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Abstract we report on the complex nature of the induced Martian magnetotail using simultaneous
magnetic field and plasma measurements from the Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft. Two case studies are analyzed from which we identify (1) repetitive loading and unloading of tail
magnetic flux as the field magnitude changes dramatically, exhibiting signatures similar to substorm activity
within intrinsic magnetospheres; (2) multiple current sheet crossings indicative of plasma sheet flapping; (3)
tailward flowing high-energy planetary ions (O and 0,"), confined exclusively to the cross-tail current sheet,
contributing to atmospheric escape; and (4) signatures of magnetic flux ropes, suggesting the occurrence of tail
reconnection. These events illustrate the complexity of the Martian magnetotail as MAVEN provides key
observations relevant to the unanswered questions of induced magnetosphere dynamics.

1. Introduction

The induced magnetosphere of Mars forms as a result of the interplanetary magnetic field (IMF) draping
around the planet’s electrically conducting ionosphere [Spreiter et al., 1970; Nagy et al., 2004]. Although
Mars lacks an intrinsic magnetic field powered by an active dynamo, it retains localized crustal magnetic
fields [Acuia et al., 1998], which add to the complexity of the system. The Martian magnetotail forms as
the mass-loaded IMF, a consequence of the extended hydrogen/oxygen corona, becomes draped and
elongated behind the planet, due to the solar wind pressure [Fedorov et al., 2006]. The induced magnetotail
consists of two lobes, directed sunward and antisunward, separated by a cross-tail current sheet. Unlike an
intrinsic magnetotail, the induced tail is particularly active as its structure becomes reoriented in response
to variations in IMF direction. This constant reorganization results in an extremely dynamic environment
because the orientation and strength of the magnetotail field is highly variable [Luhmann et al., 1991].

Despite their different formation mechanisms, the magnetotails of induced and intrinsic planets are found to
have similar processes occurring. At Mars, these similarities include, but are not limited to, the occurrence of
magnetic reconnection [Halekas et al., 2009] that can result in the formation of magnetic flux ropes (also
known as secondary magnetic islands) [Eastwood et al., 2008]; outflow of low-energy ionospheric ions, lost
to the solar wind through the tail lobes, which is likely a major contributor to atmospheric escape [Kallio
et al., 1995a, 1995b; André and Cully, 2012]; and flapping motions of the tail plasma sheet with associated
bursty plasma flows [Dubinin et al., 2012].

There are also many differences between the Martian magnetotail and those of intrinsic origin. At Mars, ions are
accelerated tailward in the plasma sheet by the jxB force imposed from magnetic stresses caused by the
draped IMF that forms the tail (see review by Dubinin and Fraenz [2015]). Because this force is strongest at the
center of the tail, ion energies are observed to gradually increase near the plasma sheet [Rosenbauer et al.,
1989; Ip, 1992; Dubinin et al., 1993, 2011]. For this reason, it is possible to characterize three different regions
of the induced magnetotail based on their ion outflow energies and the corresponding energization mechan-
isms: (1) central tail ion beams (100eV < E < 6 keV) that have been accelerated tailward in the plasma sheet
by the jx B force; (2) low-energy ions (E< 100eV) in the tail lobes, which have likely been accelerated by a
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combination of the jx B force, polar wind outflow, trans-terminator ionospheric flow, and wave acceleration
[Dubinin et al., 2011]; and (3) high-energy pickup ions (E > 6 keV) located in the magnetosheath, just outside
of the induced magnetosphere, that are energized by solar wind momentum exchange [Kallio et al., 1995a,
1995b; Lundin and Barabash, 2004]. This tailward acceleration of ions, and its contribution to atmospheric
escape, has been a major topic of interest at Mars [e.g., Lundin et al, 1989, 2007; Chassefiére and Leblanc,
2004; Barabash et al., 2007; Lundin, 2011; Dubinin et al., 2011, 2012].

Now with the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015] we are able to
study the induced Martian magnetotail by utilizing measurements from the comprehensive particle and fields
package. Here we present two case studies, using data acquired on 13 November 2014 and 5 May 2015, to
report on several features of the magnetotail: (1) repetitive loading and unloading of tail magnetic flux, similar
to substorm activity at planets with intrinsic magnetospheres; (2) current sheet dynamics, driven by plasma
sheet flapping; (3) tailward flowing high-energy planetary ions observed exclusively when MAVEN is traversing
the cross-tail current sheet; and (4) magnetic flux ropes, which are suggestive of magnetic reconnection.

2. MAVEN Magnetotail Observations

2.1. Data and Instrumentation

MAVEN was inserted into orbit around Mars on 22 September 2014 and began providing simultaneous particle
and magnetic field measurements shortly thereafter. MAVEN eventually settled into a 75° inclination elliptical
orbit with a 4.5 h period. Nominal periapsis and apoapsis occur at altitudes of ~150 km and ~6200 km, respec-
tively, with brief “deep-dip” campaigns during which periapsis is reduced to ~125 km.

The Magnetometer (MAG) [Connerney et al., 2015] provides vector magnetic field data at a maximum sampling rate
of 32 vectors per second. The Solar Wind lon Analyzer (SWIA) [Halekas et al., 2013] and Suprathermal and Thermal
lon Composition (STATIC) (J. McFadden et al., The MAVEN Suprathermal and Thermal lon Composition (STATIC)
instrument, submitted to Space Science Reviews, 2015) instruments provide ion measurements at cadences up to
4s. The Solar Wind Electron Analyzer (SWEA) (D. L. Mitchell et al, The MAVEN Solar Wind Electron Analyzer
(SWEA), submitted to Space Science Reviews, 2015) provides electron distributions as often as once every 2.

MAVEN observations are reported in Mars solar orbital (MSO) coordinates, unless otherwise stated: Xyso is
directed from the center of the planet toward the Sun, Zyso is normal to Mars’ orbital plane, and Yyso com-
pletes the right-handed system. The reader is referred to the corresponding instrument papers for additional
details regarding instrument specifications and capabilities.

2.2. Loading and Unloading of Magnetic Flux

On 13 November 2014, a repetitive enhancement was observed in the magnetic field data as MAVEN traversed
the pre-dawn sector of Mars’ magnetotail. An overview of SWEA, STATIC, and MAG data during this orbit, along
with a portion of MAVEN's trajectory, appears in Figure 1. MAVEN was in an instrument commissioning phase until
16 November 2014; consequently, some instruments were not making measurements on the day reported here.

MAVEN entered the southern magnetotail, crossing the induced magnetospheric boundary (IMB) at ~08:27:24 UTC
(vertical dashed line), at a distance of 1.65 Ry, (Where Ry, is the radius of Mars) downtail in the —Xjso direction. We
identify the IMB crossing on the basis of a rotation in the magnetic field vector with a concurrent decrease in overall
magnetosheath wave activity. Additionally, the SWEA energy spectra transitioned from a shocked magnetosheath
electron population with energies between 20 and 50 eV (the <10eV population is due to spacecraft charging) to
the <20 eV electrons observed within the magnetic pileup region (MPR). MAVEN progressed through the southern
tail for ~60 min before encountering highly dynamic magnetic fields in the ionosphere near periapsis and then
exiting the magnetosphere on the dayside. We note that the crustal field influence was negligible for this particular
orbit and the draped IMF was observed to be ~34 nT, which is not unusual at Mars [Crider et al., 2004].

From the time of the IMB crossing until ~09:20 UTC, MAG observations revealed four periods of rapid field
enhancements (numbered in Figure 1h), in both By and the total field magnitude, |B|, up to ~12 nT followed
by an immediate decrease to <2nT. As |B] increased in each event, the field was predominantly in the
sunward, or +Xyuso, direction, characteristic of the heavily draped IMF forming the tail lobes. During the
intervals of decreasing magnetic field magnitude (|B| approached 0nT), the field rotated away from Xyso
and enhanced fluctuations were observed in all three magnetic field components. The diminishing field
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Figure 1. A portion of MAVEN's orbit on 13 November 2014 (corresponding to vertical dashed lines in time series) viewed from (a) the meridional (Xmso—-Zmso) plane
and (b) behind the planet toward the Sun (Ymso-Zmso)- Nominal IMB and bow shock positions [Trotignon et al., 2006] are indicated by dashed lines. Normalized
magnetic field vector projections are plotted along the trajectory where the color represents the normalized out-of-plane component: By (Figure 1a) and By
(Figure 1b). MAVEN plasma and magnetic field data: (c) SWEA electron energy spectra; (d) STATIC energy spectra of heavy ions with M/q> 12; (e-h) magnetic field
components, By, By, and Bz, in MSO coordinates and total field magnitude, |B|, provided by MAG (black lines). Red lines in Figures 1e-1h represent crustal magnetic
field spherical harmonic model outputs from Morschhauser et al. [2014]. In Figure 1h vertical dotted lines mark times that magnetic flux ropes were detected.
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magnitude and corresponding rotation from the dominant By component to By and Bz indicate reorganiza-
tion of the magnetotail. The repetitive increase and decrease of magnetic flux was observed for a period of
~50 min as MAVEN traversed the magnetotail. The location of these four excursions from the draped By direc-
tion is illustrated in the orbital plot of Figures 1a and 1b.

We attribute this increase-then-decrease of field magnitude to the loading and unloading of tail magnetic flux.
Increasing |B| segments, termed “loading,” are interpreted as periods when the draped IMF accumulated in the
ionosphere, increasing the pileup around Mars and loading the tail with additional magnetic flux. This loading is
observed as the rapid enhancements in |B|. During this process, the IMF continues to drape around the planet
until it is eventually released by one of two mechanisms. In one scenario, field lines gradually slip around the
planet and are pulled downtail with the solar wind. In the second scenario, the flux is “unloaded” impulsively
as magnetic reconnection occurs within the cross-tail current sheet, detaching large amounts of flux from
the tail. Unloading is observed as the sudden decrease in By and |B| by a factor of six. Here we find that the
loading processes occurred over a span of 3-5 min. The unloading occurred over short intervals of 2—4 min.

This unloading of magnetic flux may be the result of magnetic reconnection, a ubiquitous phenomenon in
space plasmas, associated with the changing of magnetic field topology. Close inspection revealed that, during
the unloading intervals, fluctuations were present in all three magnetic field components and coincided with
momentary increases in |B|. Further analysis showed that a bipolar signature in either By or B; accompanied
these localized spikes in |B]. This is a characteristic feature of magnetic flux ropes [Russell and Elphic, 1979],
magnetic structures of helical topology often produced by magnetic reconnection. The vertical dotted lines
in Figure 1h identify the times associated with individual flux rope encounters. To confirm their structures, a
minimum variance analysis (MVA) [Sonnerup and Cahill, 1967] was performed on each individual flux rope
(not presented here). The presence of multiple flux ropes throughout the unloading segments supports the
hypothesis that magnetic reconnection was likely responsible for the tail magnetic field reconfiguration.
However, MAVEN did not encounter the cross-tail current sheet during this particular orbit, making observa-
tions of additional signatures associated with reconnection (e.g., plasma jets) unlikely.

Planetary heavy ions were also observed during each of the four unloading periods. Figure 1d shows the STATIC
energy spectra for ions with mass-per-charge (M/q) >12. Analysis of the three-dimensional energy spectra for
these planetary ions reveals that they were flowing tailward, in the —Xso direction. Additionally, they exhibited
energy dispersions similar to the time-dispersed ion signatures reported by Halekas et al. [2015], which are
thought to be a result of ion pickup in variable electric fields. This outflow of low-energy ionospheric ions
may be a major contributor to atmospheric escape at Mars.

Shortly after the IMB crossing (08:29:50 UTC), the first population of cold planetary ions was observed to have
energies varying by an order of magnitude, ranging from ~20 to 200 eV, throughout the |B| depression. We
observe that the second heavy ion enhancement, around 08:29:56 UT, contains mostly ions with energies
of ~20 eV and below. The two subsequent intervals in which heavy ions are observed have a particularly high
flux as MAVEN traverses closer to the planet, possibly moving into another acceleration region in the magne-
totail. These intervals occurred after the spacecraft passed into the optical shadow behind the planet, which
is identified by the transition from the MPR electron spectra to the wake spectra at 08:52:44 UTC. Earlier work
using Phobos 2 data concluded that very low energy (<100 eV) planetary ions are typically measured within
the optical shadow, while those of higher energies are found closer to the IMB [Kallio et al., 1995a, 1995b].

2.3. Cross-Tail Current Sheet Analysis

The draped IMF, forming the Martian magnetotail, creates two lobes of antiparallel field orientation that are sepa-
rated by a cross-tail current sheet. At Mars, the orientation of this current sheet is constantly changing in response
to changes in the IMF direction. Although the magnetic fields in the tail are heavily draped in the +Xyso direction,
the orientation of the tail and cross-tail current sheet is controlled by the IMF clock angle [Luhmann et al., 1991].

On 5 May 2015, MAVEN's orbital periapsis was located at low latitudes on the dayside. In this configuration, the
spacecraft was inside the induced magnetosphere for the duration of the orbit, except for periods of enhanced
solar wind pressure, which cause the magnetosphere to compress, pushing the IMB to lower altitudes. As a
result, we are unable to measure the upstream IMF orientation. Additionally, MAVEN reached distances of
2.6 Ry, downtail in the —Xyso direction, providing some of the most distant magnetotail observations during
the mission thus far.
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Figure 2. A portion of MAVEN's orbit on 5 May 2015 viewed from the (a) meridional (Xpso-Zmso) and (b) equatorial (Xpmso-Ymso) planes. See Figure 1 caption.
MAVEN plasma and magnetic field data: (c) SWIA ion energy; (d) STATIC energy of heavy ions with M/q>12; (e) densities of H*, 0%, and 02+; (f-i) magnetic field
components, By, By, and Bz, in MSO coordinates and total field magnitude, |B].
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Figure 3. Slices of 0," velocity distribution functions in the (a and b) Vx mso-Vzmso and (c and d) Vx mso-Vy,mso planes
for energies between 1-5 keV (concentric circles) during the (Figures 3a and 3c) partial and (Figures 3b and 3d) full current
sheet crossings in Figure 2.

Figure 2 shows magnetic field and plasma data, along with a portion of MAVEN's trajectory, as the spacecraft
traversed the cross-tail current sheet. The interval begins as MAVEN reached apoapsis, observing a stable and
quiet magnetic field, oriented predominantly in the Xjso direction, with a total field magnitude of ~24 nT. A
series of 20 partial current sheet crossings are identified in the MAG data, from 17:42:39 UTC to 17:49:27 UTC,
by rapid changes in the polarity of +By, coincident with a decrease in |B|. Dramatically enhanced fluctuations
are observed in all three components of the field and in |B| as well. These partial crossings were the result of
dynamic current sheet flapping, whether steady or kink-like [see Rong et al., 2015a, 2015b]. This flapping may
result as the magnetotail responds to varying upstream IMF or from local instabilities propagating along the
current sheet. The full current sheet crossing occurred ~11 min later, at 18:01:29 UTC, as Bx changed from
+21nT to —19nT. During this event, |B| was observed to decrease rapidly from ~23 nT down to ~4 nT over
a ~10s period. A minimum variance analysis revealed that the current sheet normal is oriented mostly in
the Yuso direction, as expected based on typical IMF draping patterns [Crider et al., 2004], with a slight tilt
toward Zyso.

At the time of these current sheet excursions, SWIA measured a high-energy ion population, reaching
energies up to 5keV, confined within the current sheet (Figure 2c). Using the STATIC energy spectra
(Figure 2d) of heavy planetary ions (M/q>12), we conclude that these high-energy ions are of planetary
origin. The planetary ions were enhanced only during current sheet crossings, as evidenced by the
densities of H*, 0", and O," displayed in Figure 2e. The density of O, was ~4 times greater than that
of O and an order of magnitude larger than the H" ion density. Although slightly higher in energy, these
observations are similar to the bursty fluxes of escaping planetary ions reported by Dubinin et al. [2012]
using Mars Express data.

lon flow characteristics are illustrated with the help of O,* velocity distribution functions (VDFs) observed
during the cross-tail current sheet encounters (displayed in Figure 3 for energies between 1-5keV).
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Figure 4. (a) MAG data during the 5 May 2015 current sheet traversal. Vertical dashed lines mark the minimum variance analysis interval. (b) Magnetic field
hodograms in minimum variance analysis coordinates.

Figures 3a and 3b show VDFs in the Vi mso—Vzmso plane, while Figures 3c and 3d show VDFs in the Vy mso— Vv mso
plane. The O," VDFs obtained over the interval of partial current sheet crossings (Figures 3a and 3c) are
consistent with high-energy ions flowing tailward in the —Vx mso direction with speeds of ~100km/s.
These O,* ions are also shifted in the —Vy mso and —Vz mso directions by ~20 km/s and ~30 km/s, respectively.
The full current sheet crossing exhibits similar features in the O," VDFs (Figures 3b and 3d) as the O, ions
moved tailward at speeds >100km/s with modest contributions in the —Vy mso and +Vzuso directions.
Therefore, we are able to conclude that these escaping planetary ions were traveling downtail along, and
within, the cross-tail current sheet.

As suggested by the multiple current sheet crossings, the discontinuity is highly dynamic during this
orbit. Figure 4a shows an interval of magnetic field data centered on the full current sheet crossing.
This event was not a smooth transition; rather, there were many fluctuations present in all three field
components. The main current sheet is defined by the reversal in By; however, we identify a second bipo-
lar signature in Bz from +15nT to —8 nT near the center of the current sheet at 18:01:56 UTC. This devia-
tion is also coincident with an increase in By and |B| to 16 nT and 20 nT, respectively. This is a classical
magnetic flux rope signature. The bipolar B; signature is indicative of the helical topology, while the
increase in By, and hence |B], indicates the presence of a strong, axial core field.

We performed a MVA over the extent of the flux rope (vertical dashed lines in Figure 4a). The magnetic
field vectors have been transformed from MSO into MVA coordinates defined by the minimum (By),
intermediate (B;), and maximum variance (Bj) components. The resulting intermediate-to-minimum
(%/4) and maximum-to-intermediate (4;/4;) eigenvalue ratios are 46.0 and 6.31, respectively, demon-
strating that the MVA coordinate system is well determined [Sonnerup and Scheible, 1998]. The hodo-
grams in Figure 4b show that By is relatively constant in the minimum-intermediate (By—B;) plane.
Furthermore, a large 180° rotation, indicative of helical flux rope topology, is observed in the
maximum-intermediate (Bi—B;) plane. The presence of this flux rope in the cross-tail current sheet
suggests that magnetic reconnection may have occurred between the oppositely oriented fields, energizing
plasma in the current sheet.
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3. Discussion and Summary

We have reported two case studies to address magnetotail dynamics at Mars, utilizing MAVEN's simultaneous
magnetic field and plasma measurements. We report the first observations of loading and unloading of
magnetic flux in the Martian magnetotail. Additionally, we observe the tailward escape of planetary ions in
association with current sheet crossings and plausible evidence of the occurrence of magnetic reconnection
in the induced magnetotail of Mars.

During the tail loading and unloading events, the magnetic field magnitude varied by a factor of ~6 over inter-
vals of 3-5 min. The repetitive characteristics exhibited throughout the unloading periods included changes in
field orientation from a strongly draped pattern, predominantly in By, to intervals where |B| approached 0nT
with small fluctuations present in By and Bz. Similar signatures have been observed in the intrinsic magnetotails
of Mercury [Slavin et al., 2010, 2012], Earth [e.g., Baker et al., 1996], Jupiter [Russell et al., 2000; Kronberg et al.,
2005, 2008], and Saturn [Jackman et al., 2007] and are associated with magnetospheric substorms [Russell
and McPherron, 1975]. Substorms occur as magnetic energy stored in the tail lobes is rapidly released via
magnetic reconnection; this process results in particle energization as well as magnetic field reconfiguration.

During the 13 November 2014 event, the spacecraft did not cross the tail current sheet; rather, it
remained inside a single lobe before entering the ionosphere. For this reason, we are unable to directly
observe reconnection in the cross-tail current sheet. We infer that reconnection may be responsible for
this tail reconfiguration based on repetitive and rapid increase-then-decrease observations in |B|, in addi-
tion to the presence of magnetic flux ropes. The substorm-like loading and unloading of the tail has
implications regarding the removal of flux from the Martian magnetosphere. However, a statistical study
is needed to confirm the frequency of such events in order to quantify their impact on the system.

In the second case study, we analyzed an orbit on 5 May 2015 when MAG data revealed a series of partial
current sheet crossings followed by a complete current sheet crossing as the spacecraft moved from the
sunward- (+Xuso) to antisunward-directed (—Xpuso) tail lobe. The partial crossings, identified by rapid
changes in the polarity of By, evidenced a direct observation of current sheet flapping. Additionally, the most
prominent feature of these crossings were the high-energy (1-5keV) planetary ions, flowing tailward at
speeds of ~100 km/s, identified exclusively during the current sheet encounters, as predicted by Dubinin
et al. [2012]. Their presence was not detected in the tail lobes.

Earlier Pioneer Venus Orbiter work reported observations of O" events accompanied by current sheet
crossings in the induced tail of Venus [Slavin et al., 1989], similar to the observations in this analysis. In a
study of ion energization and escape in the Martian tail, Dubinin et al. [2011] reported that the plasma sheet
is formed by ions that have been energized up to several hundreds of eV in the center of the tail. This ener-
gization comes from the j x B force resulting from the magnetic shear stress imposed by the draped IMF,
which is strongest in the center of the plasma sheet. However, we note that the planetary ions observed
by MAVEN are of higher energies (1-5 keV). This suggests that another energization mechanism may be
responsible for the energized population. Observations at Earth have found that bursty plasma flows in
the magnetotail are associated with tail flapping and may be triggered by magnetic reconnection
[Sergeev et al., 2006]. Although bursty plasma flows have been identified in the Martian magnetotail
[Dubinin et al., 2012], their association with current sheet flapping motion could not be confirmed, due
to the lack of simultaneous plasma and magnetic field measurements.

A magnetic flux rope was identified in the full current sheet crossing. Flux ropes, or secondary magnetic
islands, are often by-products of magnetic reconnection. The cross-tail current sheet is an ideal location for
this phenomenon to occur, due to the oppositely directed fields in the tail lobes. Eastwood et al. [2008]
observed a secondary island, along with a characteristic quadrupolar out-of-plane Hall magnetic field signa-
ture [see Sonnerup, 1979; Shay et al., 1998; Jieroset et al., 2001], indicative of magnetic reconnection, at a low-
altitude tail current sheet crossing during the Mars Global Surveyor orbital mapping phase. While Hall fields
appear to be commonly identified at Mars [Halekas et al., 2009], we are unable to detect any for this particular
current sheet crossing, suggesting that the spacecraft did not pass within close proximity to any reconnec-
tion X-lines that might have been present.

These initial MAVEN results illustrate a variety of dynamic phenomena occurring in the Martian magnetotail
during these orbits. As MAVEN continues to collect data in the Mars space environment, providing a solid
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formation for statistical analyses, with simultaneous magnetic field and plasma data, we may better address
outstanding questions. By continuing to probe more deeply into the complex magnetotail of Mars, we will
likely enhance our knowledge of both intrinsic and induced magnetotails.
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