noticed they can be created through internal reconnections
between neighboring crustal fields, whereby field lines are stretched and overlay neighboring crustal fields.
Hara et al. [2014b] statistically investigated possible formation processes of ionospheric flux ropes observed
by MGS around the southern polar region downstream from the strong crustal fields, based on their spatial
properties inferred from the Grad-Shafranov reconstruction (GSR) technique. This technique is capable of
recovering the two-dimensional axial field structures and axial orientations of flux ropes based on single
spacecraft measurements [e.g., Hau and Sonnerup, 1999; Hu and Sonnerup, 2002]. Hara et al. [2014b] suggested
that IMF draped around Mars can play a significant role, because they can be created in consequence of
interactions between the local crustal and overlaid draped magnetic fields.

However, MGS had some limitations to further understand possible formation processes of the Martian flux
ropes. For example, since the MGS was usually well below the Martian bow shock during its mapping phase
[Albee et al., 2001], it is not straightforward to deduce the IMF orientations draped around Mars from MGS
[Brain et al., 2006]. Therefore, possible scenarios on how flux ropes are created in the Martian plasma envi-
ronment are still under debate. On the other hand, MAVEN enables the measurements in various plasma
regimes including the upstream solar wind, magnetosheath, induced magnetosphere, and down to the
Martian ionosphere [Jakosky et al., 2015]. The MAVEN comprehensive particle and field instruments allow us
to reveal unprecedented behaviors of the Martian flux ropes [Hara et al., 2015].

In this paper, we first present clear MAVEN observations of a giant ionospheric flux rope in the vicinity of the
subsolar crustal magnetic fields. MAVEN observations together with the spatial structure inferred from the GSR
technique show the more convincing evidence than ever that a giant ionospheric flux rope can be formed via
multiple X line reconnection between the local crustal magnetic fields and overlaid interplanetary magnetic
fields draped around Mars.

2. Identification of Martian lonospheric Flux Ropes

In order to surely identify the Martian ionospheric flux ropes from the spacecraft measurements, it is essen-
tial to distinguish between ionospheric flux ropes and the local crustal fields themselves. In previous studies
based on the MGS observations, they compared the spacecraft magnetic field observations with the mod-
eled crustal field predictions [e.g., Brain et al., 2010; Beharrell and Wild, 2012; Hara et al., 2014b]. MGS fixed its
local time of 2 A.M./2 P.M. at an altitude of ~400 km during its mapping phase [Albee et al., 2001]. On the other
hand, MAVEN has an elliptical orbit, designed to precess rapidly around Mars with a periapsis (apoapsis) alti-
tude of ~150 (~6200) km [Jakosky et al., 2015]. In addition, present crustal field models are totally based on
the MGS measurements at an altitude of ~400 km [e.g., Cain et al., 2003; Morschhauser et al., 2014]; therefore,
there might be some ambiguity in the reliability of these models at altitudes lower than 400 km.

Taking into account the differences of the orbital configuration between MGS and MAVEN, here we propose
the methodology to surely identify the ionospheric flux ropes from the MAVEN magnetic field data. Compar-
ing the durations between the MAVEN orbital period (~4.5 h) and the Martian rotation period (~24.66 h), it
just takes approximately two Martian days for MAVEN to orbit Mars 11 times. It means that quite a similar
orbital configurations relative to the local crustal fields are available every 11 MAVEN orbits (approximately
two Martian days). In this paper, here we call this orbital feature “11:2 commensurability.”

For example, if we find a candidate ionospheric flux rope event from the MAVEN data, we compare the MAVEN
magnetic field data obtained in adjacent “commensurable” orbits, which are 11 MAVEN orbits before and after
the event. Given that similar magnetic field signatures are seen in these adjacent commensurable orbits, we
can regard this event as a stable structure like a crustal magnetic field. In contrast, in case we cannot find any
similar magnetic field signatures in the adjacent commensurable orbits, we can conclude that this event is
a transient structure like a magnetic flux rope. The actual spatial difference between these commensurable
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Figure 1. An overview of magnetic field measurements where MAVEN traversed at an altitude lower than 1000 km for orbit #1094: (a) The spacecraft trajectory
(rainbow line) projected onto the modeled crustal field map at 400 km [Morschhauser et al., 2014] during the time interval shown as a color bar at the bottom of
Figure 1d. The time profiles of (b) the observed magnetic field strength (|B|: black) together with the crustal field model (blue) [Morschhauser et al., 2014], (c) the
observed magnetic field components in the MSO coordinates, and (d) the spacecraft altitude (organized in the left y axis: black) and foot points (organized in the
right y axis), including the geographic latitude (LAT: blue), longitude (LON: green), and solar zenith angle (SZA: red). (e) The three-dimensional whisker plots of
the observed magnetic fields along the spacecraft trajectory (rainbow), viewed from the local time of 10:45 and the MSO latitude of —10°. Blue, green, and red
solid lines are the projected X0, Ymsor @aNd Zso axes, respectively. The correspondent times at the rainbow trajectory are identical to Figures 1a. The blue-red
background is also the same as in Figure 1a; however, it is projected on the globe surface at the time as noted on Figure 1e. The whisker length is proportional to
the field strength. A giant ionospheric flux rope was observed between two magenta dashed vertical lines between Figures 1b and 1d.

orbits is smaller than ~300 km. Analogous investigations were performed solely for the MGS measurements
by Soobiah et al. [2014].

Figure 1 shows an overview of the MAVEN magnetic field measurements when the spacecraft is at altitudes
lower than 1000 km on orbit #1094. During this time interval, MAVEN was mainly traveling in the Martian
dayside induced magnetosphere and ionosphere from the southern hemisphere (blue squares in Figure 1d)
to the northern hemisphere (blue pluses in Figure 1d). The MAVEN orbital foot points and three-dimensional
trajectory, projected onto the blue-red modeled crustal field map at 400 km [Morschhauser et al., 2014], are
displayed as the rainbow curve in Figures 1a and 1e. The MAVEN periapsis was closed to the subsolar point.
Figures 1a and Te indicate that MAVEN flew over the equator moderate crustal field region around the periap-
sis. However, MAVEN abruptly observed the sharp magnetic field enhancement with a peak field of ~200 nT,
even though the modeled crustal field is predicted rather weak between two magenta dashed vertical lines in
Figures 1b—1d. The event location is also marked as the magenta cross (whiskers) in Figure 1a (1e). The event
geometry relative to the neighboring crustal fields is similar to the previous MGS measurements [e.g., Brain
etal.,2010; Hara et al., 2014al. However, this event was detected around the subsolar point at an altitude lower
than 300 km. Note that a bisymmetric logarithmic axis is adopted in Figure 1¢, enabling us to display both
positive and negative values on the logarithmic scale, so that it makes easier to see the dynamic variations of
the magnetic field, because the observed magnetic field variations are in the range of from plus/minus a few
tens of nT to plus/minus a few hundreds of nT during the time interval of Figure 1.

Figures 2 and 3 have the same format as Figure 1; however, they are adjacent commensurable orbits #1083
(Figure 2) and #1105 (Figure 3). Indeed, the spacecraft trajectories along the geographic foot point (Figures 2a
and 3a) and three-dimensional globe (Figures 2e and 3e) during adjacent commensurable orbits are quite
similar to Figure 1 in terms of the local crustal magnetic configurations. However, MAVEN no longer measured
such a steep enhancement in the same altitude range as in Figure 1 during these adjacent commensurable
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Figure 4. (a, b) The hodograms of magnetic field components in the minimum variance analysis (MVA) coordinate
system, when MAVEN observed a giant ionospheric flux rope on orbit #1094. B;, B;, and By are the components along
the maximum, intermediate, and minimum variance axes, respectively. Black circles (crosses) are start (end) points.
(c) Time profile of the vector magnetic field transformed into the MVA coordinate system.

orbits (see Figures 2b and 3b between the two magenta dashed vertical lines). Therefore, we surely confirm
that this magnetic field enhancement seen in orbit #1094 (Figure 1) is not a stable structure like a crustal flux
tube but likely a transient structure like a magnetic flux rope.

We performed the minimum variance analysis (MVA) [e.g., Sonnerup and Scheible, 1998] by using the magnetic
field measurements in the Mars-centered, Solar Orbital (MSO) coordinate system between the two magenta
vertical dashed lines in Figure 1c. The MSO coordinate system is defined with the X, axis toward the Sun,
the Z,, axis perpendicular to the ecliptic pointing to the northern hemisphere, and the Y, ., axis completing
the right-hand system. Figures 4a and 4b show hodograms of magnetic field components during the event
in the MVA coordinate systems. Figure 4a clearly displays a smooth circular rotation in the plane perpendicu-
lar to the minimum variance direction (B,). Figure 4c shows a time series plot of vector magnetic field during
the event transformed into the MVA coordinate system. A bipolar-like magnetic field signature is well seen in
the maximum variance direction (B,). Figure 4 thus turns out to be a typical hodogram pattern of a flux rope
in the MVA coordinate system [e.g., Russell and Elphic, 1979a; Vignes et al., 2004]. The intermediate to minimum
eigenvalueratiois ~13.4, i.e., 4,/ 4, ~ 13.4, indicating that this MVA coordinate system is well determined. The
MVA result thus suggests that the flux rope axis is expected to be aligned to the intermediate variance direc-
tion; B; = [0.749,0.020, 0.662], assuming that the observed flux rope is approximately under the force-free
state [e.g., Xiao et al., 2004; Rong et al., 2013].

3. MAVEN Observations of A Giant lonospheric Flux Rope

Figure 5 represents time series plots of the MAVEN plasma and magnetic field measurements from the
Suprathermal and Thermal lon Composition (STATIC) analyzer [McFadden et al., 2015], the Solar Wind Electron
Analyzer (SWEA) [Mitchell et al., 2016], and the Magnetometer (MAG) [Connerney et al., 2015] across the
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Figure 5. Overview of time series plots of a giant ionospheric flux rope based on the MAVEN observations on 23 April
2015 (Orbit #1094): STATIC ions (a) omnidirectional energy, (b) mass with a unit of differential energy flux, and (c) the
estimated ion number densities. SWEA electron measurements of (d) omnidirectional energy spectra and (e) normalized
pitch angle distributions (PAD) of ionospheric photoelectrons with energies between 20 and 60 eV. Magnetic field

(f) amplitude (black) together with the modeled crustal field (blue) [Morschhauser et al., 2014] and (g) vector
components in the MSO coordinates measured by MAG. A giant ionospheric flux rope was observed between two
magenta vertical dashed lines.

giant ionospheric flux rope on orbit #1094. During the event, STATIC measured typical ionospheric-origin
ion populations with energies around 10 eV in Figure 5a. Since the spacecraft velocity (~4 km/s) around
periapsis is typically larger than the local ion thermal velocity and bulk flow velocity, the local ions are
highly collimated along the ram direction, resulting in the primary STATIC measurements of low-energy
ram ions to be O} with energies ~2.8 eV without spacecraft charging around the Martian ionosphere
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[e.g., McFadden et al., 2015; Mitchell et al., 2016]. Therefore, the spacecraft potentials are about —3 V, inferred
from the observed minimum ion energy by STATIC. Figure 5a also indicates that the observed ion energy flux
was slightly larger during the event than in the surrounding region. The STATIC ion mass spectra (Figure 5b)
apparently shows that multiple planetary ion species including H*, 0%, OF, and probably COJ are included
inside the flux rope. The plasma f; the ratio of the plasma pressure relative to the magnetic pressure, can
be computed to be approximately 0.3 across the structure. This feature is consistent with previous flux rope
events detected by MAVEN [Hara et al., 2015, 2016].

Although planetary heavy ions are gradually increasing with decreasing altitude from the Martian-induced
magnetosphere to the ionosphere, the Ht and O* densities especially increase inside the flux rope by about
an order of magnitude relative to the surrounding region (Figure 5¢). Note that the candidate origin of H* is
both the solar wind and planetary upper atmosphere. However, we confirm that the observed H* ions inside
the flux rope are of planetary origin, because STATIC measured the H;“ ghost peak (not shown) which is a
good proxy to judge that the observed protons are of planetary origin [McFadden et al., 2015]. Note also that
Figure 5b is displayed after subtracting stragglers from the lowest mass populations, which had the highest
contribution to background [McFadden et al., 2015]. Across the flux rope, heavy ions are flowing antisunward
with an approximately same bulk flow velocity regardless of species (not shown here). On the other hand,
interestingly, protons are flowing slightly different from heavy ions, and sometimes have a sunward bulk flow
velocity during the flux rope crossing.

The SWEA electron energy spectra did not show a significant change during the event (Figure 5d). Meanwhile,
the electron pitch angle distribution across the structure can provide us with some important clues associated
with the local magnetic topologies. Figure 5e displays pitch angle distributions of electrons with energies
between 20 and 60 eV, normalized by averaged values for individual SWEA observations. This energy range
covers major photoelectron peaks seen in the Martian upper atmosphere around 21-24 eV and 27 eV. The
photoelectron pitch angle distributions during the event (Figure 5e) appear weak trapped, i.e., two-sides loss
cones, but are not symmetric between parallel and antiparallel to the local magnetic field line. On the other
hand, the ionospheric photoelectron peak around 20 eV can be seen in the SWEA electron energy spectra
regardless of the pitch angle (not shown here). The loss cones may suggest that the flux rope is linked to the
Martian upper atmosphere, so that the photoelectrons can be lost in the loss cones at that time when this
event was observed.

4, Spatial Properties of A Giant lonospheric Flux Rope Reconstructed
by the Grad-Shafranov Equation

We applied the Grad-Shafranov reconstruction (GSR) technique to the giant ionospheric flux rope to estimate
the axial orientation and two-dimensional spatial structure. The GSR technique assumes that the structure is
magnetohydrostatic and time independent [e.g., Sturrock, 1994; Sonnerup and Guo, 1996]. Previous studies
extensively described how to apply the GSR technique to the magnetohydrostatic structures in space [e.g.,
Hau and Sonnerup, 1999; Hu and Sonnerup, 2002; Hasegawa et al., 2012]. Hara et al. [2015] explained opti-
mal treatments to apply the GSR technique to the Martian flux rope, because MAVEN detected multiple ion
species.

Since STATIC operated Conic mode capable of measuring ions with energies between ~0.1 and 500 eV dur-
ing the flux rope encounter, we used the STATIC “CF” (Conic mode burst) data product at 4 s cadences
(see McFadden et al. [2015] about the concrete data measurements array), in order to determine the plasma
moments including the ion number density, bulk flow velocity, and temperature. As shown in Figure 5a, the
observed ion energy across the flux rope is mainly ~10 eV; therefore, we took into account the effect of the
spacecraft potential when we computed the ion moments from the STATIC observations. Figure 5a also indi-
cates that the spacecraft velocity is sufficiently faster than the bulk flow velocity of the ambient ionospheric
ions. Hence, the spacecraft velocity could be the most dominant component to determine the motion of
the observed ionospheric flux rope. Except for the above considerations, we apply the same GSR scheme
described in Hara et al. [2015] to the observed ionospheric flux rope. It should be mentioned beforehand that
these STATIC low-energy ion data calibration has been still ongoing [McFadden et al., 2015]; however, the GSR
results (in particular, the flux rope axial orientation and shape) do not significantly change.

Figure 6 summarizes the GSR results for the observed flux rope in the Martian ionosphere. The
deHoffmann-Teller (HT) velocity, V.1, which is used for the GSR technique to convert the spacecraft time series
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MAVEN Orbit #1094: 2015 Apr. 23, 18:03:32 - 18:05:20 (UT)
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Figure 6. Overview of results from the Grad-Shafranov reconstruction (GSR) technique for a giant ionospheric flux rope
on 23 April 2015 (Orbit #1094): (a) Transverse pressure P; and (b) axial magnetic field B, profiles as a function of the
partial magnetic vector potential A. Open circles are MAVEN observations along the inbound path while asterisks are
along the outbound path, and the solid curves denote the fitted polynomials. (c) The recovered two-dimensional axial
magnetic field B, map via the GSR technique based on the MAVEN observations. MAVEN traversed (time progressed)
from left to right along y = 0. White arrows indicate the transverse magnetic fields measured by MAVEN. The colored
arrows shown at the lower left corner on the reconstructed map are the projections of MSO unit vectors: X;,,s, (blue),
Ymso (green), and Z,, (red) axes. Overlaid dashed magenta curve is the flux rope boundary. A precise definition is given
in text.

data into the spatial information along the spacecraft trajectory moving through the structure, is found to be
[-1.15,—-2.34,—3.52] km/s in the MSO coordinates. The correlation coefficient for the HT analysis is quite high
(cc=0.996), indicating that we can neglect the effects of motion and temporal evolution of the structure in the
HT frame. Furthermore, the Walén slope for the GSR interval is so small (—0.008) that this event turns out to be
suitable for applying the GSR technique. As mentioned in section 3, the bulk flow velocity is slightly different
between protons and heavy ions during the event; however, a proton density inside the flux rope is so smaller
than heavy ions as adequate to apply the GSR technique to the event. Figures 6a and 6b clearly show that the
MAVEN data points (open circles/asterisks) can be well fitted by single polynomials (black solid curve), indi-
cating that it is a reasonable assumption that the structure is two dimensional. Figure 6c is a two-dimensional
axial field map of the observed ionospheric flux rope recovered by the GSR technique. The invariant (z) axis
perpendicular to the reconstructed GSR x-y map in Figure 6c is determined to be [0.458, —0.092, 0.884] in the
MSO coordinates; i.e., the flux rope axis is mostly oriented along the +Z,,, direction. We found that the angu-
lar difference of the estimated flux rope axis between the GSR technique and the MVA turns out to be ~22°,
indicating that the flux rope axes inferred from both methods do not have a large difference.
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The flux rope boundary overplotted by a dashed magenta curve onto Figure 6¢ is defined as a surface where
the reconstructed axial field strength is 50% relative to the core field value. This definition is the same as Hara
etal.[2015]. Using the same methodologies as taken by, e.g., Hara et al. [2014a, 2014b, 2015], we estimated the
spatial scales of the observed ionospheric flux rope. The cross-section area is computed to be ~2.06 x 10* km?2,
Given that the flux rope is strictly a circular shape, a flux rope radius is equivalently ~80.9 km. Assuming
that the structure is maintained at least over the period when MAVEN traversed the flux rope, the extent along
the flux rope axis is ~203.7 km, which is the MAVEN flight distance in the HT frame. Therefore, the flux rope
volume is computed to be at least ~4.19 x 102! cm3. These results show that the estimated spatial scale is
larger than the Martian flux ropes previously recorded by MGS [Vignes et al., 2004; Briggs et al., 2011]; however,
itis approximately comparable to a large-scale flux rope event previously observed by MGS downstream from
the strong crustal fields [e.g., Brain et al., 2010]. Based on previous studies [e.g., Qiu et al., 2007; Hu et al., 2014],
we also compute the toroidal (®,) and poloidal (®,) magnetic flux contained inside the flux rope. Their results
turn out to be @, ~ 2.76x10% and @, ~9.79%1 0% Wb, respectively. Note that our defined boundary (a dashed
magenta curve in Figure 6c) is not completely closed; therefore, it is partially beyond the reconstructed
domain. Hence, the estimated flux rope volume is an underestimate, and the derived spatial properties are
lower limits.

5. Possible Formation Process

Figure 7 illustrates a possible formation process of the observed giant ionospheric flux rope based on the axial
orientation recovered by the GSR technique. Viewing from Figure 1e on Orbit #1094, local crustal magnetic
fields (gray curves in Figure 1e) around the event are typically pointed in the -V, /+Z,,,, directions like black
solid arrows in Figure 7a; meanwhile, global-draped magnetic fields, which are inferred from the whiskers
directions in Figure 1e far from the event (e.g., either before 18:00 UT or after 18:20 UT), are approximately
overlaid in the +Y,,,./—Z,,, directions like the gray solid arrows in Figure 7b. It indicates that overlaid draped
magnetic fields are directed approximately opposite to the local crustal magnetic fields. Therefore, the mag-
netic configurations favorable for magnetic reconnection are available along the red solid lines in Figure 7c. As
shown in Figure 7d, a helical magnetic field structure can be consequently created via multiple X line recon-
nection between the local crustal and overlaid interplanetary magnetic field lines. The resultant flux rope axis
(ared arrow in Figure 7d) would be oriented mostly along the +-Z, . axis, which is in good agreement with the
GSR results. The estimated chirality (handedness) of the flux rope magnetic fields is also consistent with the
recovered two-dimensional structure in Figure 6c. Although Hara et al. [2014b] also pointed out a possibility
of this proposed formation process, our results show stronger evidence for this proposed formation process

to operate under the Martian ionosphere.

6. Dependence on Upstream Solar Wind Drivers

As mentioned above, Figure 1e represents that this giant ionospheric flux rope was observed around the
subsolar region at a geographic latitude (east longitude) of —29.8°(79.6°). Hence, owing to the orbital con-
figuration, MAVEN was unable to directly measure the upstream solar wind region around this time interval.
However, the MAVEN plasma and field observations allow us to roughly deduce the upstream solar wind
conditions even though MAVEN did not purely measure the upstream solar wind.

Figure 8 summarizes the estimated solar wind proxies based on the Solar Wind lon Analyzer (SWIA) [Halekas
et al., 2015a], MAG [Connerney et al., 2015], and SWEA [Mitchell et al., 2016] observations, together with the
Wang-Sheeley-Arge (WSA)-ENLIL+Cone model [e.g., Mays et al., 2015]. Figures 8a and 8b represent penetrat-
ing protons density and velocity recorded by SWIA around every MAVEN closest approaches [Halekas et al.,
2015b]. A portion of the solar wind protons charge exchange with the Martian exospheric constituents, result-
ing in energetic neutral atoms (ENAs) and allowing them to penetrate to low altitudes in the atmosphere,
because they do not feel the ambient electromagnetic fields. Some of these ENAs can be converted back to
charged particles that can be measured by SWIA around the MAVEN closest approach [Halekas et al., 2015b,
2016]. Since these ENAs can penetrate to low altitudes, maintaining the same velocity as that of solar wind,
the penetrating protons velocity (Figure 8b) is the most reliable proxy to determine the upstream solar wind
velocity. The penetrating protons density (Figure 8a) is also suitable to infer at least the relative change of the
upstream solar wind density. Figure 8c shows the orbital averaged magnetic field amplitude in the magne-
tosheath, which is also a good proxy to understand the relative change of the IMF strength draped around the
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Figure 7. (a-d) Schematic illustrations of a possible formation scenario of the giant ionospheric flux rope observed

by MAVEN. Background blue-red contour is the radial component of the modeled crustal magnetic field at 400 km
[Morschhauser et al., 2014], projected onto the Martian surface. This crustal field area around the event corresponds
around the magenta whiskers of Figure 1e on Orbit #1094. The formation progressed from Figures 7a to 7d. Black solid
arrows are local crustal fields. Gray solid arrows are the inferred overlaid IMF draped around the planet. Red solid lines in
Figure 7c are the locations where multiple X line reconnection is likely driven. A helical flux rope is created in Figure 7d
via multiple X line reconnection between the local crustal and overlaid interplanetary magnetic field lines. The expected
flux rope axis is depicted as a red arrow. The projected MSO orthogonal X, (blue), Y5, (green), and Z,,,¢, (red) axes
are shown on the top right corner. The viewing direction is identical to Figure 1e.

planet. On the basis of the automated algorithm well described in Halekas et al. [2016], we singled out the time
intervals when MAVEN was in the magnetosheath based on the SWIA and MAG measurements. Figure 8d indi-
cates the magnetosheath suprathermal electrons pitch angle distributions averaged over the time intervals
for both individual orbital inbound and outbound passes. We automatically chose the intervals whose pitch
angle distributions appear to be either field aligned or counterstreaming along the magnetic field line [e.g.,
Brain et al., 2007], because these suprathermal populations can be presumably due to solar wind “strahl” elec-
trons, which directed outward from the Sun along the interplanetary magnetic field [e.g., Feldman et al., 1975;
Pilipp et al., 19871. Hence, these pitch angle distributions owing to likely solar wind strahl electrons observed
in the magnetosheath would be a good tracer to infer the IMF sector polarities; i.e., the IMF draped around
the planet has a polarity toward or away from the Sun. Bidirectional streaming suprathermal electrons along
the magnetic field line are found around between 23 and 26 April, indicating that they could be traveling in
both directions along the ICME closed loop [e.g., Gosling et al., 1987; Wimmer-Schweingruber et al., 2006, and
references therein].

At the event (the vertical dashed blue line in Figure 8), an orbital-averaged magnetosheath field strength
reached as strong as about 20 nT, which was mostly accompanied with enhancements of the penetrating pro-
tons density and velocity. It indicates that the time profile of the estimated upstream solar wind is consistent
with that of the typical ICME passage [e.g., Kataoka and Miyoshi, 2006]. Recently, comparison studies between
the undisturbed solar wind observed by MAVEN and the WSA-ENLIL+Cone model [e.g., Mays et al., 2015] are
well performed by Dewey et al. [2016]. We thus also compare these solar wind proxies obtained from the
MAVEN observations with the WSA-ENLIL+Cone model (overplotted as red curves in Figures 8a—8c). The sim-
ulation result also predicted that ICME impacted Mars slightly prior to 23 April 2015 (Figrue 8e). The simulated
ICME arrival time was expected to be earlier than the MAVEN observations, because the modeled solar
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Figure 8. Overviews of the upstream solar wind proxies inferred from the MAVEN observations for 10 days from 19 April
2015. For the left-hand side black axis, the (a) number density and (b) velocity of penetrating protons observed by SWIA
around each periapsis, which are good proxies for the upstream solar wind properties [Halekas et al., 2015b], and (c) the
orbital averaged magnetic field strength draped around Mars (with standard deviations shown as vertical lines), where
MAVEN was in the magnetosheath based on the SWIA and MAG measurements. In addition, the WSA-ENLIL+Cone
simulation results at Mars are overplotted as red curves organized in the right-hand side red axis. (d) The normalized
pitch angle distributions (PAD) of magnetosheath suprathermal electrons with energies between 100 and 150 eV,
averaged for individual orbits of inbound/outbound crossings. A giant ionospheric flux rope was observed at the vertical
dashed blue line. (€) WSA-ENLIL+Cone model results for the solar wind density normalized to 1 AU, viewed from the
northern ecliptic pole. The location of the spacecraft, planets, and the Sun are depicted by small symbols. Some other
heliospheric properties are listed in the bottom legend. ICMEs propagating in the inner heliosphere are outlined as
black closed curves.
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wind velocity was predicted to be faster than the MAVEN observations during 19-22 April. It suggests that
the actual ICME was slower down than the simulation on the way to Mars through the inner heliosphere
(see Figure 8b). This result thus indicates that such a disturbed solar wind like the ICME passage can play
an important role in creating the observed giant ionospheric flux rope with an axial field of ~200 nT. This is
because the IMF draped around the planet could easily penetrate deeper to the low altitude than the usual
state, allowing the overlaid IMF to interact with the local crustal magnetic fields. Furthermore, previous stud-
ies reported that the magnetic reconnection rates during the ICME passages became high, owing to the low
Alfvénic Mach number (or low plasma p) at Earth [e.g., Farrugia et al., 1995; Phan et al., 2013] and Mercury
[e.g., Gershman et al., 2013; Slavin et al., 2014]. Therefore, this effect might also contribute in creating the
observed giant flux rope around the subsolar region in the Martian ionosphere.

7. Concluding Remarks
In this paper, we obtained the following results based on the MAVEN observations:

1. MAVEN observed a giant ionospheric flux rope with a peak field of ~200 nT around the subsolar region,
where the spacecraft was at an altitude of <300 km downstream from the strong crustal fields. The dif-
ference between the observed flux rope peak field and modeled crustal field is one of the largest during
the MAVEN primary science phase. The event geometrical configuration relative to the neighboring crustal
fields is similar to the previous MGS measurements [e.g., Brain et al., 2010; Hara et al., 2014a]. In order to
identify that this is really owing to a flux rope, we compared magnetic field measurements among three
consecutive 11:2 commensurable orbits (Figures 1-3), that their orbital configurations are similar to the
local crustal magnetic field topologies. It is because it takes about two Martian days for MAVEN to orbit
Mars 11 times. These comparisons allowed us to ensure that the event shown in this paper is not a stable
structure like a crustal magnetic field itself but a transient structure like a flux rope.

2. The flux rope possessed multiple planetary ions including H*, O*, 0%, and likely CO3, which is consistent
with previous MAVEN observations [Hara et al., 2015]. In particular, Ht and Ot densities increase inside the
flux rope by about an order of magnitude relative to the surrounding region (Figure 5c). Interestingly, ion
bulk flow velocities inside the flux rope are slightly different between protons and heavy ions, enabling us
to infer a variety of ion sources included inside the flux rope. The photoelectrons pitch angle distribution
during the event (Figure 5d) was weakly trapped; however, SWEA measured ionospheric photoelectrons
regardless of the pitch angle. The loss cones may suggest that this structure is linked to the Martian upper
atmosphere, so that the photoelectrons can be lost in the loss cone at that time when MAVEN observed.

3. We succeeded in uniquely recovering the flux rope spatial properties based on the GSR technique. The
spatial scale was estimated to be the order of 100 km, which is comparable to large-scale flux ropes pre-
viously observed by MGS downstream from the strong crustal fields [Brain et al., 2010]. The inferred flux
rope axis was approximately oriented along the +Z,,, direction, indicating that it was created via multiple
X line reconnection between the local crustal and overlaid interplanetary magnetic fields draped around
Mars (Figure 7). This formation process was previously proposed by Hara et al. [2014b]. Hence, these MAVEN
observations can convincingly show that this formation process surely operated under the Martian plasma
environment.

4. Figure 8 suggested that the giant ionospheric flux rope was detected when an ICME impacted Mars. Hence,
ICME can play an important role in creating the observed giant ionospheric flux rope with an axial field of
~200 nT in the Martian ionosphere, because the IMF draped around the planet was allowed to penetrate
deeper than the usual state, resulting in the strong interaction between the local crustal and overlaid inter-
planetary magnetic fields. This result clearly suggests that the variable upstream solar wind properties are
an important factor to create magnetic flux ropes in the Martian plasma environment.

This observed ionospheric flux rope was observed around the subsolar point during the ICME passage; there-
fore, the plasma pressure in the Martian dayside-induced magnetosphere, located on the upper side of the
observed ionospheric flux rope, was expected to be enhanced than that under the usual state. It indicates that
the pressure gradients across the boundaries of the flux rope were also enhanced. This factor likely allows the
observed ionospheric flux rope to be “giant” with a peak field of ~200 nT.

The behaviors of the modeled crustal field among the commensurable orbits (blue lines in Figures 1b, 2b,
and 3b) appear different even though the orbital geographic configurations are so close (see Figures 1a, 2a,
and 3a or Figures 1e, 2e, and 3e). On the one hand, the GSR results shown in section 4 suggest that the typical
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spatial scale of the observed giant ionospheric flux rope is about a few hundred kilometers, which can suffi-
ciently cover the area where MAVEN traversed during these commensurable orbits. Given that this magnetic
field enhancement during the Orbit #1094 (Figure 1b) was a locally stationary structure like a crustal field itself,
MAVEN should also detect a portion of such a magnetic field enhancement at least in adjacent commensu-
rable orbits (Figures 2 and 3), but MAVEN could not at all. Hence, it is natural to conclude that the observed
magnetic field enhancement is not owing to a stable structure but a transient structure like a flux rope.

We could not measure any flux rope signatures on Orbit #1105 which was the next “commensurable” orbit
(see Figure 3b), indicating that this structure had to disappear within two Martian days at least. Without phys-
ical mechanisms to maintain the structure, one possible interpretation is that the fate of the observed giant
flux rope should be detached from the planet resulting in a presumable escape into interplanetary space.
Therefore, the structure can be one of the ion bulk removal processes from Mars. Based on the STATIC ion
measurements together with the GSR results, the observed giant flux rope was filled with planetary ions of
~2.41 x 10% ions including H*, O%, 03, and COJ. Assuming that all ions were completely removed within
the duration (~59.5 s) when MAVEN crossed the structure, the potential ion escape rate owing to a single
ionospheric flux rope is estimated to be ~4.04 x 1023 ions/s, which can instantaneously contribute approxi-
mately 10% of the global presention escape rate from Mars during the solar minimum [e.g., Lundin et al., 2008;
Nilsson et al., 2011; Brain et al., 2015]. This potential ion escape rates due to the ionospheric flux ropes are thus
consistent with the previous MGS estimations [e.g., Hara et al., 2014a, 2014b]. However, future investigations
on how often these ionospheric flux ropes are created and detached are needed to quantitatively understand
how much ionospheric flux ropes can contribute to the ion escape rates from Mars.

An alternative interpretation is that the flux rope can unwind and diffuse into the ionosphere below the
spacecraft. Luhmann et al. [1984] estimated that a large-scale field in the Venus ionosphere disappears with a
time scale of the order of minutes to hours, depending on the vertical convection velocity of the ionospheric
plasma. This decay time is sufficiently shorter than two Martian days. An upcoming global numerical simu-
lation with high spatiotemporal resolution, such as a time-dependent MHD model around Mars [e.g., Fang
etal., 2015], might provide us with some implications to understand how the observed ionospheric flux rope
evolves (or collapses) in the Martian plasma environment.
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