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Abstract Numerous studies of the current sheets (CS) in the Earth’s magnetotail showed that
quasi-adiabatic ion dynamics plays an important role in the formation of complicated multilayered current
structures. In order to check whether the similar mechanisms operate in the Martian magnetotail, we
analyzed 80 CS crossings using MAVEN measurements on the nightside of Mars at radial distances
~1.0–2.8RM. We found that CS structures experience similar dependence on the value of the normal
component of the magnetic field at the neutral plane (BN) and on the ratio of the ion drift velocity outside the
CS to the thermal velocity (VT/VD) as it was observed for the CSs in the Earth’s magnetotail. For the small
values of BN, a thin and intense CS embedded in a thicker one is observed. The half-thickness L of this layer
is ~30–100 km ≤ ρH+ (ρH+ is a gyroradius of thermal protons outside the CS). With the increase of BN, the L
also increases up to several hundred kilometers (~ρO+, ρO2+), the current density decreases, and the
embedding feature disappears. Our statistical analysis showed a good agreement between L values
observed by MAVEN and the CS scaling obtained from the quasi-adiabatic model, if the plasma
characteristics in Martian CSs are used as input parameters. Thus, we may conclude that in spite of the
differences in magnetic topology, ion composition, and plasma thermal characteristics observed in the
Earth’s and Martian magnetotails, similar quasi-adiabatic mechanisms contribute to the formation of the CSs
in the magnetotails of both planets.

1. Introduction

Current sheets (CSs) are the important objects in space plasma as they separate the regions with different
magnetic characteristics (e.g., the regions of opposite polarity of the magnetic field), accumulating magnetic
energy and releasing it via magnetic reconnection. Thus, it is not surprising that the problem of CS self-
organization and stability is one of the key problems in space plasma physics.

Numerous observations of the CSs in the Earth’s magnetotail provide much information on their spatial struc-
ture and evolution (e.g., Baumjohann et al., 2007, 2010, and references therein). It was revealed that very
often the structure of the CS significantly differs from the simple isotropic Harris CS model (Harris, 1962).
Multipoint Cluster observations demonstrated that the spatial profiles of the current density along the nor-
mal (N) to the CS plane often exhibit complicated multilayered structure in which a thin and intense current
layer is embedded in a thicker layer(s) having a smaller current density (e.g., Petrukovich et al., 2011). Typical
thickness of a thin current layer in the Earth’s magnetotail was of the order or less than the proton thermal
gyroradius. It is known now that the thin CSs are the sources of magnetic reconnection (e.g., Asano et al.,
2003; Baumjohann, Paschmann, & Nagai, 1992; Runov et al., 2008) because of their metastability (Zelenyi
et al., 2008). Thin CSs are often observed in the Earth’s and planetary magnetospheres (e.g., Baumjohann
et al., 2010; Bunce, Cowley, & Wild, 2003; Uritsky et al., 2015; Vasko et al., 2014; Zelenyi et al., 2016).
Recently, STEREO observations were used to show that strong and thin CSs are also observed in the solar
wind (e.g., Malova et al., 2017).

These observations stimulated the development of many theoretical models of thin CSs. The analytical
isotropic models in which magnetic tension of curved field lines is balanced by the radial plasma
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pressure gradient (Kan, 1973; Shindler, 1974; Birn, 1987) have been exploited in magnetosphere physics
for a long time. In pioneer papers by Speiser (1965) and Eastwood (1972), another possibility to balance
the tension of magnetic field lines by centrifugal force exerted on ions moving along curved magnetic
field lines was suggested. Such model of the CS balance implies the existence of the finite plasma
anisotropy outside the CS. Contrary to the isotropic CS, a thin CS has the extent along the directions tan-
gential to the sheet plane much larger than the extent along the normal to the CS plane. In such thin
CSs, the magnetic field tension is balanced by the anisotropy of plasma pressure tensor. This considera-
tion was based on the existence of the so-called Speiser particles that experience quasi-adiabatic
dynamics in the CS.

Particles become quasi-adiabatic when their maximal gyroradius ρmax, usually achieved at the neutral
plane of the CS, is larger than the radius of curvature of the magnetic field lines, R. Such particles
become unmagnetized near the neutral plane of the CS and experience a complicated motion consist-
ing of fast oscillations along the normal to the CS plane and slow quasi-Larmor gyration in the CS
plane around a finite normal component of the magnetic field (BN). The magnetic moment μ of such
particles is not conserved, but in the quasi-adiabatic regime when R < ρmax, there is another integral
of particle motion IN= (2π)�1 ∮ pNdN≈ const (here, N is the direction of particle fast oscillations and pN is a
particle momentum in that direction). The conservation of IN is possible with the parameter of adiabaticity
κ = (R/ρmax)

1/2 < 1.0 (Büchner & Zelenyi, 1989). The dynamics of such particles is called “quasi-adiabatic”
because the IN is conserved, although the magnetic moment μ is not conserved. If κ = 1.0, then neither
the IN nor μ are conserved and particle motion becomes chaotic. Such particles experience the
nonadiabatic dynamics.

The quasi-adiabatic particles, also called “Speiser particles,” can carry the significant current in a thin CS.
The motion of Speiser particles is almost “regular” everywhere except the localized separatrix regions at
which the IN experiences jumps, and the type of particle motion transforms from magnetized to an
unmagnetized one and vice versa, that is, at the entrance and exit from the CS. The value of total var-
iation of IN (the sum of jumps) defines the type of orbit the particle has in the CS. Generally, ΔIN ≠ 0,
and particles experience scattering and can be partially or fully trapped within the CS. The fully trapped
plasma particles moving along closed trajectories do not produce the net electric current in the CS but
affect its structure making the CS thicker. The quasi-trapped population experiences multiple interac-
tions with the CS and further chaotization and finally supplements the trapped population. This process
leads to the “aging” of the CS and to the growth of its thickness (Zelenyi et al., 2002). For some special
conditions, the IN jumps are fully compensated, so that ΔIN = 0 and the particles are ejected from the
CS after the interaction almost without scattering and move along open Speiser trajectories (e.g.,
Grigorenko et al., 2011, and references therein). Such particles produce the strongest net current in
the CS.

The peculiarities of particle interactions with the CS and the partition between Speiser-type, quasi-trapped
and trapped plasma populations lead to the evolution of the CS spatial structure and influence its stability.
Usually in a thin CS, electrons are completely magnetized (κ >> 1.0), while ions can experience quasi-
adiabatic interactions with the CS (κ< 1.0; e.g., Ashour-Abdalla et al., 1994). In such CSs, the dynamics of ions
and electrons is very different and should be considered separately. This stimulates the development of
hybrid models, in which electrons are considered as fluid, while ion dynamics is described in the frames of
kinetic approach (e.g., Sitnov et al., 2000; Zelenyi et al., 2000, 2004).

Because the jumps of quasi-adiabatic integral of motion ΔIN depend on the κ parameter, which, in turn,
depends on ion gyroradius, then in the one and the same initial magnetic configuration of the CS, ion popu-
lations with different masses and/or temperatures carry different net currents, which are characterized by dif-
ferent spatial scales and values of current density. The kinetic features of quasi-adiabatic ion dynamics in the
CSs are responsible for the variety of the current density profiles: bifurcated, embedded, and/or asymmetrical
ones. Such current structures are often observed in the Earth’s magnetotail and in the solar wind CS (e.g.,
Baumjohann et al., 2007; Grigorenko et al., 2013, 2015; Malova et al., 2017; Nakamura et al., 2006;
Petrukovich et al., 2011; Runov et al., 2003).

The formation of thin and multilayered CSs can be explained in the frames of an analytical self-consistent
model of anisotropic CS (Zelenyi et al., 2000). This theory shows that in the close vicinity of the magnetic
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field reversal, the paramagnetic current arising from the meandering motion of Speiser ions (Speiser, 1965)
dominates. In a case of weak anisotropy of the initial ion distribution (ε = VT/VD< 1.0, where VT is the ion ther-
mal velocity and VD is the ion drift velocity outside the CS), the maximum thickness of the CS is of the order of
the thermal ion gyroradius outside the sheet. Generally, the CS scaling is controlled either by the quasi-
adiabatic regimes of weak and strong anisotropy of the initial distribution or, in case of very strong aniso-
tropy, by its nonadiabatic limit. The last corresponds to the case of almost field-aligned initial distribution
in which VT/VD< BN/B0 (B0 is the magnetic field value outside the CS and BN is the magnetic field component
perpendicular to the CS plane and observed at the neutral plane). In this regime, the CS thickness becomes
very small and depends on the value of BN/B0.

In multicomponent plasma, the dynamics of different ion species having different masses and often dif-
ferent temperatures may significantly affects the structure of the CS. Zelenyi et al. (2006) considered a
self-consistent equilibrium model of 1D anisotropic CS with a small finite BN. In their model, the electron
population was taken into account with the assumption of Boltzman-like quasi-equilibrium distribution of
the electrostatic electric field, which can lead to the generation of a very thin and intense current layer in
the neutral plane of the CS. The inclusion of heavy ion (O+) population into the model results in the CS
broadening due to the formation of “O+ current wings” at the edges of a thin current layer. Thus, the
presence of multicomponent plasma affects the CS structure and can be responsible for the formation
of the complicated system of multiple embedded current layers. Similar conditions can occur in the
Martian magnetotail.

Unlike the Earth, Mars has no strong internal magnetic field so that the solar wind and interplanetary mag-
netic field (IMF) interact directly with the planetary ionosphere and form the induced magnetosphere (e.g.,
Luhmann & Brace, 1991, and references therein; Nagy et al., 2004; Fedorov et al., 2008; Bertucci et al.,
2011). This interaction has a complicated character because of the existence of crustal magnetic fields cover-
ing the majority of planetary surface with the most intense fields located in the southern hemisphere near
180° longitude (e.g., Acuña et al., 1998; Connerney et al., 2005; Luhmann et al., 2015).

The induced Martian magnetotail is formed by the draping of the IMF around Mars (see, e.g., reviews by Nagy
et al., 2004; Crider et al., 2004, and references therein). Early observations by Mars-2, -3, and -5 and Phobos-2
showed that the Martian tail is purely induced and resembles tails of comets and Venus (e.g., Dubinin et al.,
1991; Vaisberg, 1992; Yeroshenko et al., 1990). Later, it was shown that the draping of the Martian tail is less
than that of the Venus tail (Luhmann et al., 1991) and the tail flaring is controlled by upstream solar wind pres-
sure similar to the dynamics of the Earth’s magnetosphere (Zhang et al., 1994). The other similarities between
Martian and the Earth’s magnetotails include the existence of two magnetic lobes with the enhanced sun-
ward and antisunward fields separated by the CS. The orientation of the Martian lobe magnetic field and
the spatial extent of the magnetotail are controlled by the IMF direction (e.g., Romanelli et al., 2015;
Yeroshenko et al., 1990).

The cross-tail Martian CS and the surrounding plasma sheet consist of escaping planetary ions accelerated up
to a few keV/q (e.g., Barabash et al., 2007; Carlsson et al., 2006; Dubinin et al., 1991, 1993, 2006, 2011; Fedorov
et al., 2006; Lundin et al., 1989, 1990; Luhmann et al., 1991; Lundin & Barabash, 2004; Yeroshenko et al., 1990).
The distinct feature of the CS ion composition is the abundance of hot heavy ions (e.g., Fedorov et al., 2006;
Lundin et al., 2006). These ions make an important contribution to the plasma pressure in the CS and can
affect the CS configuration.

The observations of the CSs in the induced Martian magnetotail at different distances from the planet were
reported in many studies based on data from different missions (e.g., Acuña et al., 1999; Dubinin et al., 1991;
Dubinin & Fraenz, 2015; DiBraccio et al., 2015; Ferguson et al., 2005; Halekas et al., 2006; Harada et al., 2015a,
2015b; Luhmann et al., 1991). It was shown that the dynamics of the Martian CS exhibits many features pecu-
liar to the Earth’s magnetotail CS: flapping motions (e.g., Dubinin et al., 2012; DiBraccio et al., 2015, 2017),
magnetic reconnection (Eastwood et al., 2008; Halekas et al., 2009; Harada et al., 2015a) and associated
plasma flow acceleration (Harada et al., 2015b), and plasmoids formation (DiBraccio et al., 2015; Hara
et al., 2017).

A diversity of plasma characteristics in the Martian CS manifests in a wide range of estimated half-
thicknesses (L) from L ≤ 100 km (e.g., Halekas et al., 2006) to a few hundreds of kilometeres (e.g.
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Harada et al., 2015a, 2015b). The comparison of the CS half-thickness with particle thermal gyroradius
and inertial length allowed Harada et al. (2015a) to conclude that in a thin CS, protons and/or electrons
carry the electric current, while in a thick CS, the role of quasi-adiabatic heavy ions (O+) becomes
important.

With the presence of unmagnetized ions (κ < 1.0) in the CSs of the Martian magnetotail, one may expect
that quasi-adiabatic ion dynamics can affect their structure by the similar way as it is observed in the CS
of the terrestrial magnetotail. In this paper we verify the validity of the quasi-adiabatic model of anisotro-
pic CS for the description of the CS structures in the Martian magnetotail. For this purpose, on the basis
of Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft (Jakosky et al., 2015) observations in the
near-Mars tail, we study the spatial structure of the CSs and its dependence on the magnetic configura-
tion of the sheets, namely, on the value of the local normal component of the magnetic field, BN, at the
neutral plane and on the ion characteristics in the CSs. We check the validity of the CS scaling predicted
by the self-consistent model of anisotropic CS and whether the observed spatial profiles of the electric
current density can be described by the quasi-adiabatic model developed for the Earth’s magnetotail
CS if the plasma characteristics in Martian CSs are used as input parameters. This study allows to conclude
whether the similar quasi-adiabatic mechanisms contribute to the formation of the CSs in the magneto-
tails of both planets.

2. Observations

For the analysis of magnetic and plasma structure of the CS, we used the magnetic field data from magnet-
ometer (MAG; Connerney et al., 2014) and ion data from Suprathermal and Thermal Ion Composition (STATIC;
McFadden et al., 2014) both onboard MAVEN. Our database includes 80 CS crossings observed by MAVEN at
�2.8RM ≤ XMSO ≤ �1.0RM and �1.0RM ≤ YMSO ≤ 1.0RM. The observations are presented in Mars solar orbital
(MSO) coordinates unless noted otherwise: the XMSO is directed from the center of the planet toward the
Sun, ZMSO is perpendicular to the Mars orbital plane and is directed northward, and YMSO completes the
right-handed system.

In this study we concentrate on the analysis of the cross-tail CS that separates two lobes of antiparallel
magnetic field of the Martian magnetotail formed by the draped IMF (e.g., Luhmann et al., 1991). The
crossings of the cross-tail CS are identified by the changes of the polarity of BX field along with the
decrease of |B| and the increase of ion β (e.g., DiBraccio et al., 2015; Dubinin & Fraenz, 2015; Harada
et al., 2015a, 2015b).

We analyzed MAVEN observations in the Martian magnetotail during December 2014 and during the
first half of April 2015. For the analysis of the CSs, we used the minimum variance analysis (MVA).
The MVA method is widely used in space physics for the analysis of CSs, shock fronts, plane waves,
and other planar structures. The basic assumption of this method is that the time series of the analyzed
data contains a planar and quasi-stationary structure (a current layer), which is crossed by the space-
craft. The details of this method can be found in Sönnerup and Scheible (1998). Under the assumption
of 1D current structure, this method allows the determination of the local coordinate system, in which
one axis is directed along the direction of minimum magnetic field variation, that is, along the normal
to the planar current layer (N); another axis is directed along the maximum magnetic field variation (L),
and the third one completes the orthogonal system and is directed along the electric current (M) in
the CS.

To analyze the spatial structure of the CSs, we selected only the intervals of full CS crossings, when the
magnetic field component along the direction of maximum variance BL monotonically changes from its
positive/negative value in one lobe to the negative/positive value in the opposite lobe. In other words,
the sign of dBL/dt should not change during the CS crossing. Another important condition of the CS
selection is the obtaining of well-determined local coordinate system by applying the MVA to the CS
crossings: the ratios of intermediate-to-minimum λM/λN and maximum-to-intermediate λL/λM eigenvalues
should exceed 6.0 Finally, we selected 80 intervals of the CS crossings listed in Table A1 in Appendix A1.
Figure 1 shows the MAVEN orbits containing the intervals of the CS crossings from our database (shown
by red color).
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2.1. Observations of a Thin Embedded CS in the Martian Magnetotail

On 4 December 2014 between 14:40 and 14:55, UT MAVEN was located at
[�1.5, 0.5,�1.1]MSO, and around 14:49 UT, it crossed the CS. This manifests
in the reversal of the BX component from +10 to �8 nT. Figure 2 displays
energy–time spectrograms of the main ion components: H+, O+, O2

+,
and CO2

+ (panels a–d), three components of the magnetic field (e), ion
densities (h), and temperatures (i). Ions moved mainly tailward with
VX ~�10–15 km/s (not shown). In this CS, crossing heavy ions dominated
as is evident in the ratios: nH+/nO+ = 0.1, nH+/nO2+ = 0.08, and nH+/
nCO2+ = 0.4 near the neutral plane of the CS. The ratios of proton-to-heavy
ion temperatures were as follows: TH/TO = 0.7, TH/TO2 = 1.0, and TH/
TCO2 = 1.0. The ratio of the ion thermal pressure to the magnetic pressure
is βION = 70.0 near the neutral plane. The ion pressure was calculated
by taking into account H+ and heavy ion components:
PION = k·(nHTH + nOTO+ nO2TO2 + nCO2TCO2), k is the Boltzmann constant
and n and T are the density and temperature of a given ion
component, respectively.

To analyze the CS structure, we used the MVA technique and apply it to
the time interval of the BX reversal indicated by the vertical dashed lines
in Figure 2. We defined the normal direction N to the CS in the CS-
oriented coordinate system (L, M, N), where L indicates the maximum,
M intermediate, and N minimum variance directions (e.g., Sönnerup &
Scheible, 1998). For this crossing, the MVA directions are almost along
the XMSO, YMSO, and ZMSO axes (L = [0.9, �0.2, 0.3]MSO; M = [0.3, 0.9,
�0.4]MSO, and N = [�0.2, 0.45, 0.9]MSO); the ratios of eigenvalues are
λM/λN = 7.5 and λL/λM = 10.0. Three MVA components of the magnetic
field are shown in Figure 2g. Unfortunately, we cannot define the para-
meters of the upstream IMF for this CS crossing and make the conclu-
sion on the origin of this CS orientation.

For the Earth’s magnetotail, it was shown that the motion of the CS mag-
netic flux tubes due to flapping or large-scale perturbations causes the cor-
responding motion of the surrounding plasma. This plasma moves with
the normal velocity VN roughly proportional to the value of the dBL/dt
observed in the course of the CS crossing; that is, the VN has the same sign
during a single crossing (e.g., Sergeev et al., 2003, and references therein).

Assuming the planar 1D and quasi-steady current structure, one can estimate the spatial scale of the region of
magnetic field reversal, that is, the CS thickness, and reconstruct the spatial distribution of electric current
density across the CS.

In the present study, we apply the similar analysis to the CSs observed in the Martianmagnetotail. The current
density JM measured at the moment ti within the sheet should be proportional to ΔBL

i/ΔlN
i, where

ΔBL
i = BL

i + 1 � BL
i, ΔlN

i = tiVN and VN is the component of plasma bulk velocity along N. Because plasma in
the Martian magnetotail is multicomponent under the VN, we consider the corresponding component of
the bulk velocity of the center of mass:

VN= (mH·nH·VN_H +mO·nO·VN_O +mO2·nO2·VN_O2 +mCO2·nCO2·VN_CO2)/(mH·nH +mO·nO +mO2·nO2 +mCO2·nCO2).
The ion bulk velocities were corrected for the spacecraft velocity. Figure 2f shows the time profiles of the VN
(solid gray line) and VM components of ion velocities (shown by the colored dotted lines). It is seen that dur-
ing the time interval of the BL reversal, the VN is almost constant. We should note that outside this time inter-
val, the presented values of VN and VM can be unreliable, because they were calculated in the local CS
coordinate system obtained from the MVA analysis applied to the interval of BX reversal (indicated by the
dashed vertical lines in Figure 2). For the estimation of the CS spatial scale, we used the value of VN averaged
for this time interval.

Figure 1. The intervals of MAVEN orbits corresponding to the CS crossings
from our database plotted in the (YZ)MSO, (XY)MSO, and (XZ)MSO planes.
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To construct the spatial profiles of BM(lN) and JM(lN), we smoothed magnetic field data by the 4 s sliding aver-
age. The total thickness of the CS Λ, that is, the spatial scale of the sheet along the N direction, can be esti-

mated as Λ ¼ ∫t2t1VNdt, where Δt = t2 � t1 is the timescale of the BL reversal. The spatial profiles of the BL(lN)
and JM(lN) thus obtained are presented in the left column of Figure 3 at plots (a) and (b), respectively.

Such a method of reconstruction of the JM(lN) spatial profile was used in a number of previous studies dedi-
cated to the Earth’s magnetotail CS (e.g., Petrukovich et al., 2011; Zelenyi et al., 2011). Unfortunately, by using
only one-point observations, it is difficult to assess whether the small-scale oscillations of JM represent tem-
poral or spatial changes. We note that during the CS crossings analyzed in this paper, the strong magnetic
fluctuations were absent according to our selection criterion. Thus, we may assume that the reconstructed
spatial profile JM(lN) more or less reflects the real spatial structure of the CS.

It is seen from the Figure 3a that the slope of BL(lN) changes and becomes much steeper at the immediate
vicinity of the center of the CS (lN = 0; this region is shaded by pink color). This feature denotes the

Figure 2. An example of the CS crossing by MAVEN on 4 December 2014. From top to bottom: (a–d) Energy–time spectro-
grams of omnidirectional H+, O+, O2

+, and CO2
+ ions; (e) three components of the magnetic field in the MSO coordinate

system; (f) time profiles of the normal component velocity of the plasma sheet center mass, VN (solid gray line), and
intermediate component of velocity VM of the major ion components (shown by the colored dotted lines) calculated from
the MVA analysis applied to the time interval of the magnetic field reversal indicated by vertical dashed lines; (g) time
profiles of three MVA components of the magnetic field; (h) time profiles of number density of H+ (black line), O+ (red line),
O2

+ (green line), and CO2
+ (magenta line) ion components; (i) time profiles of temperature of H+, O+, O2

+, and CO2
+ ion

components shown by the same colors as in panel (h). The time profile of the absolute value of the magnetic field |B| is
shown by the red line in panel (a).
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Figure 3. The analysis of the CS structures observed on 4 December 2014 between 14:48:00 and 14:50:30 UT (panels a–d)
and on 18 December 2014 between 18:18:28 and 18:18:30 UT (panels a0–d0). From top to bottom: (a, a0) The spatial profile of
the BL(lN) along the normal direction N to the CS plane; (b, b0) the spatial profile of the electric current density JM(lN);
(c, c0 and d, d0) the hodograms of themagnetic field in the (BN, BL) and (BM, BL) planes, respectively, shown for two examples
of the CS crossings. In plots (b, b0), the black cross marks the value of the total ion current density calculated at the neutral
plane (see explanation in the text).
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existence of a stronger electric current near the center of the CS, which is embedded in a thicker current layer
with a smaller current density at the CS’s periphery. The thick layer is not exactly symmetrical relative to the
neutral plane possibly because of some temporal changes in its structure. To illustrate the presence of two
current layers in Figure 3b, we show the fitting of the observed current density profile JM(lN) by two Harris
solutions: JMi(lN) = J0i/cosh

2(lN/Li) (Harris, 1962; Petrukovich et al., 2011), where index i = 1, 2 corresponds to
two current layers: (1) a thin one embedded in (2) a thicker one, which are characterized by the maximum
values of the current density at the center (lN = 0): J01 = 12 nA/m2 and J02 = 3 nA/m2 and by the half-thickness
L1 = 30 km and L2 = 150 km, respectively.

Petrukovich et al. (2011) introduced a quantitative parameter to describe the embedding: the ratio of the value
of magnetic field at the edges of a thin current layer (B1) to the value of the magnetic field outside the CS (B0).
The embedding feature exists in the CS when B1/B0 < 1.0, and it is disappearing while the value of B1 is
approaching to B0, that is, when B1/B0 = 1.0. Using the fitting of the observed CS profile by two Harris current
layers, one can define the B1 from the spatial profile of BL(lN)|lN = lN*, where lN* is the coordinate of the intersec-
tion of twoHarris-type current density profiles. If there is some asymmetry in the observed spatial profile of the
BL(lN); namely, the value of B1+ in the region of positive lN is not equal to the value of B1� in the region of nega-
tive lN (see Figure 3b,b0), thenwe estimate the B1 as an average of these two values: B1 = (B1+ + B1�)/2.0. For this
CS crossing, the parameter of embedding B1/B0 = 0.25 (B1 = 2.5 nT; see Figure 3a).

The half-thickness of the thin CS is comparable with the gyroradius of thermal protons outside the CS
(ρH+ = 38 km, calculated for the absolute value of the magnetic field outside the CS B0 = 10 nT and
TH+ = 7 eV) and much smaller than the proton inertial length (λp = c/ΩH = 743 km, where c is the speed of
light and ΩH is proton gyrofrequency). The half-thickness of the thicker current layer is of the order of the
thermal gyroradius of O+ ions outside the CS (ρO+ = 175 km, calculated for the same B0 value and for
TO+ = 10 eV). It is worth to note that if, instead of the bulk velocity of the plasma center of mass VN, one uses
the normal component of the spacecraft velocity, assuming that the CS is crossed only due to the spacecraft
motion, then all aforementioned features of the current density profile, e.g., the embedding, remain the
same, but the estimated half-thickness L will be even smaller: ~20 km for a thin embedded CS and
~100 km for a thicker layer.

Figure 3c,d shows the hodograms of the magnetic field in the (BN, BL) and (BM, BL) planes, respectively. It is
seen that at the neural plane (BL = 0, shaded by pink color), the BN = 1.0 and the intermediate-variance com-
ponent BM = 2.5 nT, so that BN/B0 = 0.1, BM/B0 = 0.25, where B0 = 10 nT is the absolute value of the magnetic
field outside the CS. Thus, a shear component of the magnetic field is small in this CS crossing.

To check the presence of quasi-adiabatic particles in the CS, we calculate the parameter of adiabaticity κ for
the thermal ion populations. In section 1, we discussed the importance of this parameter in definition of the
regime—adiabatic/nonadiabatic/quasi-adiabatic—of particle dynamics in the CS (Büchner & Zelenyi, 1989). If
κ >> 1.0, particles are fully magnetized in the CS. If κ = 1.0, particles become nonadiabatic and experience
strong scattering in the CS. For such particles, the magnetic moment is not conserved nor is the quasi-
adiabatic integral of motion IN. The motion of such particles is chaotic, and they do not contribute to the elec-
tric current density in the CS. The most important regime for the CS structuring is the quasi-adiabatic one,
which is realized when κ < 1.0. As it was discussed in section 1, the motion of quasi-adiabatic particles in
the CS can be described by the quasi-adiabatic integral IN. The peculiarities of quasi-adiabatic particle inter-
actions with the CS leads to the appearance of Speiser (transient), quasi-trapped, and trapped plasma popu-
lations whose dynamics affect the CS spatial structure. Thus, it is important to know the value of parameter κ
for the CS ion populations. The precise calculation of κ is possible when one can calculate the radius of cur-
vature of the magnetic field line crossing the neutral plane of the CS at the site of particle interaction. Using
only one-spacecraft observations, it is impossible to perform such calculation. Thus, to compute the κ, we use
an alternative method derived from the parabolic magnetic field model of the CS (Büchner & Zelenyi, 1989):

κ ¼ BCS
B0

ffiffi
L
ρ

q
, where BCS is the minimum absolute value of the magnetic field near the neutral plane of the CS, B0

is the magnetic field outside the CS, L is the half-thickness of the CS, and ρ is a particle’s gyroradius at the
minimummagnetic field in the CS. The parameters BCS, B0, and L can be obtained from observations and from
the reconstruction of the current density spatial profile. Thus, κ is a function of particle gyroradius, and for a
given magnetic configuration of the CS, the κ depends only on particle energy.
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For two current layers observed in this event, we have L1 = 30 km (for the thin layer), L2 = 150 km (for the
thicker layer), BCS = 2.7 nT and B0 = 10 nT. For both current layers, we obtain the parameter κ < 1.0 for all
thermal ion components. Because all thermal ion populations experience quasi-adiabatic dynamics in
the CS, one could assume that they can provide the main contribution to the electric current in the CS.
Indeed, the comparison of the total ion current density JM_ION = q · (nH+VM_H+ + nO+VM_O+ +
nO2+VM_O2+ + nCO2+VM_CO2+) calculated at the neutral plane (marked by a black cross in Figure 3b) shows
a good agreement with the maximum value of current density deduced from the magnetic field observa-
tions, JM_MF. This means that quasi-adiabatic ions provide the major contribution to the electric current in
the CS. Unfortunately, because the STATIC observations have lower time resolution than the magnetic field
data, we cannot compare the total spatial profile of the ion current density with the spatial profile of the cur-
rent density calculated from the magnetic field data.

In the right column of Figure 3, another example of the embedded CS structure is presented in the same for-
mat as the one shown in the left column of the Figure. This CS crossing was observed on 18 December 2014
at 18:28:00–18:30:30 UT. The BX component of the magnetic field changes its sign as it increases from �8 to
10 nT. During the crossing MAVENwas located at theMartianmagnetotail at [�1.2, 0.3, 0.0]MSO. TheMVA ana-
lysis applied to this interval provided well determined local coordinate system with L = [0.0, �0.1, 0.98]MSO;
M = [0.1, 0.98, 0.1]MSO; and N = [0.0,�0.1, 0.98]MSO; the ratios of eigenvalues λM/λN = 12.0 and λL/λM = 28.0. In
this CS crossing, protons dominated: the nH+/nO+ = 2.0, nH+/nO2+ = 4.0, and nH+/nCO2+ = 22.0 near the neutral
plane of the CS. The ratio of the ion thermal pressure to the magnetic pressure is βION = 15 at the neutral
plane. In this CS interval, ions also moved tailward with VX = �20 and �10 km/s for protons and heavy ions,
respectively (not shown).

Figure 3a0,b0 shows the spatial profiles of BL(lN) and JM(lN). Similarly to the previous example in this CS cross-
ing, the slope of BL(lN) changes near the neutral plane. The JM(lN) profile can be fitted by two Harris layers with
the current densities at the neutral plane: J01 = 14 nA/m2 and J02 = 4 nA/m2 and half-thicknesses L1 = 50 km
and L2 = 200 km for the thin and thick current layers, respectively. The parameter of the embedding for this
crossing BL1/B0 = 0.28 (B1 = 2.8 nT and B0 = 10 nT; see Figure 3a0). The absolute value of the magnetic field
near the CS neutral plane BCS = 3 nT.

In this CS configuration, protons become quasi-adiabatic (κ < 1.0) if their energies ≥10 eV. The gyroradius of
10 eV protons in the magnetic field outside the CS B0 = 10 nT is ρH+ = 44 km, which is of the order of the half-
thickness of the thin current layer (L1). Heavy ions become quasi-adiabatic already with energies of the order
of a few eV. The gyroradius of 10 eV O+ ions in the B0 field is ~175 km, which is of the order of the half-
thickness of the thick current layer (L2).

Figure 3c0,d0 shows the hodograms of the magnetic field in the (BN, BL) and (BM, BL) planes, respectively. In this
case, the BN, component of the magnetic field at the neutral plane, is ~2.0 nT, and the intermediate-variance
component BM=�2.5 nT, so that BN/B0 = 0.2 and |BM|/B0 = 0.25. The comparison of the total ion current density
JM_IONat theneutralplanecalculatedas in thepreviouscase (markedbyablackcross inFigure3b0) showsagood
agreement with the maximum value of current density deduced from themagnetic field observations, JM_MF.

2.2. Statistical Studies of the CS Characteristic Spatial Scales and Plasma Parameters

We apply the analysis similar to the one described in the previous section for the study of the CS crossings
from our database (the list of the analyzed CS intervals is given in the Appendix). For all CSs from our data-
base, the shear component of the magnetic field (BM) was small at the neutral plane (BM/B0 ≤ 0.3), while
the normal component of the magnetic field in some CS intervals had a significant value BN/B0 > 0.3.
Because the value of the magnetic field at the neutral plane influences the particle’s adiabaticity (the para-
meter κ), one may expect the modulation of the CS structure with the BN/B0 increase.

To check this assumption, we divided the CS intervals from our database onto two groups with the
BN/B0 < 0.3 and BN/B0 ≥ 0.3. In Figure 4 we present several typical spatial profiles of the BL(lN) (see
Figure 4a,a0) and the corresponding profiles of the JM(lN) (Figure 4b,b0) for each group of the CSs (the left
and right columns in Figure 4). One can see that thin and intense current layers are observed only in the
group with the BN/B0 < 0.3 (left column). These layers are embedded in thicker layers so that the parameter
of embedding introduced in the previous section ranges for these CS intervals from ~0.25 to 0.65. In the CSs
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from the second group (BN/B0 > 0.3) the embedded thin layer disappears: the parameters of embedding
approach 1.0, the thickness of the CS increases, and the current density decreases (see the right column in
Figure 4 and the values of embedding B1/B0 in the legend in the right bottom part of the Figure).

Figure 5 shows the distributions of the CS observation probability versus nH+/nCO2+ (a), nH+/nO2+ (b), nH+/
nO+ (c), and ion β (d). The majority (~70%) of the CSs from our database are oxygen dominated with nH+/
nO2+ and nH+/nO+ < 1.0, and carbon dioxide is a minor constituent in all CS intervals in our database
(nO2+ >> nCO2+, not shown). The majority of the CSs from our database have β > 10.0 at the
neural plane.

Figure 6 presents the ratio of ion temperatures TH+/TCO2+ (a), TH+/TO2+ (b), and TH+/TO+ (c) observed near the
neutral plane of the CSs from our database. It is seen that in themajority of the CSs, heavy ions are hotter than
protons. The similar situation takes place in the Earth’s magnetotail, where due to the quasi-adiabatic inter-
actions with the CS, heavy ions obtain larger energy gain than protons.

Figure 7 shows a scatterplot of the density of major ion components observed at the neutral plane of
each CS from our database versus the corresponding ion temperature. Each dot at the plots represents
a particular CS interval. The color of each dot displays the type of the dominating ion component in a
given CS crossing, that is, the ion component that has the largest number density in the CS in compar-
ison to the densities of the other ion components. Similarly to the Earth’s plasma sheet in the Martian
CSs, there is an inverse n(T) dependence observed for each ion component: the colder ion populations
in the CSs have larger densities and vice versa. The majority of the CSs from our database is dominated

Figure 4. Several examples of the CS structures with small BN/B0< 0.3 (the left column) and large BN/B0> 0.3 (the right col-
umn). From top to bottom in each column: the spatial profiles of BL(lN) (panels a, a0) and JM(lN) (panels b, b0) are presented.
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by heavy ions (mostly by O2
+ ions). The O2

+-dominated CSs are shown by
green dots, and many of them are characterized by low temperatures and
high densities of all ion components. A few CSs from our database are rela-
tively hot and tenuous: TH+ exceeds tens of eV, the temperatures of heavy
ions exceed hundreds of eV, and ion densities are lower than 10.0 cm�3.

In the Earth’s plasma sheet, the observation of hot and tenuous plasma can
be related with magnetic reconnection, which produces hot and underpo-
pulated plasma flux tubes (e.g., Sharma et al., 2008, and references therein).
The origin of similar plasma population in the Martian CS deserves a
separate study.

3. Quasi-Adiabatic Modeling of the Martian CS

In this section, we model the formation of thin embedded CS structures in
the Martian magnetotail and establish their scaling characteristics. To
describe the CS in the Martian magnetotail, we modified the hybrid self-
consistent model based on a quasi-adiabatic dynamics of oxygen ions and
protons, which was developed for themodeling of thin CS in the Earth’s mag-
netotail. The model takes into account two general magnetic components:
the tangential to the CS plane (BL) and the normal component (BN). The BL
component is calculated in the frame of self-consistent calculations, while
the BN component is taken from MAVEN observations and is assumed to
be constant in the CS. Basic principles of this model are described in papers
by Zelenyi et al. (2004) and Zelenyi et al. (2006). The quasi-adiabatic model
was developed under the following assumptions:

1. The CS is supported by plasma inflows from the northern and southern
sources

2. The spatial scale of the CS along the normal direction (along N) is much
smaller than its characteristic scales in the plane tangential to the CS, that
is, in the (L, M) plane. Thus, all variables depend only on the coordinate N

3. The CS is considered in the deHoffmann-Teller coordinate system, where
the electric field is absent

4. Plasma consists of magnetized electrons and three ion species: H+, O+,
and O2

+, which experience the quasi-adiabatic dynamics; that is, for these
ion components, the parameter of adiabaticity κ< 1.0 (Büchner & Zelenyi,
1989), and the corresponding quasi-adiabatic invariant IN (the analog of
the first adiabatic invariant μ in the usual guiding center theory for
κ > 1.0) is approximately conserved

5. The quasi-neutrality condition: nO2+ + nO+ + nH+ = ne is fulfilled

For such magnetic configuration, the Vlasov–Maxwell system of equations
has the following form:

df 1;2;3 v;Nð Þ
dN

¼ 0;

dBL
dN

¼ 4π
c

∫V3vM f 1 v;Nð Þ þ f 2 v;Nð Þ þ f 3 v;Nð Þb cd3v þ je N; φ Nð Þð Þ� �
d3v

BL Nð Þ N¼L ¼ B0;φ Nð Þj jN¼L ¼ 0

Here the index “1” refers to H+ ions, the index “2” to O+, and the index “3” to
O2

+ ions; f1,2,3 are the velocity distribution functions of these ion compo-
nents, B0 is the magnetic field outside the CS (at |N| = L), φ(N) is the electro-
static potential, je is the electron drift current, and v is the particle velocity.
Because electrons are magnetized, they can be characterized by some aver-
age value of the magnetic moment μ, p||e, and p⊥e are correspondingly the

Figure 5. The histograms of the CS observation probability in depen-
dence on the ratio of nH+/nCO2+ (a); nH+/nO2+ (b); nH+/nO+ (c), and
βION (d).

Figure 6. The histograms of the CS observation probability in depen-
dence on the ratio of TH+/TCO2+ (a); TH+/TO2+ (b); and TH+/TO+ (c).
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parallel and perpendicular components of their pressure tensor. Then the electron drift
current has the following form:

je ¼ �enec
E�hb c
B

þ c
B
h�∇⊥p⊥e½ � þ c

B
p∣∣e � p⊥e
� �

h� h∇ð Þh½ � (1)

where h = B/B. The detailed output of electrostatic potential and calculation of drift cur-
rents in the directions perpendicular and parallel to the magnetic field are given in
Zelenyi et al. (2004; 2016). The distribution functions of proton and oxygen ion inflows
at the edges of the CS are given in the form of the shifted Maxwell distribution:
f1,2,3(v) = exp[�(v|| ± vD1,2,3)

2 + v2⊥]/v
2
T1;2;3]. We used the relation between particle magnetic

moments μ≡mv2⊥=2B0 and the quasi-adiabatic invariant IN outside the CS: μ = (e/2mc)IN
(Sitnov et al., 2000), because they coincide in this region up to somenormalization constant.
Finally, one can rewrite thedistribution functionof the plasma sources in termsof invariants
of motion f1,2,3(W0, IN), whereW0 is the total energy of the particles, and extrapolate these
functions to the entire space using the Liouville’s theorem (Zelenyi et al., 2004).

In contrast to the CSs of the Earth’s magnetotail, the Martian CS are characterized by a
wide range of ion densities and temperatures (see, e.g., Figure 7). Thus, to check if the
quasi-adiabatic model can describe the main features of the Martian CS such as the
embedding and the characteristic spatial scales, we used some average parameters
observed by MAVEN:

BN/B0 = 0.1, 0.2, 0.4 (see three current density profiles in Figure 8); nO+ = nO2+ and
nH+ = 0.1·nO+; εH+ = εO+ = εO2+ = 0.3 (ε = VT/VD, where VT is the thermal velocity and VD

Figure 8. Three spatial profiles of the electric current den-
sity JM(lN) obtained by the self-consistent quasi-adiabatic
simulations for three different values of the normal com-
ponent at the neutral plane: BN/B0 = 0.1, 0.2, 0.4 (shown by
the black, blue, and red lines, respectively).

Figure 7. The scatterplots of temperature versus number density of a particular ion component observed at the neutral
plane of each CS crossing from our database. The proton-dominated, O+-dominated, and O2

+-dominated CSs are dis-
played by the black, red, and green dots, respectively.
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is the drift velocity of a particular ion component outside the CS); the initial half-thickness of the CS is
assumed to be ~ρO2+ = 300 km (the thermal gyroradius of O2

+ ions outside the CS). It was assumed that out-
side the CS the value of magnetic field is B0 = 10 nT and plasma density n0 = 10 cm�3.

The system of Vlasov–Maxwell equations was solved numerically, and as a result, the self-consistent profiles
of electric current density were found. Figure 8 shows the three spatial profiles of the current density JM(lN) for
three different values of the normal component at the neutral plane: BN/B0 = 0.1, 0.2, 0.4. It is seen from the
figure that in the case of very small normal component (BN/B0 = 0.1, the black profile), the electron drift cur-
rents can be strong due to the strong curvature current (third term in (1)) that is inversely proportional to the
radius of curvature of the magnetic field lines at the neutral plane, which is controlled by the BN (Zelenyi et al.,
2004). This current along with the proton current produces a narrow peak in the JM(lN) with the characteristic
half-thickness L1 ≤ ρH+. The narrow and strong current layer (~23 nA/m2) is embedded in a thicker layer with
significantly smaller current density (~5 nA/m2), which is produced by heavy ions (by O+ and O2

+)
with L2 = ρO2+.

With the BN increase (BN/B0 = 0.2), the electric current density in a thin layer decreases (blue profile) due to the
increase of the curvature of the magnetic field lines. For the larger BN/B0, the oxygen current becomes domi-
nant, the thickness of the CS increases, and the embedding feature is smeared (see the red profile
for BN/B0 = 0.4).

The characteristic scales of thin and thick current layers as well as the value of JM depend on the relative num-
ber densities of the ion components, BN/B0, ion temperatures, and parameter ε. After using some average
plasma parameters observed in the Martian CS, we can achieve a good agreement of the scales of model
CS scales with the observed ones: L1 = 40 km = ρH+, L2 = 350 km = ρO2+; and the maximum current
density JM = 10–20 nA/m2.

4. Discussion and Summary

The STATIC/MAVEN observations revealed a variety of ion composition and plasma parameters in the near-
Martian CS observed at �2.8 RM ≤ XMSO ≤ �1.0 RM. Below, we summarize the main characteristics of the
CSs from our database:

1. The relative densities of light (H+) and heavy ions (O+, O2
+, and CO2

+) in the CSs from our database are in
the following range:0.04 ≤ nH+/nO+ < 12.5; 0.015 ≤ nH+/nO2+ < 10.5 and 0.08 ≤ nH+/nCO2+ < 42.0. The
median values are <nH+/nO+> = 0.4; <nH+/nO2+> = 0.3, and <nH+/nCO2+> = 1.4

2. The ion temperatures range from a few electronvolts and up to a few kiloelectronvolts, and the ion num-
ber densities range from ~0.2 to ~300.0 cm�3. The median values are <TH+> = 5 eV, <TO
+> = <TO2+> = <TCO2+> = 9.5 eV, <nH+> = 10.0 cm�3, <nO+> = 27.0 cm�3, <nO2+> = 40.0 cm�3,
and <nCO2+> = 8.5 cm�3. The ion number density in the CS is inversely proportional to the ion tempera-
ture (see Figure 7);

3. The ion β ranges from 2.0 to 623.0 at the neutral plane of the CS and the median value is <β> = 58.5;
4. The ratios of light ion temperature to the temperature of heavy ions are 0.1 ≤ TH+/TO+ < 9.5; 0.1 ≤

TH+/TO2+ < 14.0 and 0.1 ≤ TH+/TCO2+ < 13.5, and the median values are <TH+/TO+> =
<TH+/TO2+> =<TH+/TCO2+> = 0.5. Thus, in the majority of the CSs from our database, heavy ions are hot-
ter than protons;

5. In all CSs from our database, the parameter of adiabaticity κ near the neutral plane was<1.0 for the ther-
mal proton population, and it was <<1.0 for the thermal population of heavy ions;

6. The half-thickness L of the CS estimated as a spatial scale of the magnetic field reversal ranges from a few
tens of kilometers up to a few hundreds of kilometers.

Thus, in contrast to the CSs observed in the Earth’s magnetotail (e.g., Baumjohann et al., 1989), the CS in the
Martian tail are mainly populated by heavy ions and are characterized by higher densities and lower ion tem-
peratures. However, the structure of the Martian CS acquires the characteristic features similar to the ones
observed in the Earth’s CS. Namely, a thin current layer embedded in a thicker one is observed for all CS with
the small normal componentBN at theneutral plane (BN/B0<0.3). A half-thickness of the thin layer is about tens
of kilometers, which is of the order or less than the gyroradius of thermal protons outside the CS. The quantita-
tive parameter of the embedding, B1/B0, for such CS ranges from ~0.25 to ~0.65. In the CSs with larger
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BN (BN/B0 > 0.3), the embedding feature disappears (the parameter of
embedding becomes ≥0.8), and the thickness of the CS increases, while
the current density decreases (see Figure 4). For large BN, the half-thickness
of the CS is comparable with the gyroradius of the thermal O+ or O2

+ at the
edge of the CS. The similar dependence of the CS structure on BN was
observed in theCSs of the Earth’smagnetotail (e.g., Petrukovich et al., 2011).

The embedding features in the CS structure can be explained by the
model of quasi-adiabatic ion dynamics (Zelenyi et al., 2006). This feature
(and its quantitative characteristics B1/B0) depends on plasma characteris-
tics in the CS. According to the quasi-adiabatic model developed for the
Earth’s magnetotail CS (Zelenyi et al., 2006), the embedding depends on
the nO+/nH+, TO+/TH+, and the magnetic configuration of the CS. The
increase of relative density of oxygen ions leads to the thickening of the
CS and to the formation of oxygen current layer in the outer region of
the CS. The density of oxygen current according to the author’s estimate
can reach ~30% of the maximum current density at the thin current layer.
The increase of TO+/TH+ provides a similar effect. The increase of |B| at the
neutral plane (due to the increase of the BN and/or BM components) results
in the decrease of the amount of quasi-adiabatic particles and in the
increase of their scattering that, in turn, leads to the decrease of the elec-

tric current density, CS expansion, and smearing of the embedding. These effects can be observed in the
Martian CS. The quantitative analysis of the embedding and its dependence on the aforementioned para-
meters deserve a separate and careful investigation, which we plan to perform in our subsequent work.

In all CSs from our database, thermal ion populations experience quasi-adiabatic dynamics (κ< 1.0). To check
the role of quasi-adiabatic ions in the formation of the Martian CS, we use the hybrid quasi-adiabatic model of
the CS with three ion components: H+, O+, and O2

+ with the plasma characteristics similar to the observed
ones. The resulting self-consistent spatial profiles of the electric current density JM(lN) have the structures very
similar to the observed ones. For small BN component at the neutral plane, a thin embedded current layer
with L1 = 40 km = ρH+ is observed. The value of the model L1 is close to the values of the estimated half-
thickness of the thin CS from our database ~30–100 km. With the increase of the BZ field, the embedded layer
disappears and the CS expands. The half-thickness of the thick model CS L2 = 350 km for BN/B0 = 0.4. For the
CS from our database, the values of L2 for BN/B0 > 0.3 range from 150 to 400 km (see Figure 4) and are com-
parable with thermal gyroradius of heavy ions (O+ or O2

+).

According to the theory of quasi-adiabatic ion dynamics, the half-thickness of the CS depends on the para-
meter ε = VT/VD (here VT is the thermal ion velocity in the CS and VD is the drift velocity outside the CS), which
characterizes the anisotropy of initial ion velocity distribution function (Zelenyi et al., 2000). The maximum
value of L = ρT (ρT is the thermal gyroradius of ions at the edges of the CS) is achieved in the case of weak
plasma anisotropy (ε ≥ 1.0). For larger anisotropy (ε < 1.0), there are two regimes: the quasi-adiabatic one,
when ε > BN/B0 and the half-thickness of the CS L = ρTε

1/3 and the regime of very strong anisotropy when
ε ≤ BN/B0 and the L = ρT·(BN/B0)

4/3 (Zelenyi et al., 2000).

We check this scaling for the CSs from our database. For each CS crossing, the parameters ε and ρT were cal-
culated for the dominant ion component in a given CS. The ρT was calculated by using the ion temperature
and the magnetic field value observed at the edges of a particular CS. In Figure 9, we present a scatterplot
of the Lmodel values calculated for each CS from our database according to the aforementioned theoretical
scaling versus the Lobs value estimated for a given CS from MAVEN observations. There is more or less good
agreement between the theoretical scaling and the observed values of the CS thickness. However, it is worth
to note that the model overestimates the CS thickness for Lmodel ≥ 250 km. For themajority of CSs in our data-
basewith Lobs> 200 km, the parameter ε is ≥1.0. According to themodel, the thickness of such CS should be of
the order of the thermal gyroradius of ions at the edges of the CS. To calculate the Lmodel, we used the gyro-
radius of dominating ion component (either O+ or O2

+ ions in themajority of cases). In such simple estimation,
we did not take into account a fraction of lighter ions, which can decrease the CS thickness. This roughness
provides some overestimated values of the model CS thickness in comparison with the observed ones.

Figure 9. A scatterplot of the values of the CS half-thickness Lmodel esti-
mated according to the model scaling law by using the magnetic and
plasma parameters observed in each CS interval from our database versus
the Lobs estimated for the corresponding CS as a spatial scale of the mag-
netic field reversal observed by MAVEN.
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Summarizing our results, we may conclude that in spite of the significant differences in the CS formation, ion
composition, and plasma characteristics in the Earth’s and Martian magnetotails, similar kinetic features are
observed in the CS structures in the magnetotails of both planets. This phenomenon can be explained by the
universal principles of nature. The CS once has been formed, then it should be self-consistently supported by
the internal coupling of the total current carried by particles in the CS and its magnetic configuration, and as
soon as the system achieved the quasi-equilibrium state, it “forgets” the mechanisms of its formation, and its
following existence is ruled by the general principles of plasma kinetic described by Vlasov–Maxwell equa-
tions. The differences between the terrestrial and Martian CSs possibly can be seen in their 2D structure
(i.e., their extents in the plane tangential to the CS plane can be different), but their 1D structure (along
the normal to the CS plane) according to the general theoretical concepts should be similar. MAVEN observa-
tions discussed in this paper confirmed this expectation. In this paper we do not study the possible signatures
of magnetic reconnection and its relation to the thin CSs observed in the Martian magnetotail. This important
subject deserves a more detailed study, which we are going to make in future paper.

Appendix A

In Table A1, we list the CS intervals that we analyze in this paper along with the values of BN/B0 and BMID/B0
observed at the neutral plane.

Table A1
A List of the CS Intervals Analyzed in this Paper

Time interval, UT Location in MSO (RM) |BN/B0| |BM/B0|

1 December 2014 00:07:50–00:09:20 [�1.2, �0.3, 0.2] 0.13 0.06
1 December 2014 18:02:00–18:03:00 [�1.6, 0.3, �1.0] 0.12 0.05
1 December 2014 22:55:00–22:58:00 [�1.45, �0.1, �0.2] 0.06 0.12
2 December 2014 03:25:30–03:28:00 [�1.5, 0.1, �0.45] 0.0 0.0
2 December 2014 07:54:30–07:55:15 [�1.56, 0.2, �0.8] 0.0 0.1
2 December 2014 07:55:15–07:55:50 [�1.6, 0.2, �0.8] 0.75 0.18
2 December 2014 12:41:00–12:43:00 [�1.5, 0.0, �0.2] 0.12 0.17
2 December 2014 16:46:00–16:47:00 [�1.4, 0.6, �1.5] 0.6 0.1
2 December 2014 17:18:30–17:21:00 [�1.4, �0.1, �0.1] 0.27 0.14
3 December 2014 15:47:20–15:48:00 [�1.4, 0.6, �1.4] 0.0 0.17
3 December 2014 16:05:00–16:07:00 [�1.5, 0.2, �0.6] 0.0 0.2
3 December 2014 16:18:20–16:19:00 [�1.4, �0.1, 0.0] 0.53 0.11
3 December 2014 16:19:30–16:21:00 [�1.3, �0.1, 0.05] 0.08 0.08
4 December 2014 01:30:50–01:32:40 [�1.3, �0.1, 0.1] 0.25 0.25
4 December 2014 10:25:00–10:28:00 [�1.5, 0.3, �0.7] 0.12 0.12
4 December 2014 10:32:20–10:34:00 [�1.5, 0.1, �0.4] 0.0 0.05
4 December 2014 14:48:00–14:50:30 [�1.5, 0.5, �1.2] 0.0 0.15
5 December 2014 04:34:00–04:37:00 [�1.4, 0.6, �1.2] 0.0 0.23
5 December 2014 04:37:30–04:40:00 [�1.5, 0.5, �1.1] 0.0 0.28
5 December 2014 09:39:30–09:40:30 [�1.3, �0.1, 0.1] 0.1 0.12
5 December 2014 14:06:00–14:08:30 [�1.5, 0.1, �0.3] 0.15 0.15
6 December 2014 17:29:30–17:30:30 [�1.5, 0.4, �0.7] 0.06 0.27
6 December 2014 22:07:30–22:09:30 [�1.5, 0.3, �0.5] 0.09 0.18
7 December 2014 02:48:30–02:51:00 [�1.4, 0.1, �0.2] 0.0 0.12
7 December 2014 02:51:40–02:54:00 [�1.4, 0.1, �0.1] 0.16 0.22
7 December 2014 12:05:00–12:07:00 [�1.3, 0.0, 0.0] 0.18 0.0
8 December 2014 01:42:00–01:44:00 [�1.4, 0.2, �0.3] 0.0 0.25
8 December 2014 15:27:00–15:31:00 [�1.4, 0.2, �0.3] 0.11 0.07
8 December 2014 15:37:20–15:38:40 [�1.3, 0.0, 0.15] 0.32 0.0
8 December 2014 15:39:00–15:42:00 [�1.2, �0.1, 0.3] 0.12 0.25
9 December 2014 09:46:00–09:51:00 [�1.4, 0.3, �0.3] 0.0 0.12
9 December 2014 23:27:00–23:28:30 [�1.4, 0.2, �0.15] 0.0 0.2
10 December 2014 17:54:30–17:55:40 [�1.4, 0.3, �0.2] 0.16 0.0
11 December 2014 02:34:00–02:35:00 [�1.1, 1.0, �1.5] 0.05 0.2
11 December 2014 02:36:00–02:37:00 [�1.2, 1.0, �1.5] 0.08 0.16
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