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Abstract Magnetic reconnection is often suggested to be implicated in a variety of dynamic
phenomena observed in the complex magnetosphere of Mars. We present a first global survey of ion jets
within current sheets, which are thought of as a primary product of magnetic reconnection, with Mars
Atmosphere and Volatile EvolutioN (MAVEN) data obtained on the dayside and nightside in the Martian
magnetosphere. We develop a fully automated algorithm to efficiently and reliably identify ion flow
velocity deviations during current sheet crossings recorded by MAVEN. The obtained statistical results
show that (i) sunward and anti-sunward ion jets embedded within current sheets are commonly and
widely observed in the dayside and nightside magnetosphere of Mars, (ii) measured magnetic field profiles
and inferred magnetic topology during the jet crossings are generally consistent with those expected for
reconnecting current sheets, (iii) the jet occurrence is apparently independent of upstream driver
conditions, and (iv) most of the identified current sheets are thin with a roughly ion scale half-thickness
and are embedded in low beta plasma, suggesting that they are seemingly capable of reconnection based
on the known onset conditions. The widespread distributions and common detection of ion jets, as well as
the ubiquitous presence of thin, low-beta current sheets, imply that magnetic reconnection could operate
frequently in many locations around Mars, thereby playing an important role in the dynamics of the
Martian magnetosphere for most, if not all, of the solar wind conditions in the present epoch.

1. Introduction
The solar wind interaction with the upper atmosphere and crustal magnetic fields of Mars leads to the for-
mation of a complex magnetosphere in which both induced and planetary (crustal) magnetic fields play a
role (DiBraccio et al., 2018; Dubinin & Fraenz, 2015; Nagy et al., 2004; Xu et al., 2020). As the Martian mag-
netosphere shapes pathways of the energy input from the solar wind to the atmosphere and of escaping ions
from the atmosphere to space, understanding the structure and dynamics of this region is vitally important
if we are to fully comprehend the solar-Martian system and its impact on the atmospheric evolution of Mars.
Since the arrival to Mars in 2014, the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky
et al., 2015) has been providing a wealth of information on the Martian magnetosphere with its comprehen-
sive plasma and fields instrumentation and with its orbital coverage of relevant interaction regions including
the solar wind, magnetosheath, magnetosphere, and ionosphere around Mars.

Among a number of physical processes potentially controlling the plasma dynamics in the Martian mag-
netosphere (e.g., Dubinin et al., 2012), magnetic reconnection is often suggested to be directly or indirectly
implicated in producing many observed phenomena such as magnetic flux ropes (Brain et al., 2010; Beharrell
& Wild, 2012; DiBraccio et al., 2015; Hara et al., 2014, 2016, 2017; Soobiah et al., 2014), acceleration of auro-
ral electrons (Brain et al., 2006; Brain & Halekas, 2013; Xu et al., 2020), trapping of electrons on closed field
lines (Brain et al., 2007; Harada et al., 2016; Xu et al., 2017), bursty particle fluxes (Dubinin et al., 2012), tran-
sient ionospheric structures (Kopf et al., 2008, 2017), and the twisted magnetotail (DiBraccio et al., 2018).
It is proposed that a variety of current sheet configurations capable of reconnection are possible because
of the interplay between the draped interplanetary magnetic field (IMF) and crustal magnetic fields of
Mars (Halekas & Brain, 2010; Krymskii et al., 2002), leading to a speculation that magnetic reconnection
might operate commonly in many locations around Mars. Before MAVEN, electron and magnetic signatures
indicative of reconnection occurrence were identified (Eastwood et al., 2008; Halekas et al., 2009), but the
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lack of adequate instrumentation prohibited comprehensive investigation of in situ reconnection signatures
(Paschmann et al., 2013) with a complete set of ion, electron, and magnetic field data.

After the arrival of MAVEN, in situ signatures of collisionless magnetic reconnection were investigated in
the nightside magnetotail of Mars on a case basis (Harada et al., 2015b) and on a statistical basis (Harada
et al., 2017). The newly identified in situ reconnection signatures at Mars include ion jets embedded within
current sheets, which are often thought of as one of the primary measurable products of magnetic reconnec-
tion (e.g., Paschmann et al., 1979, 2013). Prompted by a recent finding of a case with similar reconnection
signatures on the dayside of Mars (Harada et al., 2018) and by recently suggested global consequences of
dayside reconnection (DiBraccio et al., 2018), we conduct a further statistical survey of reconnection sig-
natures with a wider spatial coverage including the dayside magnetosphere. Here we highlight important
updates in this paper from the previous work by Harada et al. (2017). First, to statistically characterize near
Mars magnetic reconnection signatures on both the dayside and nightside, we extend the search region pre-
viously limited to the central magnetotail (i.e., the geometrical shadow Harada et al., 2017) to the entire
magnetosphere below the induced magnetospheric boundary. Second, in contrast to Harada et al. (2017),
who searched for Hall magnetic field signatures first following the methodology originally developed for
Mars Global Surveyor (MGS) data (Halekas et al., 2009), we primarily identify accelerated ion flows embed-
ded within current sheets (i.e., ion jets) to better capture the ion dynamics potentially driven by magnetic
reconnection. Third, we develop a fully automated algorithm that identifies the ion jets detected during cur-
rent sheet crossings to efficiently utilize the increasing data volume accumulated by MAVEN. The obtained
statistical results provide a first-ever global view as to when and where these reconnection signatures are
observed within the Martian magnetosphere.

2. Data
We utilize particles and fields data obtained by MAVEN from 1 December 2014 to 31 December 2019
(roughly 10,000 orbits in total). We analyze magnetic field data from the magnetometer (MAG; Connerney
et al., 2015), ion data from the SupraThermal and Thermal Ion Composition (STATIC) instrument
(McFadden et al., 2015), electron data from the Solar Wind Electron Analyzer (SWEA; Mitchell et al., 2016),
and upstream solar wind data from the Solar Wind Ion Analyzer (SWIA; Halekas et al., 2015). To resolve ion
velocity variation during a quick current sheet crossing, we compute ion velocity moments from high time
resolution (4 s), four-dimensional (resolved in energy, azimuthal angle, elevation angle, and mass) STATIC
“d1” data products (see McFadden et al., 2015) corrected for the potential and velocity of the spacecraft by
using publicly available software (Angelopoulos et al., 2019). We also use magnetic topology data inferred
from electron distributions (Xu et al., 2019).

3. Methodology
In this section, we describe an automated procedure to identify (sub-)Alfvénic ion jets embedded within
current sheets from MAVEN data.

First we identify current sheet crossings in the Martian magnetosphere. We utilize a slightly modified ver-
sion of the previously developed procedures to search for a relatively quick magnetic field rotation recorded
by a traveling spacecraft (Halekas & Brain, 2010; Harada et al., 2017). Using 1-s resolution MAG data, we
derive average magnetic field vectors on the precrossing (hereafter denoted by a subscript “1”) and postcross-
ing (“2”) sides, B1 from −150 s <t <−45 s and B2 from +45 s <t <+150 s, respectively. We compute the
dot product of their normalized vectors, b1 ⋅b2, and flag the center time (t = 0) as a tentative current sheet
crossing if b1 ⋅b2 < 0 (corresponding to >90◦ rotation). In contrast to the previous studies by Halekas and
Brain (2010) and Harada et al. (2017), we do not require a field magnitude depression during the cross-
ing to include current sheets with no apparent dip in |B| that are known to be present in the near Mars
space (Artemyev et al., 2017). Of the tentatively identified current sheet crossings, we reject a crossing if (i)
|B1|<5 nT or |B2|<5 nT to exclude rapid magnetic field fluctuations often present in a weak field plasma,
(ii) the induced-to-total field ratio, |B−Bc|/ |B|, where Bc is the local crustal magnetic field computed from
the spherical harmonic model by Langlais et al. (2019), is below 0.8 on either side to eliminate magnetic
field variation attributed purely to crustal fields, (iii) the ratio of proton to heavy (O+ plus O+

2 ) ion number
densities exceeds unity during the crossing, thereby focusing on current sheets located below the induced
magnetospheric boundary (for which we take the ion composition boundary, but see also Xu et al. (2016),
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Matsunaga et al. (2017), Espley (2018), and Halekas et al. (2018) for differences in differently defined bound-
aries), (iv) the crossing is observed below a 200 km altitude to focus on collisionless plasma, and (v) the 4-s
ion velocity data are not available. From the MAVEN data described in section 2, we identified 6497 potential
current sheet crossings.

Next, we utilize the minimum variance analysis (MVA; Sonnerup & Cahill, 1967) of magnetic fields to infer
the local structure of each current sheet. Our primary aim here is to determine the current sheet orientation
and to define the precrossing “lobe” region, central current sheet region, and postcrossing “lobe” region
for each current sheet so that we can identify accelerated ion flows within current sheets in an automated
fashion. As a first step, we apply MVA to magnetic field data with a fixed time window from−150 s<t <+150
s of each crossing to provide an initial estimate of the current sheet LMN coordinate system, in which L is
along the anti-parallel magnetic field components (i.e., the maximum variance direction), M is along the
guide field direction (intermediate variance direction), and N is along the current sheet normal direction
(minimum variance direction). In this paper, we choose the polarity of the LMN system so that L has a
sunward (+XMSO) component and N points toward the spacecraft velocity direction (+V SC). We then fit the
observed BL to a Harris sheet field, BL = −BL,1,Harris tanh((t − tc,Harris)∕WHarris) to estimate the crossing time
duration, which is variable from crossing to crossing. By using the estimated crossing duration, we re-apply
MVA to the magnetic field data from tc, Harris − 2WHarris < t < tc, Harris + 2WHarris, thereby updating the initial
LMN system to a new one derived from the adaptively chosen data segment of each crossing. We re-fit the
updated BL to a Harris field and obtain a new set of parameters, BL, 1, Harris, tc, Harris, and WHarris, which will be
used in the following analysis. We filter out current sheets if the maximum-to-intermediate eigenvalue ratio,
𝜆L/𝜆M, is below 4 to eliminate events with ill-defined L direction or if the correlation coefficient between the
observed and fitted BL profiles, RHarris, is below 0.95 to eliminate complex BL profiles such as those including
multiple partial crossings within a full crossing (e.g., DiBraccio et al., 2015, 2017). The RHarris threshold of
0.95 is chosen such that a small deviation from a Harris sheet (e.g., bifurcated current sheets and thin, inner
current sheets; Grigorenko et al., 2019; Harada et al., 2018) is accepted yet reliable automatic detection of
ion jets is feasible. As a result, we selected 3,163 current sheets with relatively clean BL profiles.

Finally, we identify ion flows accelerated along the L direction within current sheets (hereafter called ion
±V L jets with signs denoting whether the jet is directed sunward/anti-sunward). To investigate plasma
acceleration within current sheets, we use an ion mass flow velocity computed from the average of
H+, O+, and O+

2 ion velocities weighted by their mass densities. We note that as momentum transfer
from the solar wind to the ionospheric plasma will nominally produce anti-sunward mass flows (e.g.,
Lundin, 2011), the generation of a sunward mass flow requires an additional process such as magnetic
reconnection. We will explore alternative explanations for the observed “jets” in the discussion section.
We select ion + (−) V L jet events based on three criteria using the ion V L component in the precross-
ing (tc, Harris − 2WHarris < t < tc, Harris −WHarris), central current sheet (tc, Harris −WHarris < t < tc, Harris +WHarris),
and postcrossing (tc, Harris +WHarris < t < tc, Harris + 2WHarris) regions: (i) a positive (negative) peak of the V L
profile in the central current sheet region should deviate from the mean V L in the precrossing and postcross-
ing regions by more than 2 standard deviations; (ii) the peak value of V L should be positive (negative) in
the Mars rest frame; and (iii) the upper (lower) quartiles of V L in the central current sheet region should
deviate from the mean V L in the precrossing and postcrossing regions by more than 0.1 V A, where V A is the
Alfvén velocity in the corresponding regions. The criterion (i) ensures that the observed peak in the current
sheet is well above the fluctuations in the precrossing and postcrossing regions. We impose the criterion (ii)
to eliminate apparent deceleration of anti-sunward flows caused by an ion beam moving out of the instru-
ment field of view by requiring that +V L jets do flow sunward with respect to Mars, while it has no practical
effect on identification of −V L jets. The criterion (iii) ensures that the ion jet is not much slower than the
expected plasma acceleration by magnetic reconnection. Out of the 3,163 clean current sheet crossings, we
identified 179 +V L jet events and 179 −V L jet events.

4. Case Studies
This section presents representative cases of the identified ion jet events to demonstrate the aforementioned
data and methodology.
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Figure 1. MAVEN observations at 12:39–12:46 UT on 25 November 2015 of (a) magnetic field in Mars Solar Orbital
(MSO) coordinates with dashed lines denoting crustal field components computed from the spherical harmonic model
by Langlais et al. (2019), (b) magnetic field in the LMN system (see text for details), (c) L component of the ion mass
flow velocity, (d) Alfvén velocity, (e) ion energy spectra in units of differential energy flux (D.E.F.) of eV/cm2/s/sr/eV,
(f) ion densities, (g) electron energy spectra, (h) pitch angle distributions of 100 eV–1 keV electrons, (i) spacecraft
altitude, and spacecraft trajectories (j) in cylindrical MSO coordinates (k) on the Y MSO-ZMSO plane, and (l) in
geographic coordinates. In Figure 1b, the results of the minimum variance analysis are denoted and the Harris sheet fit
is shown by the magenta curve. The altitude in Figure 1i is color coded by magnetic topology inferred from electron
distributions (Xu et al., 2019): CD (magenta) = closed-to-day; CX (blue) = cross-terminator-closed; CT (cyan) =
closed-trapped; CV (green) = voids; OD (yellow) = open-to-day; ON (red) = open-to-night; D (black) = draped. The
dashed lines in Figure 1i show the nominal locations of the bow shock and magnetic pileup boundary from Trotignon
et al. (2006) and the geometric shadow boundary. The contours in Figure 1l show the radial component (red =
outward; blue = inward) of crustal magnetic fields at 400 km altitude.

4.1. A Sunward Ion Jet Event

Figure 1 shows a +V L jet event observed on 25 November 2015. MAVEN was located on the dayside near
the terminator (Figure 1j), on the dawn side (Figure 1k), and over mostly unmagnetized regions (Figure 1l).
We observe a Bx reversal around 12:42:21 UT (Figure 1a) representing a current sheet crossing and the
corresponding BL profile is well fitted by a Harris field (Figure 1b). The vertical magenta lines show the
times at tc, Harris − 2WHarris, tc, Harris −WHarris, tc, Harris +WHarris, and tc, Harris + 2WHarris, defining the precross-
ing, central current sheet, and postcrossing regions. In the central current sheet region, the ion V L deviates
toward the positive L direction from the surrounding values in the precrossing and postcrossing regions
(Figure 1c), indicating the presence of a sunward ion jets within the current sheet. The observed V L devi-
ation of ∼1 km/s is only a fraction of V A in the surrounding regions (Figure 1d), which is consistent with
the previously reported reconnection jet events at Mars (Harada et al., 2015b, 2017, 2018) and simulation
results (Ma et al., 2018). The incomplete acceleration at the observed location presumably results from rel-
atively large scale lengths of heavy ions that can be comparable to sizes of magnetospheric structures at
Mars (e.g., Ma et al., 2018), implying that the ions are not fully coupled to the magnetic field. Throughout
the presented time interval, cold ionospheric ions are observed (Figures 1e and 1f). In Figure 1i, the space-
craft altitude is color coded by categories of inferred magnetic topology according to Xu et al. (2019). We
generally observe “open-to-day” topology (yellow dots in Figure 1i) as inferred from the parallel photoelec-
trons and anti-parallel solar wind electrons before 12:42 UT, while “closed-to-day” topology (magenta dots
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Figure 2. MAVEN observations at 09:26–09:37 UT on 28 February 2017 in the same format as Figure 1.

in Figure 1i) is observed after that as inferred from parallel and anti-parallel electrons both dominated by
ionospheric photoelectrons (Figures 1g–1i).

4.2. An Anti-Sunward Ion Jet Event

Figure 2 shows a −V L jet event observed on 28 February 2017. MAVEN was located on the night side
near the terminator (Figure 2j), on the dusk side (Figure 2k), and near moderately strong crustal magnetic
fields (Figure 2l). A Bx reversal was recorded around 09:31:06 UT, followed by smooth magnetic field vari-
ations consistent with crustal fields (Figure 2a). The BL profile (Figure 2b) is not as clean as that shown in
Figure 1b, but the Harris sheet field still provides a reasonable fit with RHarris ∼ 0.97. We observe a clear devi-
ation of ion V L toward the negative L direction in the central current sheet region (Figure 2c), indicating
anti-sunward ion acceleration within the current sheet. The observed V L deviation of∼− 4.5 km/s is compa-
rable to V A ∼ 5 km/s in the precrossing region and somewhat smaller than V A ∼ 8 km/s in the postcrossing
region (Figure 2d). The observed ions display characteristics of ionospheric origin (Figures 2e and 2f). The
electron distributions (Figures 2g–2i) imply the “closed-to-day” topology in the precrossing region, a mix-
ture of various topological categories (“open-to-day,” “draped,” “closed-to-day,” and “open-to-night”) in the
central current sheet region, and “open-to-day” or “open-to-night” topology in the postcrossing region.

5. Statistical Properties
We now investigate statistical properties of the identified ion ±V L jets.

5.1. Spatial Distributions

Figure 3a shows the observed locations of the relatively clean (RHarris > 0.95 and 𝜆L/𝜆M > 4) current sheet
crossings and ±V L jets as a function of altitude and solar zenith angle (SZA). Because of the ion composition
requirement (dominance of heavy ions over protons), most of the identified current sheets are confined
below the nominal magnetic pileup boundary (MPB; Trotignon et al., 2006). Both of the ±V L jets are widely
distributed in the Martian magnetosphere, though the sunward +V L (anti-sunward −V L) jets tend to be
observed more frequently on the day (night) side. The symbol size represents the magnitude of peak V L
deviation normalized by V A averaged from the precrossing and postcrossing regions. The observed V L jets
are typically sub-Alfvénic with V L deviation of only a fraction of V A, suggesting incomplete acceleration
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Figure 3. (a) Altitude-solar zenith angle (SZA) distributions of the relatively clean current sheets (black dots), +VL ion
jets (red squares), and −VL ion jets (blue triangles). The symbol size represents ΔVL/VA averaged from the two sides of
each jet event. The magenta dashed line shows the nominal location of the magnetic pileup boundary (MPB) from
Trotignon et al. (2006). The magenta dotted line denotes the geometric shadow boundary. (b) ZMSO-XMSO distributions
of the relatively clean current sheets (black dots), +VL ion jets (red arrows), and −VL ion jets (blue arrows). The
arrows show the projections of the ±L direction with polarities corresponding to the ion jet directions. The magenta
dashed line denotes the nominal MPB on the XMSO-ZMSO plane.

of ion flows and partial decoupling of ions from the reconnected field lines as proposed by the previous
results (Harada et al., 2015b, 2017, 2018; Liu et al., 2015; Ma et al., 2018). In Figure 3b, the jet directions
(±L directions) are projected on the XMSO-ZMSO plane. It can be seen that most of the jets are aligned with
the expected IMF draping configuration (mostly horizontal on the dayside and aligned with the Sun-Mars
line in the nightside magnetotail Crider et al., 2004), suggesting that the draped IMF is implicated in the
formation of these current sheets, as inferred from previous MGS results (Halekas & Brain, 2010; Halekas
et al., 2009). The mixture of sunward and anti-sunward jets over a wide range of SZAs suggests that at a
given time the X-line could be present almost anywhere (in terms of MSO coordinates) in the near Mars
magnetosphere.

Next we display geographic distributions of the identified current sheets and ±V L jets in Figure 4. Both
on the dayside (Figure 4a) and nightside (Figure 4b), the current sheets (black dots) are distributed over
wide areas of geographic coordinates, indicating ubiquitous formation of current sheets around the planet.
Meanwhile, the ion jet locations (red squares and blue triangles) in Figure 4 exhibit some clustering around
the magnetized areas. This clustering could result from some favorable conditions of ion jet generation near
the strong crustal fields and/or it may be attributed to higher detectability of ion jets in current sheets with
stronger magnetic fields (a higher absolute jet speed caused by higher V A implies easier detection of the
V L deviation from artificial and natural fluctuations in ion velocity data). We note that many of the jets are
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Figure 4. Geographic distributions of the relatively clean current sheets (black dots), +VL ion jets (red squares), and
−VL ion jets (blue triangles) observed (a) on the dayside and (b) on the nightside. The contours in Figures 4a and 4b
show the radial component (red = outward; blue = inward) of crustal magnetic fields at 400 km altitude.

observed above the weakly magnetized and unmagnetized areas, suggesting that the jets can be generated
within current sheets of noncrustal field origin.

5.2. Magnetic Field Configuration and Topology

We now look at averaged magnetic structures separately for the sunward and anti-sunward jet events.
Figure 5 illustrates the expected field and velocity variations (Figure 5b) for a spacecraft crossing the +/−L
sides of the X-line (Figure 5a). The quadrupolar out-of-plane Hall magnetic field (Eastwood et al., 2008;
Halekas et al., 2009; Nagai et al., 2001; Øieroset et al., 2001; Pritchett, 2001; Yamada et al., 2010) will be
observed as a negative-to-positive (positive-to-negative) bipolar BM variation for the +V L (−V L) jets regard-
less of the BL, 1 polarity, provided that the polarity of N is chosen correctly. Meanwhile, the normal field
associated with reconnection will emerge as a negative (positive) offset in BN for the +V L (−V L) jets if
BL, 1 > 0, and as an offset opposite to it if BL, 1 < 0. Combining these profiles, the+V L (−V L) jets will be accom-
panied by a negative-to-positive (positive-to-negative) bipolar BM/|BL, 1| variation and a negative (positive)
BN/BL, 1 offset (Figure 5c) during a crossing of a reconnecting current sheet.

We test this prediction using the observed magnetic field profiles during the jet detection in Figure 6.
Figures 6a and 6b show superposed epoch analysis results of normalized magnetic fields, BL/BL, 1, Harris,
BM/|BL, 1, Harris|, and BN/BL, 1, Harris, as a function of relative crossing time, (t − tc, Harris)/WHarris for the iden-
tified +V L and −V L jet events, respectively. For reference, the corresponding V L/V A profiles are shown in
Figures 6c and 6d. For the +V L jets (Figures 6a and 6c), the negative-to-positive variation in BM/|BL, 1, Harris|
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Figure 5. Expected magnetic field and ion VL variations observed by a spacecraft crossing a reconnecting current sheet.

(green) and the negative offset in BN/BL, 1, Harris (red) are observed along with the +V L deviation. Conversely,
for the −V L jets (Figures 6b and 6d), the positive-to-negative variation in BM/|BL, 1, Harris| (green) and the
positive offset in BN/BL, 1, Harris (red) are observed along with the −V L deviation. Note that these signa-
tures do not appear if we take averages from the overall crossings (dashed lines). This demonstrates that
we indeed observe the expected magnetic field configuration during spacecraft crossings of reconnecting
current sheets.

Energy and pitch angle distributions of suprathermal electrons have proven useful to infer magnetic topol-
ogy around Mars (Brain et al., 2007; Weber et al., 2017, 2019; Xu, Mitchell, Liemohn, et al., 2017; Xu, Mitchell,
Luhmann, et al., 2017; Xu et al., 2018, 2019), which can be altered by magnetic reconnection. Figures 6e and
6f show average energy spectra during crossings of the +V L and −V L jets, respectively. Here the observed
energy and differential energy flux (uncorrected for spacecraft charging) are used for straightforwardness
of averaging and only >10 eV energies are shown, as the spacecraft potential is typically small (<+10 V)
below the magnetosheath. On average, we observe cold energy spectra typical of ionospheric photoelectrons
throughout the +V L jet crossing (Figure 6e) with a slight flux decrease above ∼200 eV around the crossing
center. Meanwhile, a clear enhancement of electron flux is seen around the center of the −V L jet crossing
(Figure 6f), which is reminiscent of similar MGS measurements of electron flux enhancement postulated as
a consequence of reconnection between draped IMF and crustal fields (Uluşen & Linscott, 2008). We note
that the majority of the +V L (−V L) jets are observed on the dayside (nightside) as shown in Figure 3, possi-
bly providing an explanation for the difference between off-center (background) energy spectra of +V L and
−V L jet crossings, but reasons for the difference in variations of energy spectra do not seem immediately
obvious. Figures 6g and 6h show distributions of magnetic topology categories inferred by Xu et al. (2019)'s
method from electron energy and pitch angle distributions. To display the variations of categorical data as
a function of relative crossing time, we count the number of each topology category nearest to the super-
posed epoch bin (thus one crossing event contributes one count in each epoch bin) and show this series of
histograms in a spectrogram format. On one hand, Figure 6g indicates that closed-to-day (labeled “C-D”) is
the dominant category throughout the +V L jet crossing as expected from the photoelectron-dominated aver-
age spectra (Figure 6e), but the open-to-day (“O-D”), open-to-night (“O-N”), and draped (“DP”) categories
are increasingly populated in the precrossing and postcrossing regions instead of C-D. This implies that the
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Figure 6. Superposed epoch analysis results of (left) +VL jet events and (right) −VL jet events. (a and b) Normalized
BL, BM, and BN profiles. The error bars represent 1 standard error of the mean. Note that BM is normalized by unsigned
BL, 1, Harris. (c and d) Ion VL/VA profiles, where VA is the average of the precrossing and postcrossing regions of each
event. (e and f) Electron energy spectra. The differential energy flux is averaged in a logarithmic manner. (g and h)
Time series of histograms of magnetic topology categories inferred from electron distributions (Xu et al., 2019):
N/A = not available; C-D = closed-to-day; C-X = cross-terminator-closed; C-T = closed-trapped; C-V = voids;
O-D = open-to-day; O-N = open-to-night; and DP = draped. The dashed lines in Figures 6a–6d show the
results for all the relatively clean current sheets.
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Figure 7. Normalized histograms of upstream drivers for the +VL jet events (red, solid lines), −VL jet events
(blue, dash-dot lines), relatively clean current sheet crossings (black, dotted lines), and all data (magenta diamonds).
(a–d) Direct measurements by SWIA and MAG (Halekas et al., 2016) and (e–h) artificial neural network (ANN) proxies
derived by Ruhunusiri et al. (2018) of (a and e) solar wind density, (b and f) speed, (c and g) dynamic pressure, and
(d and h) interplanetary magnetic field (IMF) clock angle.

closed topology is very likely to be seen concurrently with the +V L jets in the central current sheet, while
more and more open and draped field lines are found as the spacecraft is located distant from the central
current sheet. On the other hand, Figure 6h shows that the draped topology is the dominant type (among
the identified topologies) around the center, while the O-N and C-D increase their presence in the precross-
ing and postcrossing regions. Taken together, the census of magnetic topology during crossings of the ±V L

jets suggests that the central +V L jets tend to be associated with the closed magnetic topology, which can
be formed by the X-line located anti-sunward of the spacecraft, while the draped (detached) field lines are
more likely to be seen for thecentral −V L jets as expected for the X-line located sunward of the spacecraft.
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Figure 8. Normalized histograms of (a) current sheet crossing half-duration (WHarris), (b) half-thickness
(WHarris|VSC, N −V i, N|), and half-thickness normalized (c) by the O+

2 ion inertial length and (d) by the O+
2 ion thermal

gyroradius, rL,i = mi
√

2Ti∕mi∕|qBL|, where Ti is the average ion temperature in the central current sheet region and
BL is the lobe magnetic field strength (Runov et al., 2005; Vasko et al., 2014) for the +VL jet events (red, solid lines),
−VL jet events (blue, dash-dot lines), and relatively clean current sheet crossings (black, dotted lines).

5.3. Dependences on Upstream Drivers

Here we investigate dependences of the jet occurrence on upstream solar wind conditions. Figure 7 shows
histograms of upstream drivers for the identified jet events and current sheet crossings along with the overall
distributions. In Figures 7a–7d, solar wind parameters directly measured by SWIA and MAG are shown,
while artificial neural network (ANN) proxies derived by Ruhunusiri et al. (2018) are used in Figures 7e–7h.
The ANN proxies have advantages that they can provide upstream driver estimates even for orbits with no
direct solar wind measurements, while they could include some uncertainties because upstream conditions
are inferred indirectly from magnetosheath measurements. We present both of these upstream driver data
sets to ensure that observed trends (or lack thereof) do not arise from the biased coverage of direct solar wind
measurements or from the uncertainties of ANN proxies. Among the investigated parameters, we show the
solar wind density (Figures 7a and 7e), solar wind speed (Figures 7b and 7f), solar wind dynamic pressure
(Figures 7c and 7g), and IMF clock angle (Figures 7d and 7h), which are often shown to have control of some
aspects of the Martian magnetosphere (e.g., Dubinin et al., 2017; Ferguson et al., 2005; Harada et al., 2015a;
Weber et al., 2019; Xu et al., 2018). Comparing the parameter histograms for the identified jet events, current
sheets, and overall data, no obvious systematic differences are seen except for some fluctuations due to
poor statistics. To date, we have not yet successfully identified any prominent dependence of the overall
occurrence rate of ion jets on the driver parameters.

5.4. Current Sheet Thickness

Next we investigate local conditions which potentially control the occurrence of magnetic reconnection in
current sheets. It is generally accepted that a current sheet must be sufficiently thin for reconnection to occur
(e.g., Asano et al., 2003; Baumjohann et al., 2007; Paschmann et al., 2013). The current sheet thickness was
previously estimated for cross-tail current sheets on the nightside of Mars (Grigorenko et al., 2017, 2019),
demonstrating that ion scale, and even sub-ion scale, current sheets are commonly present in the Martian
magnetotail. Here we conduct a similar analysis for the current sheets identified on the dayside and night-
side of Mars. Figure 8 shows histograms of the current sheet half-thickness estimated from the Harris fit
results for the identified ±V L jet events and relatively clean current sheet crossings. We obtain a rough esti-
mate of current sheet half-thickness by multiplying the half-duration of crossing (Figure 8a) by the relative
normal velocity of the spacecraft with respect to the ion mass flow (Figure 8b). It is seen that most of the
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Figure 9. Scatter plots of magnetic shear and difference of plasma beta on the two sides of the current sheet for the
+VL jet events (red squares), −VL jet events (blue triangles), and relatively clean current sheets (black dots) observed
within the Martian magnetosphere. The solid curve marks a predicted threshold for suppression of reconnection with
Lp = di (Swisdak et al., 2010). Note that small-shear current sheets with <∼ 90◦ rotation are largely unexplored in this
study due to the selection criteria (some have shear angles <90◦ because we re-calculate the shear angle based on the
refined Harris fit time window, which can be different from the time window initially used to detect the magnetic field
rotation).

identified current sheets, with or without jets, are thin, having a half-thickness of only a few 100 km or less.
We show the half-thickness normalized by the O+

2 ion inertial length in Figure 8c and by the O+
2 ion thermal

gyroradius in Figure 8d, indicating that the current sheet half-thickness is typically comparable to these ion
scale lengths. We also conduct this normalization for O+ ions, another abundant ion species in the Martian
magnetosphere, obtaining similar results. In Figures 8c and 8d, the current sheets with +V L jets (red solid
line) appear to be thicker in the normalized thickness because they tend to be observed in the dayside iono-
spheric plasma with high densities and low temperatures, leading to small ion inertial lengths and thermal
gyroradii. Nevertheless, most of the dayside and nightside current sheets are shown to have a half-thickness
smaller than a few ion inertial lengths and thermal gyroradii.

5.5. Dependence on Plasma 𝛃 and Magnetic Shear

It is proposed that a combination of the magnetic shear and difference of plasma 𝛽 on the two sides of the
current sheet provides another necessary condition for reconnection onset (e.g., Paschmann et al., 2013),
based on a theoretical prediction that reconnection will be suppressed by diamagnetic drift of the X-line
in small shear current sheets with high 𝛽 difference (Swisdak et al., 2003, 2010). Consistent trends were
identified from observations in the solar wind (Phan et al., 2010; Gosling & Phan, 2013) and at the dayside
magnetopause of the Earth (Phan et al., 2013) and Mercury (DiBraccio et al., 2013). Figure 9 shows scatter
plots of the magnetic shear and 𝛽 difference computed from the average magnetic field and total ion 𝛽 in
the precrossing and postcrossing regions for the identified ±V L jet events and relatively clean current sheet
crossings. The curve denotes a theoretical threshold (Swisdak et al., 2010), below which reconnection should
be suppressed. It is seen that most of the identified current sheets, with or without jets, are located above the
curve in this parameter space, implying that reconnection will not be inhibited for these current sheets. We
note that the identified current sheets are naturally populated in the higher shear, lower 𝛽 region because
of our selection criteria, which require a >∼ 90◦ magnetic field rotation and the dominance of heavy ions
(which is typically the case in the magnetic pileup region, where the magnetic pressure dominates, hence
𝛽 < 1). Therefore, our current sheet database is inadequate for testing the theoretical prediction, or rather,
Figure 9 demonstrates that relatively large-shear, low-𝛽 current sheets (presumably without reconnection
suppression) are commonly formed in the near Mars space.
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5.6. Summary of Observations

The observed properties of the ion jets within current sheets in the Martian magnetosphere are summarized
as follows:

1. Sunward and anti-sunward sub-Alfvénic ion jets accelerated along and within current sheets are widely
observed both on the dayside and nightside in the Martian magnetosphere.

2. On average, ion jets are accompanied by the magnetic field configuration and topology consistent with
those expected for reconnecting current sheets.

3. We did not find any clear dependence of the jet occurrence on upstream drivers. The ion jets appear to
be observed irrespective of the solar wind conditions.

4. Most of the current sheets observed in the Martian magnetosphere (below the ion composition boundary)
are thin (∼ion inertial lengths and thermal gyroradii) and are embedded in low-𝛽 (<1) plasma.

6. Discussion
We first explore alternative explanations for the observed properties of ion jets within current sheets in the
Martian magnetosphere. In addition to magnetic reconnection, there are a number of ion acceleration pro-
cesses that are known to operate in the near Mars space (e.g., Dubinin et al., 2012), including the followings.
(i) Field-aligned potential drops of <1 V associated with ambipolar electric fields (Akbari et al., 2019; Xu
et al., 2018) cannot explain the observed bidirectional, mostly horizontal flows given the nominal direction
of electron pressure gradient. (ii) Field-aligned potential drops of hundreds of volts up to a few kilovolts near
cusps and open/closed boundaries of crustal magnetic fields (Brain et al., 2006; Lillis et al., 2018; Lundin
et al., 2006; Xu et al., 2020), which are typically accompanied by small magnetic shear generated by field
aligned currents, are inconsistent with the large shear current sheets investigated in this paper. (iii) Tailward
J×B acceleration up to a keV range by the draped IMF (Dubinin et al., 1993; Dubinin & Fraenz, 2015) can-
not account for the sunward ion flows. (iv) The Kelvin-Helmholtz (K-H) instability in the boundary layer
between the magnetosheath and ionosphere might produce a locally sunward flow in a fully rolled up vor-
tex, but it cannot explain the sunward flows observed well below the interface between the plasmas of solar
wind and ionospheric origins. Besides, it is suggested that K-H vortices could not become fully developed in
the near Mars space (Ruhunusiri et al., 2016). (v) Classical ion pickup by motional electric fields in the solar
wind and magnetosheath flows cannot explain the sunward flows of dominant heavy ions. At present, we
are not aware of any nonreconnection processes that are capable of successfully explaining the properties
of the bidirectional ion flows observed within current sheets at Mars as well as the accompanying magnetic
field configuration and topology.

We point out that the estimated current sheet thickness of ∼1di at Mars (Figure 8c) is halfway
between electron-scale reconnection without ion coupling (∼0.1di∼ several de Phan et al., 2018) and
magnetohydrodynamic-scale exhausts with full ion coupling (≥ 10di; e.g., Gosling, 2012). At this scale, we
can expect partial ion coupling, and simulation results (e.g., Liu et al., 2015; Ma et al., 2018) show that
ions are accelerated not fully to 1V A but partially to a fraction of V A at a location with the corresponding
thickness, which is consistent with the MAVEN observations.

The apparent lack of upstream driver control of the jet occurrence may seem puzzling, given that the Martian
magnetosphere is known to be highly dynamic under constant driving by the ever changing solar wind and
interplanetary magnetic field (e.g., Halekas et al., 2016). However, the MAVEN observations suggest that
sufficiently thin (roughly ion scale) current sheets embedded in low-𝛽 plasma are commonly formed in the
near Mars space under most upstream conditions (otherwise, significant differences would be seen between
the current sheet and overall distributions in Figure 7). This implies that the two known onset conditions
for collisionless reconnection (i.e., current sheet thickness and magnetic shear-𝛽 difference relationship
Paschmann et al., 2013; Swisdak et al., 2010) could be satisfied irrespective of the solar wind conditions.
We note that the local absence of a detectable ion jet may not directly represent the absence of magnetic
reconnection in the overall current sheet. For example, if the reconnection is patchy and/or intermittent, the
chance of spacecraft crossing the spatially and/or temporally confined jets may not be high even if the overall
current sheet seems to be capable of reconnection. The spatial and temporal scales of magnetic reconnection
at Mars remain elusive given the limitation of single spacecraft measurements.
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7. Conclusions and Implications
The extensive survey of ion jets within current sheets in the dayside and nightside magnetosphere of Mars
with MAVEN reveals that both of the sunward and anti-sunward jets are widely and commonly observed in
the near Mars space. The good agreement between the observed and predicted magnetic field profiles for
±V L jet crossings (Figure 6) suggests that the majority of the observed ±V L jets are best explained by mag-
netic reconnection. The relative distributions of magnetic topology (more closed topology for +V L jets and
more draped topology for −V L jets as seen in Figures 6g and 6h) also support the reconnection scenario. The
widespread distributions of jet-containing current sheets in the MSO and geographic coordinates (Figures 3
and 4) imply that magnetic reconnection can take place in a wide range of SZAs, altitudes, and geographic
locations within the Martian magnetosphere. Also, the ±V L jets are not uncommon. Overall, roughly 10%
of the identified clean current sheets exhibit a +V L or −V L deviation above our threshold, though we cau-
tion that the derived occurrence rate may vary depending on the selection criteria of current sheets and ion
jets. Furthermore, most of the identified current sheets appear to satisfy the two known onset conditions
for collisionless reconnection, namely current sheet thickness and magnetic shear-𝛽 difference relationship,
regardless of the solar wind conditions. The common and ubiquitous observations of bidirectional ion jets
and of current sheets seemingly capable of reconnection around Mars imply that magnetic reconnection
could play an important role in the dynamics of the Martian magnetosphere for most, if not all, of the solar
wind conditions in the present epoch.

Data Availability Statement

MAVEN data are publicly available through the Planetary Data System (https://pds-ppi.igpp.ucla.edu).
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