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Abstract We report Mars Atmosphere and Volatile EvolutioN (MAVEN) observations of electrons, ions,
and magnetic fields which provide comprehensive demonstration of magnetic reconnection signatures
in the Martian magnetotail. In the near-Mars tail current sheet at XMSO ∼−1.3RM, trapped electrons with
two-sided loss cones were observed, indicating the closed magnetic field topology. In the closed field
region, MAVEN observed Hall magnetic field signatures and Marsward bulk flows of H+, O+, and O+

2 ions,
which suggest the presence of X lines tailward from the spacecraft. Velocity distribution functions of the
reconnection outflow ions exhibit counterstreaming beams separated along the current sheet normal,
and their bulk velocities in the outflow direction inversely depend on ion mass. These characteristics are in
qualitative agreement with previous multispecies kinetic simulations. The near-Mars magnetotail provides a
unique environment for studying multi-ion reconnection.

1. Introduction

Magnetic reconnection is a fundamental process in space plasmas that changes magnetic field topology and
converts magnetic energy into particle energy. Its possible occurrence, detailed physical processes, and global
consequences in the Martian plasma environment are one of the key unaddressed issues relevant to Mars
science, because reconnection may play a crucial role in controlling the particle acceleration and atmospheric
loss processes from Mars [Krymskii et al., 2002; Brain, 2006; Brain et al., 2010; Halekas et al., 2011]. One likely
location for reconnection occurrence is provided by the central tail current sheet in the Martian-induced
magnetotail formed as a result of the solar wind interaction with the Martian exosphere and ionosphere [Nagy
et al., 2004; Halekas and Brain, 2010].

The presence of magnetic reconnection at Mars has been discussed in terms of Hall magnetic fields
[Eastwood et al., 2008; Halekas et al., 2009], electron signatures [Brain et al., 2006, 2007], and magnetic flux
ropes [Brain et al., 2010; Briggs et al., 2011; Beharrell and Wild, 2012; Hara et al., 2014a, 2014b]. However, the lack
of simultaneous measurements of ions and magnetic fields by modern instrumentation at Mars has hindered
direct confirmation of Alfvénic accelerated plasma flows within current sheets, which are often thought of as
the clearest evidence of magnetic reconnection [Paschmann et al., 2013]. Given the common presence of tail-
ward ion flows accelerated by nonreconnection processes in the Martian magnetotail [Lundin, 2011; Dubinin
et al., 2012a], Marsward ion flows confined within a current sheet would provide the most definitive evidence
for reconnection bulk acceleration in the Martian tail current sheet, as observed in the Venusian magnetotail
[Zhang et al., 2012; Dubinin et al., 2012b, 2013].

In this paper, we report magnetic reconnection signatures in the near-Mars magnetotail observed by the Mars
Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015]. Simultaneous measurements of
ions, electrons, and magnetic fields by the state-of-the-art instruments with proper time, energy, angle, and
mass resolutions provide us with the most complete data sets ever which suggest the presence of magnetic
reconnection at Mars. The observed reconnection signatures include the closed magnetic field topology in the
central tail current sheet, Hall magnetic fields, Marsward ion bulk flows with counterstreaming beams in the
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Figure 1. Time series data obtained by MAVEN on 4 December 2014. (a) Electron energy and (b) pitch angle spectra
from SWEA, energy spectra of (c) all, (d) H+, (e) O+ , and (f ) O+

2 ions, (g) ion densities, and (h) XMSO-component of ion
velocities from STATIC, (i) Alfvén velocity VA = B∕

√
𝜇0𝜌i , where 𝜌i is the total ion mass density, (j) magnetic field in the

MSO frame from MAG, and (k) spacecraft MSO coordinates. Energy and pitch angle spectra are shown in units of
differential energy flux (eflux) of eV/cm2/str/s/eV. The white line in Figure 1c represents the minimum ion energy which
is used to infer negative spacecraft potentials. The shadowed area in Figure 1h denotes the time interval when the XMSO
axis is out of the STATIC field of view and Vx,MSO is less reliable. The magenta dashed line in Figure 1j shows the crustal
field strength |Bc| computed from the spherical harmonic model [Morschhauser et al., 2014]. The vertical dashed lines
denote the time interval when the electron spectra suggest closed magnetic field topology (suppressed flux of hot
electrons with two-sided loss cone distributions). The vertical white lines in Figures 1d–1f and labels F3a–F3f show the
time intervals from which the slices of ion velocity distributions are generated in Figures 3a–3f.

closed field region, and the coexistence of cold ion inflow and Marsward O+
2 ion beam with energy dispersion

in the separatrix region.

2. Observations

Figure 1 shows MAVEN observations of electrons from Solar Wind Electron Analyzer (SWEA) [Mitchell et al.,
2014], ions from Suprathermal And Thermal Ion Composition (STATIC) [McFadden et al., 2014], and magnetic
fields from Magnetometer (MAG) [Connerney et al., 2014] in the near-Mars magnetotail (−1.6RM <XMSO <−1RM,
where RM is the Mars radius) at 01:20:00–01:40:00 UT on 4 December 2014. During this time interval,
STATIC observed three major ion species of the Martian magnetosphere: H+ (Figure 1d), O+ (Figure 1e), and
O+

2 (Figure 1f ). The spacecraft was located in shadow throughout this time interval, and the negative space-
craft potential is estimated from the minimum ion energy, which is shown by the white line in Figure 1c.
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Figure 2. (a) Local magnetic field vector projected on the XMSO-ZMSO plane. The arrow colors show the out-of-plane By
component. The horizontal dashed lines correspond to the vertical dashed lines in Figure 1. (b) Hodograms of magnetic
field components in minimum variance coordinates.

The ion moments of the three species (Figures 1g and 1h) are computed from the three-dimensional distri-
bution function of each species after correcting for the spacecraft potential (i.e., shifting energy in units of
distribution function), and the spacecraft velocity is taken into account in the bulk ion velocity in the Mars
Solar Orbital (MSO) frame. Figure 2a shows the magnetic field vector projection at the observed location on
the XMSO-ZMSO plane with colors representing the out-of-plane By component. The subsolar longitude in the
Mars body-fixed frame was ∼50∘E at this time. The upstream solar wind density, speed, and interplanetary
magnetic field (IMF) were 3.9 cm−3, 558 km/s, and [0.7, −0.4, 2.8] nT in MSO coordinates at 00:04:00 UT imme-
diately before the inbound entry into the magnetosheath, and 4.3 cm−3, 577 km/s, and [0.6, 2.0, −1.6] nT at
02:37:00 UT immediately after the outbound exit from the magnetosheath, based on Solar Wind Ion Analyzer
(SWIA) [Halekas et al., 2013] and MAG measurements. The IMF was significantly tilted from the ecliptic plane
with the dominant northward component before the entry, and the Bz sign flipped sometime during the
MAVEN tail crossing. Overall, the upstream solar wind driver provides a moderately high dynamic pressure of
∼2 nPa with variable IMF at this time.

MAVEN crossed the central tail current sheet at 01:31:26 UT, which is identified as the Bx reversal in Figures 1j
and 2a. The spacecraft longitude in the Mars body-fixed frame was ∼124∘W at this time. This current sheet
crossing is accompanied by a bipolar By signature changing from negative (dawnward) to positive (duskward)
values. The predicted crustal field strength is vanishingly small at this altitude as shown by the magenta
dashed line in Figure 1j. Meanwhile, the electron distributions display significant changes in energy spectra
(Figure 1a) and in pitch angle distributions (Figure 1b) around the current sheet crossing. The vertical dashed
lines denote the timing at which we observe significant changes in the electron distributions. Before the first
vertical dashed line at 01:30:18 UT, SWEA generally measured the large flux of parallel electrons with pitch
angles <90∘ and loss cones in the antiparallel side as long as SWEA’s field of view covered most of the pitch
angles >90∘ (Figure 1b). The latter indicates that the magnetic field line is connected to the Martian atmo-
sphere on the parallel side [Brain et al., 2007], which is consistent with the magnetic field geometry (Figure 2a).
Between the two vertical dashed lines at 01:30:18–01:33:12 UT, the hot electron flux is suppressed (Figure 1a)
and the pitch angle distributions exhibit two-sided loss cones (Figure 1b). These signatures are associated
with electron trapping in the closed field lines with both ends connected to the electron-absorbing atmo-
sphere. After the second vertical dashed line at 01:33:12 UT, we observe loss cones at the parallel side as well
as intermittent two-sided loss cones at 01:34:04–01:34:36 UT and after 01:38:42 UT (Figure 1b). This indicates
that the field lines in this region are connected to the Martian atmosphere at the antiparallel end, which is
again consistent with the geometry (Figure 2a), and that occasionally the parallel end is also connected to
the atmosphere, suggesting complicated filed line topology. After this time interval, the Bx reversed its sign
again from negative to positive at 01:41:26 UT (not shown), suggesting dynamically evolving and/or spatially
complex magnetotail structures deviated from the static two-lobe configuration. The observed closed field
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Figure 3. (a–f ) Slices of ion velocity distribution functions on the vx,MSO-vz,MSO plane at the times shown by vertical white lines in Figures 1d–1f. The black lines
show the local magnetic field direction. The red arrows denote the counterstreaming beams separated along the current sheet normal (∼ZMSO) direction in the
O+ and O+

2 ion distribution functions.

lines within the central tail current sheet, together with the negligible crustal field strength at this altitude,
imply involvement of magnetic reconnection in creating a field line topology consistent with the ordering of
the field directions that are observed.

In this closed field region within the central tail current sheet, STATIC measured enhanced Marsward bulk
flows of the H+, O+, and O+

2 ions (Figure 1h). The maximum XMSO component of the bulk H+ velocity
∼26 km/s is comparable to the Alfvén velocity in the adjacent lobe region (Figure 1i), while the heavy ions
exhibit smaller bulk acceleration of ∼9 km/s for O+ and ∼6 km/s for O+

2 ions. The Marsward Alfvénic flows
within the current sheet suggest the presence of reconnection X lines tailward from the spacecraft. The mass
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Figure 4. Schematic illustration of MAVEN observations of
magnetic reconnection signatures in the near-Mars magnetotail.

dependence of ion outflow velocities will be
discussed in the following section. We note that
the O+

2 energy spectra (Figure 1f ) show the pres-
ence of two components just before the closed
field region: low-energy cold ions with uncor-
rected energies of ∼10 eV and a higher-energy
beam component with an energy dispersion sig-
nature falling from ∼100 eV at 01:28:46 UT to
∼30 eV at 01:30:18 UT. The other two species do
not exhibit as clear higher-energy populations
as O+

2 ions (Figures 1d and 1e).

Figure 2b shows the results of minimum vari-
ance analysis [Sonnerup and Cahill, 1967] at this
current sheet crossing. The maximum (i), inter-
mediate (j), and minimum (k) variance directions
are almost along the XMSO, YMSO, and ZMSO axes,
respectively. The hodograms exhibit a bipolar
change in the intermediate-variance compo-
nent as well as the presence of a large minimum

variance component. The polarity of the bipolar signature has the correct signs for the tailward X line loca-
tion [Halekas et al., 2009]. The significant normal field across the current sheet also supports magnetic field
topology of reconnection.

The details of the ion velocity distribution functions (VDFs) just before and inside the closed field region are
shown in Figure 3. The spacecraft potential and velocity are corrected in these VDFs. The ion VDFs obtained
just south of the closed field region (Figures 3a, 3c, and 3e) display the cold populations of H+, O+, and O+

2

ions that are shifted northward (toward +vz,MSO) by several km/s and are drifting perpendicularly to the local
magnetic field direction. This drift direction is consistent with the cold ion inflow toward the current sheet
from the southern tail lobe. The O+

2 VDF additionally exhibits the aforementioned higher-energy beam com-
ponent, which is traveling Marsward and southward (Figure 3e), suggesting that these higher-energy O+

2 ions
are escaping from the closed field region.

On the other hand, the ion VDFs inside the closed field region (Figures 3b, 3d, and 3f) show the intense
Marsward flowing components on the vx,MSO > 0 side. It is also seen that the H+ VDF exhibits a broad distribu-
tion both in energy and angle (Figure 3b), while clear two peaks along the vz,MSO axis are resolved in the O+

and O+
2 VDFs as indicated by the red arrows in Figures 3d and 3f. These two peaks along vz,MSO with a +vx,MSO

drift persist even when the local magnetic field changes its direction during this current sheet crossing (not
shown), indicating the persistent presence of ion beams interpenetrating in the current sheet normal (ZMSO)
direction. Very similar interpenetrating ion beams separated nearly along the current sheet normal are found
near the reconnection X line in the terrestrial plasma sheet [Wygant et al., 2005] and in the ion diffusion regions
reproduced by particle-in-cell simulations [Liu et al., 2015]. Following these authors’ terminology, hereafter
we refer to these ion beams along ZMSO as “counterstreaming” ions, though this term is often used to refer
to field-aligned bidirectional beams, which are not necessarily the case here. We note that most of the O+

and O+
2 ions on the vx,MSO > 0 side have negative vy,MSO components (not shown), which are consistent with

Speiser-like acceleration by the cross-tail reconnection electric field. Another interesting population is the
weaker tailward traveling ions on the vx,MSO < 0 side (Figures 3b, 3d, and 3f), which could represent thermal-
ized outflow populations or cold ions directly supplied from the nightside ionosphere along the connected
field lines.

Assuming that the structure did not change during the MAVEN transit from 01:20:00 UT to 01:40:00 UT, the
local current sheet width is ∼520 km, corresponding to the distance along the current sheet normal traveled
by the spacecraft. We obtain ion inertial lengths of∼174 km for H+,∼363 km for O+, and∼314 km for O+

2 based
on the average ion densities in the closed field region (Figure 1g). We also derive average local ion gyroradii
of ∼78 km for H+, ∼212 km for O+, and ∼214 km for O+

2 from the local ion temperature and magnetic field
magnitude. The local current sheet half thickness is comparable to the inertial lengths and gyroradii of O+ and
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O+
2 ions, suggesting that the heavy ions are mostly demagnetized in the current sheet and that the spacecraft

crossed the heavy ion diffusion regions.

Figure 4 summarizes the ion, electron, and magnetic field signatures observed by MAVEN at this current
sheet crossing. The electron distributions indicate electron trapping in the closed field topology at the
central tail current sheet. Just before the entry into the closed field region, the cold ion inflows drifting
toward the current sheet are observed for all species. In addition, we observe the clear O+

2 ion beam traveling
Marsward and southward with energy dispersion. In the closed field region, we observe the intense Marsward
flows of ions that have mass-dependent bulk velocities and are counterstreaming in the ZMSO direction. The
observed bipolar By signature changing from negative to positive signs has the consistent sense with the
expected Hall magnetic field near reconnection diffusion regions. The combination of the electron, ion, and
magnetic field measurements strongly suggests the presence of reconnection X lines located tailward from
the spacecraft path.

3. Discussion

We first propose a possible interpretation of the observed mass-dependent bulk velocities and counter-
streaming features of the reconnection outflow ions, based on previous simulations and observations in other
environments. Multispecies, particle-in-cell simulations demonstrate that H+ and O+ ions can be accelerated
by different mechanisms with different time scales in the reconnection outflow region [Markidis et al., 2011;
Liu et al., 2015]. In their simulation results, lighter H+ ions are remagnetized out of the H+ diffusion region
and coupled to the expelled magnetic field lines, leading to outflow acceleration along the current sheet; on
the other hand, heavier O+ ions are demagnetized within the larger O+ diffusion region and delayed from
the H+ ions, accelerated mainly by Hall electric fields. In other words, heavy ions experience less effective
magnetic drift and more dominant electric acceleration compared to protons. The inward acceleration by
Hall electric fields at the separatrix regions results in interpenetrating/bouncing ions along the current sheet
normal in the downstream ion diffusion region [Drake et al., 2009; Wygant et al., 2005]. Such inward electric
fields were directly observed in the terrestrial plasma sheet together with H+ and O+ ions counterstreaming
along the current sheet normal [Wygant et al., 2005]. The counterstreaming ions, which are often observed as
field-aligned bidirectional beams in the exhaust region, represent one of the most prominent signatures of
kinetic ion behavior in reconnection exhausts and have been widely observed in the terrestrial plasma sheet
[Fujimoto et al., 1996; Nagai et al., 2002], at the terrestrial magnetopause [Phan et al., 2013], in the terrestrial
magnetosheath [Phan et al., 2007], and in the solar wind [Gosling et al., 2005].

The MAVEN observations display the ion properties that are qualitatively consistent with the expected differ-
ent behavior of protons and heavy ions caused by different effectiveness of inward electric field acceleration
(counterstreaming beams in vz,MSO) and magnetic drift (bulk flow in vx,MSO) within the heavy ion diffusion
regions. We observe clearly separated beams along vz,MSO with small drifts in vx,MSO for O+ and O+

2 ions
(Figures 3d and 3f), while the H+ slice shows the broader distribution and larger vx,MSO drift (Figure 3b).
Strikingly similar characteristics, i.e., distinct counterstreaming O+ beams with small vx acceleration and
broader, more vx-accelerated H+ distributions, are found in the simulated H+ and O+ VDFs in the downstream
O+ diffusion region [Liu et al., 2015]. The mass-dependent behavior in the reconnection structure could be
related to the presence of the dispersive O+

2 beam in the absence of clear H+ and O+ beams just outside of
the closed field region. Similar ion beams with energy dispersion in the separatrix regions are observed in the
terrestrial magnetotail [Machida et al., 1994; Mukai et al., 1998] and in the solar wind [Huttunen et al., 2008].
The abundance of planetary heavy ions in the near-Mars magnetotail provides us with a unique environment
for investigation of multispecies aspects of magnetic reconnection processes.

Finally, we discuss the global context of this reconnection event. As mentioned in the previous section, the
IMF switched its direction from northward to southward during the MAVEN tail crossing. The Marsward lobe
field in the southern hemisphere before the current sheet crossing (Figure 2a) is consistent with the draping
of the northward IMF. The Marsward field direction in the northern hemisphere after 01:41:26 UT (not shown)
corresponds to the draping of the southward IMF. Therefore, it seems likely that the switched IMF reshaped
the magnetotail configuration. Since we cannot tell exactly when the IMF orientation flipped without a
continuous upstream IMF monitor, it remains uncertain whether this reconnection event took place in a
stable, time-stationary current sheet or in a dynamic, time-variable magnetotail. Crustal magnetic fields might
be implicated in the formation of the multiple closed fields (Figure 1b), but the spacecraft longitude in the
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Mars body-fixed frame of ∼124∘W, which indicates the strong crustal field location far from the observed
location, casts doubt on this interpretation.

We note that another type of reconnection signatures, a tail plasmoid with a magnetic flux rope, is expected
to be observed in the farther downstream region relative to the reconnection site as observed in the Venusian
tail [Zhang et al., 2012]. Also, a quantitative assessment of the role of magnetic reconnection in atmospheric
loss at Mars requires more information on the systematics of tail reconnection events such as their occurrence
frequency as a function of upstream parameters and on the enhanced electromagnetic and particle energy
flux to the ionosphere driven by reconnection. Statistical investigation of reconnection signatures as well
as simulation studies for Martian tail reconnection will be necessary to fully address the local reconnection
processes and their global consequences at Mars.
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