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Abstract—During the last 15 years, the Current Sheets (CSs) have been intensively studied in the tail of the
terrestrial magnetosphere, where protons are the dominated ion component. On the contrary, in the Martian

magnetotail heavy ions (O* and O;) usually dominate while the abundance of protons can be negligible.
Hence it is interesting to study the spatial structure and plasma characteristics of such “oxygen” CSs. MAVEN
spacecraft (s/c) currently operating on the Martian orbit with a unique set of scientific instruments allows
observation of the magnetic field and three-dimensional distribution functions of various ion components
and electrons with a high time resolution. In this paper, we analyse nine intervals of the CSs observed by
MAVEN in the near-Mars tail at the distances from the planet ~1.5—1R,,, where R, is the radius of Mars. We
analyse the spatial structure of the CSs and estimate their thickness for different magnetic configurations and
relative abundance of the heavy and light ions in the sheets. It is shown that, similarly to the CSsin the Earth’s
magnetotail, the thickness and complexity of the spatial structure of the Maritan CSs (i.e. the presence of
embedded and / or peripheral current structures) depend on the magnetic configuration of the sheets, which,

in turn, affects the fraction of the quasi-adiabatic particles in the CSs.
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INTRODUCTION

Current sheets (CSs) are one of the most common
plasma structures observed in space and laboratory
plasmas. Mechanisms of self-organization and main-
tenance of quasi-equilibrium CS configurations, as
well as the processes of energy accumulation and
transformation are the important problems of plasma
physics for many decades. The intense studies of the
CSs in collisionless space plasma have shown that the
presence of several ion populations with different
masses and/or energies can significantly affect the
structure and dynamics of the CSs, in particular, lead
to the formation of embedded current configurations
(e.g. Zelenyi et al., 2011 and references therein). The
latter can become a source of free energy to excite var-
ious plasma instabilities in the CS, which, in turn, can
result in a weakening or disruption of the CS and mag-
netic reconnection (e.g. Zelenyi et al., 2008; Pritchett,
2010; Grigorenko et al., 2014). The studies of the CSs
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in hot collisionless plasma of the Earth’s magnetotail
have shown that quite often the CSs represent the
complex spatial structures either consisting of several
embedded current layers or bifurcated (splitted) layers
(e.g Runov et al., 2003; Zelenyi et al., 2006). Multi-
point Cluster observations allowing the separation of
spatial and temporal effects proved that complex cur-
rent configurations are indeed spatial structures, the
current in which is carried by various plasma compo-
nents: electrons, protons, heavy ions. The complex
quasi- and nonadiabatic dynamics of different plasma
populations in the CS define the abundance of
trapped, quasi-trapped and transit particles, which, in
turn, self-consistently affect the magnetic structure
and the current density distribution in the CSs
(Zelenyi et al., 2016 and references therein).

Another interesting feature of the CS observed in
the Earth magnetotail is the presence of the shear
component of the magnetic field which is either paral-
lel or antiparallel to the direction of the electric current
in the sheet. At least three basic types of the spatial dis-
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tribution of the shear magnetic field across the CS
were detected (see e.g. Malova et al., 2015 and refer-
ences therein). The first type is the so-called antisym-
metric distribution when the absolute value of the
shear field is amplified at the edges of the sheet and it
changes its sign at the neutral plane of the CS. This
distribution of the shear magnetic field is often
observed in the vicinity of the magnetic X-line and is
associated with the formation of Hall currents flowing
from the magnetic reconnection region along the
Earth-Sun line (e.g. Eastwood et al., 2007).

The second type of the shear field distribution is
the symmetrical or “bell-shaped” distribution when
the absolute value of this field is amplified at the neu-
tral plane of the CS and decreases outside the CS (e.g.
Rong et al., 2011; Grigorenko et al., 2015). Such distri-
bution of the shear magnetic field is often observed in
closed plasmoid-like structures (e.g. Slavin et al.,
1989; Grigorenko et al., 2013). And, finally, the third
type of distribution is characterized by a quasi-con-
stant shear field component across the CS, which
magnitude does not depend on the distance from the
neutral plane.

Initially, it was believed that a shear magnetic field
appears in the Earth’s magnetotail as a result of the
penetration of the interplanetary magnetic field
(IMF) (see e.g. Fairfield, 1979, Kaumaz et al., 1994).
However, the antisymmetric and symmetric spatial
distributions of this field in the CS cannot be
explained in the frame of the IMF penetration (e.g.
Grigorenko et al., 2015). The amplification of a shear
field at the neutral plane of the CS or at the edges of
the CS, in comparison with the “background” value,
can be due to the internal dynamics of the CS.

In the tail of the induced Martian magnetosphere
the CSs are also often observed. Observations of the
CSs on the night side of Mars were made at various
distances from the planet from ~1000 km, where the
effects of magnetic anomalies are small (see e.g. Dubi-
nin et al., 1991; Acufa et al., 1999), and up to dis-
tances ~400 km , where the effects of crustal magnetic
fields can be significant. These observations show
that, even at low altitudes, the induced magnetic fields
still play a significant role in the formation of the cur-
rent structures (Ferguson et al., 2005).

Unlike in the Earth magnetotail the plasma com-
position in the Martian tail is more variable and inter-
esting. In the Earth’s tail, the main plasma compo-
nents are electrons and protons, and the fraction of
heavy ions (He™, He?*, O™ ions) is relatively small and
does not exceed 20% (e.g. Kronberg et al., 2014 and
references therein). Nevertheless, even such a small
fraction of heavy ions can significantly affect the
structure of the CS, contributing to its thickening
and/or to the formation of embedded current config-
urations (e.g. Zelenyi et al., 2006; Petrukovich et al.,
2011). In contrast, in the Martian tail plasma, heavy
(oxygen) ions are often the dominant component. Ina
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statistical study of the CSs observed at low altitudes by
the Mars Global Surveyor (MGS), it was shown that
the main current carriers in the CS can be ions
(Halekas et al., 2006). Thus, the “in situ” spacecraft
studies of the structure and dynamics of CS with dif-
ferent mass composition and testing of the existing
models of the multicomponent CSs represent a great
interest.

Unfortunately, until the present time, the regular
observations in Martian magnetotail with a good set of
plasma instruments were not carried out. On the Mars
Express spacecraft, which has been operating for many
years on the orbit of Mars, there is no magnetometer,
so that it is impossible to study the magnetic structure
ofthe CSs. Only in 2014 the MAVEN spacecraft started
to operate on the Mars orbit with a full set of plasma
devices, which allow the detailed studies of the plasma
composition, energy spectra, and three-dimensional
distribution functions of charged particles with a good
time resolution.

This paper presents a study of nine crossings of the
CS in the near-tail region of the Martiam magneto-
sphere by MAVEN s/c on 04.12.2014. The observed
spatial distributions of the current density are com-
pared with the results of model simulations. We
showed that the mechanisms of the formation of cur-
rent density spatial distributions revealed for the
Earth’s magnetotail CS are also relevant for the Mar-
tian tail. In particular, it is revealed that the thickness and
complexity of the CS structure in the Martian tail (the
presence of embedded structures) depend on the mag-
netic configuration of the sheet, which, in turn, defines
the fraction of quasi-adiabatic particles in the CS.

The content of the paper is as follows. In the sec-
tion “Used data” we will describe the spacecraft data
used for the CS analysis; In the section “Observations
of the CS in the Martian magnetotail“ an example of
the CS crossing is presented along with the observed
magnetic and plasma characteristics. In this section
we also describe the methods used for the analysis of
the CSs. In the section "Characteristics of the CS in
the Martian magnetotail”, the characteristics of the
CS observed in nine CS crossings analysed in this
paper are generalized. The comparison of the
observed CS structures with the model simulations are
made in the section “Comparison of the observed
characteristics of the CS with model simulations”.
The last section presents the discussion of the results,
conclusions and open questions.

USED DATA

In this paper, we use the MAVEN (Mars Atmo-
sphere and Volatile EvolutioN Mission) observations
in the near-Mars tail region at distances from the
planet —1.5Ry; < Xyso < —1Ry in December 2014.
MAVEN s/c was launched in November 2013 and
entered the orbit around Mars in September 2014. The
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orbit period is ~5 hours. The mission’s scientific goals
and instrumentation are described in detail in the
paper by Jakosky et al., 2015.

For the CS analysis we used the magnetic field
observations by the MAG magnetometer (Connerney
et al., 2015) and ion moments obtained by the STATIC
ion spectrometer (McFadden et al., 2015).

Everywhere in the paper, the MSO (Mars Solar
Orbital) coordinate system is used. In this coordinate
system the X axis is directed to Mars along the Mars-
Sun line, the Z axis is perpendicular to the plane of
Mars orbit and the Y axis is complementary to the
right-handed triplet of vectors, being antiparallel to
the Martian orbital velocity vector.

OBSERVATION OF THE CS IN THE MARTIAN
MAGNETOTAIL

Figure 1 shows an example of the orbit of the
MAVEN s/c in the (XY) and (XZ) planes. Red colour
shows the segment of the orbit crossing the Near-Mars CS.
Figure 2 shows an example of the CS observation on
04.12.2014 in 14:44—14:53 UT. The figure shows from
top to bottom: the time profiles of three components
of the magnetic field; X-components of the velocity of

H™ ions (shown in black), O" (shown in red) and O,
(shown in green); the parallel and perpendicular com-
ponents of ion velocity, density, and temperature. As
can be seen from the figure, the change in the sign of
the By-component of the magnetic field, indicating
the CS crossing takes place at 14:48—14:50 UT (the
grey shaded interval in Fig. 2). It is seen from the fig-
ure that in the vicinity of the neutral plane (where
By =0) an increase in the perpendicular velocity of H*
ions is observed, while outside the CS (in the region
with |B,] > 0) protons are moving mainly along the
magnetic field lines with Vg in several times larger
than the local Alfven velocity, V, (the time profile of V,
is shown by the blue line).

Accelerated ion fluxes moved from Mars tailward
(the Vy component was negative for the entire time
interval). The density of heavy ions during the interval
of interest was high (>10 cm~3) and exceeded the pro-
ton density. The ratio of the proton density to the den-

sities of heavy ions in a given CS crossing was n;;/ng ~
0.15n,/n; ~0.06, i.e. heavy ions represent the domi-
2

nated ion component in the CS. The temperatures of
all the ion components were approximately the same
~10 eV.

To analyse the spatial structure of the CS, we used
the Minimum Variance Analysis technique (MVA)
(Sonnerup and Scheible, 1998), assuming that MAVEN
crossed a plane and quasi-stationary current structure.
As can be seen from Fig. 2, during the CS crossing the
reversal of the By field was approximately monotonic,
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Fig. 1. An example of the MAVEN orbit on 04.12.2014 at
14: 00—19: 00 UT plotted in the (XY) MSO and (XZ) MSO
planes. The intervals of the CSs crossings are shown by red
colour.

so that one may assume that the By reversal is a result
of the crossing of spatial current structure.

Applying the MVA analysis to the time interval at
14:46—14:51 UT we obtain the following direction of
the normal to the CS: N =[—0.5, —0.1, 0.8] 5o and of
the maximum magnetic field variation MAX= [0.8, —0.2,
0.5]mso- Thus, the directions of the vectors obtained
from the MVA analysis are close to the directions of
the axes of the MSO system. The CS is oriented almost
horizontally in the plane of the ecliptic with a slope in
the (XZ) plane ~ 17°.

Taking into account the assumptions on 1D planar
CS geometry we estimate the value of the current den-
sity measured at each time moment # during the CS

crossing as: J; ~ AByyax/In, Where ABlux = Buax —

B{VLLX, ly; =1,V and V) is the component of the aver-
age ion velocity perpendicular to the CS plane cor-
rected for the spacecraft velocity. Then the thickness
of the CS, L (i.e. the spatial scale of the current layer

12
along the N) can be estimated as L = | V,dt,where

At = t, — t, is the time interval of the gM Ax reversal.
The current in the CS is parallel or antiparallel to the
direction of the medium variation of the magnetic
field Byp.

Figure 3 shows the spatial profiles of the magnetic
field component Byx(/y) reconstructed along the
normal N to the CS plane, the spatial profile of the
current density Jyp(/y), as well as the hodographs of
the magnetic field components Byax(By) and
Byiax(Bvip). From the hodographs of the magnetic
field, it is seen that at the neutral plane of the CS
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Fig. 2. Plasma characteristics observed by MAVEN during the CS crossing at 14:44—14:53 UT. The CS interval is shaded by grey.
From top to bottom: the time profiles of three components of the magnetic field, the X-component, parallel and perpendicular

velocities, density and temperatures of H+, O+, and O; ions. The time profile of the local Alfven velocity is shown by blue colour.

(where Byax = 0) the normal component of the mag-
netic field is By =0, but there is a small nonzero shear
magnetic field Byp ~ 3.0 nT directed parallel to the
electric current in the sheet.

In the spatial distribution of the current density
Jumin(Zy), a narrow peak with the current density at this
peak is ~13 nA/m? is observed. The narrow current
layer is embedded in a thicker layer (shaded in grey),
whose total thickness is ~300 km. The observed varia-
tions in the current density Jy;p at large |/,| are possi-
bly related to some temporal variations of Byax(?).

Figure 4 shows the dependences of the ion densities
ny, no, ng, and the ratios of densities njy/ng; and
’1:1/”82, as well as the ion B,,, calculated as B,,, =
k(ngTyy + nSTs + ng To,)/(8mB?) versus the value of

Byax- In a simple 1D CS model the value of |Byax]

shows the proximity of the spacecraft to the neutral
plane of the CS (where Bysx = 0). Thus, Fig. 4 shows
the spatial distribution of ion characteristics across the CS.

It can be seen from the figure that in the proton density
distribution a pronounced asymmetry is observed: the
density increases toward the positive values of Byx-
As it was shown above at the neutral plane of the CS
some nonzero component of the shear magnetic field
exists (see the hodograph Byax(Byp) in Fig. 3). In the
presence of such a “bell-shaped” spatial distribution
of the shear field across the CS, there is an asymmetry
in the reflection/refraction of the quasi-adiabatic ions
during their interaction with the sheet, which leads to
the appearance of the north-south asymmetry in the
ion density distribution. In the presence of positive
shear magnetic field components near the neutral
plane, these kinetic effects lead to some excess of ions
injected towards the positive Byax hemisphere and to
the corresponding asymmetry in the ion density distri-
bution (Grigorenko et al., 2013; Grigorenko et al.,
2015; Malova et al., 2015). The similar but smaller
asymmetry in density distribution is also observed for
O* ions: the maximum of density is shifted to the pos-
itive Byjax values. This asymmetry, however, is not
No. 5
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observed in the distributions of heavier ions, which
may be due to their larger gyroradius exceeding the
characteristic spatial scale of the CS.

From Fig. 4 it is also seen that in this CS crossing
heavy ions O™ and O; dominated. Indeed, at the neu-

tral plane of the CS the ratio ny, / ng ~ 0.1, and ny / ne,
was even smaller. Ion B at the neutral plane was ~ 70.0.
In contrast to the CS, in the Earth’s magnetotail,
where high values of the plasma pressure are due to
high ion temperatures, the high ion pressure observed
in the Martian CS is due to the high ion densities. The
temperatures of the ion components at the centre of
the CS were <10 eV.

In order to find out which ion population contrib-
utes to the observed current density in the CS, we plot-
ted in Fig. 5 the dependences (Jyp, Jion) fOr each time
moment during the CS crossing, where Jyp is the
value of the current density, estimated from the mag-
netic field observations and J,,, is the value of the net
current carried by a given ion component and calcu-
lated as J,,, = gnVyp, where g, n and Vyp are charge,
density and velocity along the MID direction of a
given ion component respectively. It is seen that the
best correspondence between the Jyp and J;,, values
is observed for the proton population. In other words,
protons provide the main contribution to the observed
current density in this CS crossing. Perhaps a thin and
intense CS with a characteristic thickness of the order
of the gyroradius of thermal protons (see Fig. 3) was
created by a proton population, whereas heavier ions
could contribute to the thicker and less intense layer
surrounding the thin embedded proton layer.

CHARACTERISTICS OF THE CS
IN THE MARTIAN MAGNETOTAIL

The analysis of the CS and plasma characteristics,
presented in the previous section, was applied to other
eight intervals of the CSs observed by MAVEN s/c. The
analysed CS intervals and their characteristics are pre-
sented in the table.

Figure 6 shows the spatial profiles of Byax(Zy), /yvip (n),
and Byx(By), Buax(Bmip) in the format similar to the
format of Fig.3. Nine CS from our database were
divided into three groups (correspondingly, three col-
umns in Fig. 6) according to their magnetic configura-
tions.

The first group (the left column) includes CS with
small normal and shear components of the magnetic
field: By/B, < 0.1, Byip/By £ 0.1, where B, is the value
of the magnetic field outside the CS. In this group
besides the CS interval considered in the previous sec-
tion there are two intervals at 10:25—10:28 UT and at
10:32:30—10:33:40 UT. In all three crossings there are
thin and intense CSs embedded in thicker and less
intense current layers. The total thickness of the thin CSs
varied from ~200 km (at 10:25—10:28 UT) to ~100 km

SOLAR SYSTEM RESEARCH Vol.51 No.5 2017
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Fig. 4. The upper row: the dependences of density of H', O, and O;’ ions on the Byjax, NV(Byax)- The bottom row: the depen-
dencies of N{i/ N& (Byax) and Nfi /N, (Byiax) and ion beta B(Byax)-

(at 10:32:30—10:33:40 UT). In the latter case, the cur-
rent density in a thin layer reached 20 nA /m?. The
proton temperature at this crossing was only 4 eV (see
Table 1), the magnetic field value at the neutral plane
was ~1 nT due to the presence of a weak shear field
and, thus, the gyroradius of the thermal protons was
~280 km, i.e. exceeded the thickness of a thin intense
layer. This indicates that the current in this layer can
be carried by electrons.

Indeed, Fig. 7 shows the dependencies (Jyp, Jion)
observed at these three CS crossings (shown by the
same colours as the spatial profiles of the current den-
sity in Fig. 6). The format of Fig. 7 is similar to the for-
mat of Fig. 5. It is seen that in two CSs, one of which
was considered in the previous section, and at the CS
crossing observed at 10:25—10:28 UT, protons most
likely were the main current carried plasma compo-
nent. In a very thin CS, observed at 10:32:30—
10:33:40 UT, the current can be carried by electrons
since for this interval no good -correspondence
between the net current of any ion component and the
Jmip was observed.

In the second column of Fig. 6, two cases of the
CSs with a significant normal component of the mag-
netic field (By/B, = 0.5) are presented. In these cross-

ings the shear component of the magnetic field was
small: Byyp/By ~ 0.1. These CSs (at 01:29—-01:34 UT
and at 01:41—01:42 UT) are characterized by a lower
current density and larger thickness. This is clearly
observed for the CS crossing at 01:29—01:34 UT, in
which the value of the By was the largest (the corre-
sponding profile is shown by red colour in Fig. 6). The
total thickness of this CS reached 500 km. From Fig. 8
(the same format as in Fig. 7), it can be seen that in
both CSs heavy ions O* and OF provided the main
contribution to the observed current density. The CS
observed at 01:41-01:42 UT (the blue profile in
Fig. 6) has smaller thickness (~250 km) although the
normal component of the magnetic field was signifi-
cant: By/B, ~ 0.8. Contrary to the previous two CSs
from this group, in this CS protons dominated and the
abundance of heavy ions was insignificant so that

ny / ny = nj / ngz ~ 2.0. It should also be noted that in
this crossing the absolute value of the magnetic field
| B| was large at the neutral plane and the population of
thermal protons was adiabatic. Indeed, for thermal

protons the parameter of adiabaticity
K(E) = Bes | L (Biichner and Zelenyi, 1989)
B, \p(E)
SOLAR SYSTEM RESEARCH  Vol. 51 No. 5 2017
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exceeded 1.0 (here L is the thickness of the CS, By is
the minimum value of the magnetic field observed at
the neutral plane, p(£) is the gyroradius of the ion
with energy £ and B, is the magnetic field outside the

CS. For heavy O" and O; ions the condition k < 1.0
was fulfilled for temperatures > 40 eV and 30 eV
respectively. Since in this CS interval the temperatures

ofthe O™ and O; ions were ~50 eV, then one may con-
sider these populations to be quasi-adiabatic. These
ions can provide the major contribution to the
observed current density.

And, finally, in the right column in Fig. 6 the CS
intervals with significant shear component (Byyp) of
the magnetic field and with small normal component
(By) are presented: Byp/By = 0.3, By/By < 0.2. In
three of the four CS intervals, the spatial profile of the
shear field had a “bell-like” shape, i.e. the value of
|Byvipl increases near the neutral plane and decreases
outside the CS. The thickness of these CSs was ~200—
400 km. For all CSs from this group, a particularly
good agreement between the current density estimated
from the magnetic field observations and the net cur-
rent density carried by heavy ions was observed (see
Fig. 9, the format is similar to that in Fig. 8). For
example, in the CS observed at 05:58—06:02 UT, ther-
mal protons (~20 eV) were practically magnetized (x >
1.0 up to proton energies ~40 eV). For heavy ions (the
predominant population in this crossing), having tem-

peratures 75 ~125 eV and T ~ 110 eV the condition
K < 1.0 is fulfilled already for energies ~ several eV.
Thus, heavy ions could contribute to the current in a
given CS crossing. The similar characteristics were
observed in the other CS crossings from this group:
heavy ions were the dominated ion population and
contrary to protons they experienced quasi-adiabatic
dynamics in the CSs.

Thus, in the nine CS intervals analysed in this
paper various magnetic configurations and plasma
characteristics were observed during a few successive
flybys of the Martian tail region. In some CSs, a non-
zero shear component of the magnetic field with the
“bell-shaped” spatial profile similar to the one
observed in the Earth’s magnetotail was detected. The
ion composition in the CSs also changed significantly.

As can be seen from the Table, the ratio of ;) / né and

n,:/ng2 ranged from ~0.06 to ~2.0. In the majority of
the analysed CSs heavy ions were the dominant com-
ponent since their densities were several times higher
than the density of protons. As a result in many CSs
heavy ions provided the major contribution to the
observed current density in the sheets. In the next sec-
tion we compare the observed characteristics of the
CSs with model simulations.
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COMPARISON OF THE OBSERVED
CHARACTERISTICS OF THE CS
WITH MODEL SIMULATIONS

To describe the CS in the Martian magnetotail the
hybrid self-consistent model is constructed. In the
model the quasi-adiabatic dynamics of heavy ions and
the presence of nonzero shear magnetic component are
taken into account. The basic principles of the model are
described in Zelenyi et al., 2004; 2006; 2016). In the
model the following assumptions are made:

(1) The CS is supported by plasma flows coming
from the opposite lobes of the tail;
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Fig. 6. The results of the analysis of the CSs structures observed in nine crossings by MAVEN s/c on 04.12.2014. The CSs were
divided into three groups (three columns in the Figure) according to the values of ratio of the normal (B) and shear (Byp) mag-
netic field components at the neutral plane to the value of the magnetic field outside the CS (B,). The values of By/B, and
Byiip/ By are shown above each column. In each column (the CS group) from top to bottom are shown: the spatial profile of the
Byax field versus the coordinate /, along the normal to the CS; the spatial profile of the electric current density Jyp(/y); the
hodographs of (Byjax, Bvin) and (Byiax, Bmip)- In the bottom of the Figure we display the time intervals of a particular CS
observation shown by the same colour as the corresponding spatial profiles and hodographs.
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(2) the thickness of the CS along the normal N is
much less than the CS scales in the directions along
the direction of electric current (MID) and in the
direction tangential to the CS plane and perpendicular
to the current direction (MAX). Thus, all characteris-
tics depend on the transverse coordinate along /V;

(3) the normal and shear components of the mag-
netic field are assumed to be constant;

(4) the plasma consists of magnetized electrons and
of quasi-adiabatic (k < 1.0, Biichner and Zelenyi,

1989) ions (H*, O, O3);
(5) the quasineutrality is conserved in the system
due to the fulfilment of the Boltzmann approximation

for electrons, which allows taking into account the
electrostatic effects.

For the simulations the following average charac-
teristics of the CS plasma were used (see Fig. 6 and

Table 1): By/B, = 0.1-0.5; By;p/By = 0.1-0.5; nﬁ/”é

and n,ﬁ/ng2 =0.5; Vyo/Vp~ 1.0, where Vg is the ther-
mal velocity of oxygen ions, and V), is their velocity

along the magnetic field lines outside the CS; pS/L ~
1.0, where L is the initial assumed thickness of the CS

and pg ~ 400 km is the gyroradius of thermal oxygen
ions in the CS. It was assumed that outside the CS the
magnetic field B, = 20 nT and plasma density is n, =
10 cm—3.

The system of Vlasov-Maxwell equations was
solved numerically and the self-consistent spatial pro-
files of the magnetic field, current density and plasma
density in the N direction (/) were found. Figure 10
shows the magnetic field profiles (left plot) and the
current density profile (middle plot) obtained from the
model by using the constant value of the normal com-
ponent of the magnetic field in the CS By = 0.18; and
by using different values of the shear magnetic field
Byip/ By ranged from 0.0 to 0.5. It is seen that with the
increase of the shear filed (Byp/ B, increase) the value
of the current density at the neutral plane (at /y, = 0)
decreases and the thickness of the CS increases. For
small values of the shear field (the corresponding pro-
files are shown in black and red), a narrow embedded
current layer can be seen near the neutral plane of the CS.
This layer can be interpreted as a drift electron current
(Zelenyi et al., 2004), which decreases significantly
with the increase of the shear magnetic field. Electron
currents can be important only for a zero shear com-
ponent and for a small value of the normal magnetic
field. As the |B| at the neutral plane increases the con-
tribution of electron currents to the total current den-
sity becomes substantially less than the contribution
from ion currents.

Malova et al., 2012; 2015 showed that in the pres-
ence of magnetic shear, a geometric effect takes place:
ions touch the neutral plane earlier than in the case of
zero shear field. This results in inclination of the
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Fig. 7. The scatterplots of the current density Jyip mp
calculated from the magnetic field observations versus the

net current density produced by O;r, 0%, and HY ions for
the CS from the first group (from the left column of Fig.
6), which are characterized by small values of By and By p

at the neutral plane. The color of the scatterplots is the
same as the colour of corresponding CS profiles in Fig. 6.

meandering orbits relative to the neutral plane and
thickening of the CS. In turn, the increase in the CS
thickness leads to the increase of the radius of curva-
ture of the magnetic field lines and to decrease of
plasma pressure gradients, and to a corresponding
decrease of the drift currents (gradient, curvature and
others). Thus, the contribution of electron currents in
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Fig. 8. The format is similar to Fig. 7, the data are pre-
sented for the CS from the second group (the central col-
umn in Fig. 6), which are characterized by the large value
of the By and small value of a shear magnetic field Byp.

the CS configuration with nonzero shear field By;p/B, >
0.2 can be negligibly small.

With the increase of the normal component of the
magnetic field in the CS By = 0.3B, and for the same
values of the shear field the thickness of the CS becomes
even larger and the current density becomes smaller (see
Fig. 11, made as in the same format as in Fig. 10).

On the right plot of Fig. 10 the model current den-
sity profiles Jyp(/y), calculated for the plasma and
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| o8
| +
g ]
g" . u.-.u..m_.-\ .
S “. - .... .
~ o
o
-5 0 5 10 . !
JM]DiMF, nA/m2
| o
E ool .
g . - .....‘:.
g . 4..,«6 -4 . .
\'ﬁ eo "
0 vﬁd‘
I I I I I
-5 0 5 10 . 20
2
JMlD_MF’ o
20_ S HT
NE
~.
S ol
h |
|
|
= )
"l M
-5 0 5 10 . 20

Jyip, Mps DA/m?

Fig. 9. The format is similar to that in Figs. 7, 8. The data
are presented for the CSs from the third group (right col-
umn in Fig 6), which are characterized by the large values
of BN and BMID'

magnetic field parameters observed in three CS cross-
ings from our data base are presented:

(1) at 10:25—10:28 UT with By/B, 0.1;
Byin/ By = 0.05 (the observed profile is shown by the
light grey solid line and the corresponding model pro-
file is shown by the solid black line);

(2) at 01:29-01:34 UT with By/B, = 0.5;
Byviip/ By = 0.1 (the observed profile is shown by the

dark grey dashed line and the corresponding model
profile is shown by the black dashed line);
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Fig. 10. The model spatial distribution profiles of the magnetic field component along the direction of the maximum variation of
the Byaxfield (the left plot) and the current density Jyjp (the middle plot) along the normal to the CS (/). The model profiles
are calculated for different values of the shear component (Byp/B;) and for a small value of the normal component of the mag-
netic field By = 0.1B,. In the right plot the spatial profiles of the current density Jy;ip(/y), constructed from the magnetic field
observations in the CS crossings at: (/) 10:25—10:28 UT; (2) 01:29—01:34 UT; (3) 05:58—06:02 UT and the corresponding model
current density profiles calculated from the magnetic and plasma parameters observed by MAVEN in these crossings.
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Fig. 11. The model spatial profiles of the Byyax(/y) (the left plot) and Jyqp(/y) (the right plot) obtained for the different values of the
By11p/ By and for a significant value of the normal component of the magnetic field at the neutral plane of the CS: By, = 0.3B),.

(3) at 05:58—06:02 UT with By/B, = 0.2;
Byiin/ By = 0.5 (the observed current profile is shown
by the solid dark grey line and the corresponding
model profile is shown by the black dotted line).

It is seen that there is a good agreement between
the current density profiles reconstructed from the
MAVEN magnetic field observations and the model
profiles calculated by use the plasma and magnetic
characteristics observed by MAVEN in the corre-
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sponding time intervals. With an increase in the BN at
the neutral plane, the thickness of the CS increases, and
the current density decreases (see profiles “1” and “2”).
This effect becomes more pronounced when the shear
component of the magnetic field is increased (see pro-
files “2” and “3”).

Thus, the simulation results are in qualitative
agreement with the MAVEN observations. Indeed, in
the case of the absence of the shear and normal mag-
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Table 1. The list of the CS crossings by MAVEN s/c on 04.12.2014 and their plasma characteristics

Time Interval, UT MVA Results ny / ng ngy / ngz Ty,eV| Ty, eV ng, eV | Bion

N=1[=0.1,—0.3,0.9]

01:29-01:34 MID = 0.1, 0.9, 0.3] 0.15 0.07 32.0 30.0 35.0 10.0
MAX = [0.98, —0.1, 0.1]
N=10.0,0.9, 0.4]

01:41-01:42 MID = [0.8, 0.2, —0.5] 2.2 1.7 47.0 37.0 56.0 4.0
MAX =10.6, 0.3, 0.7]
N=1[0.2.0.2,09]

05:59—-06:02 MID =10.2,0.9, —0.3] 0.7 0.06 22.0 125.0 106.0 12.0
MAX = [0.9, —0.3, 0.1]
N=[-0.2,-0.2,0.9]

10:25—10:28 MID = [0.1, 0.96, 0.3] 0.3 0.25 3.6 3.7 4.0 74.0
MAX = [0.97, —0.1, 0.2]
N=[-0.2,—0.5, 0.85]

10:32:30—10:33:30 MID =[0.2, 0.8, 0.5] 0.8 1.0 4.0 6.0 6.0 66.0
MAX =10.95, —0.3, 0.1]
N=10.2,0.97, —0.1]

10:37—10:38:30 MID =[-0.3, 0.1, 0.95] 0.7 0.35 5.0 6.0 6.5 12.0
MAX = [0.9, —0.2, 0.3]
N=1[-0.5,—0.1,0.8]

14:46—14:51 MID =[0.1, 0.98, 0.2] 0.15 0.06 6.0 10.0 6.0 69.0
MAX = [0.8, —0.2, 0.5]
N=10.1,0.9, —0.4]

15:10—15:12 MID = [-0.6, 0.4, 0.7] 0.4 0.2 4.0 4.5 5.0 4.0
MAX =10.8, 0.2, 0.6]
N=1[0.2,-03,009]

19:43—19:44 MID =[-0.6, 0.7, 0.4] 1.4 0.7 5.0 10.0 8.0 3.0
MAX = [0.7, 0.6, 0.2]

netic field component a thin intense CS is observed
(see the green profile in the left column in Fig. 6) and
electrons can contribute to this current. At somewhat
larger values of a shear or normal component of the
magnetic field at the neutral plane (black and blue
profiles, respectively), the current density in the cen-
tral thin layer decreases and the embedding feature is
observed: a stronger and thinner layer is embedded in
the weaker and thick CS created by quasi-trapped
ions. As the shear component of the magnetic field
increases, the current density in the layer decreases
and the CS becomes thicker (see the middle column in
Fig. 6). This effect is more pronounced if a significant
normal component of the magnetic field is also pres-
ent at the neutral plane (see, for example, the grey-green
and violet profiles in the right column of Fig. 6). The
thicknesses and current densities obtained in the model
are also in a good agreement with the observations.

Our model does not take into account the fact that
for the one and the same energy composition of
plasma population, the number of trapped particles,
whose contribution to the electric current is close to

zero, increases with the normal component of the
magnetic field By and as a result the current density
decreases. This problem has not been fully investi-
gated. Taking into account the relative fraction of the
current carriers when the parameters of the system are
changed is the subject of our further research. Also we
plan to extend the statistics of the CS observations in
the Martian tail in our next works.

DISCUSSION AND CONCLUSIONS

The analysis of nine CS crossings observed by
MAVEN in the Martian magnetotail at the distances
from the planet —1.5Ry < Xyso < —1Ry showed a
variety of plasma and magnetic characteristics of the
sheets. In the CSs from our data base proton density
ranged from 1 to 100 cm~3 and the ratio of proton to

O* density (n:l/ng) ranged from 0.15 to 2.2, and the
ratio ny; / ng, ranged from 0.06 to 1.7. In the majority of

cases the CSs were “oxygen” with (nj] / 1S ) mean = 0.75

SOLAR SYSTEM RESEARCH Vol. 51 No.5 2017
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and (/18 Jmean = 0.5, i.e. njy < n§ < né,. Thus, the
ion composition of the CS in the Martian tail is sig-
nificantly different from the ion composition observed
in the CS of the Earth’s magnetotail.

Nevertheless, theoretical models developed for ter-
restrial CSs based on the quasi-adiabatic ion dynamics
showed a qualitative agreement between the model
and observed spatial distributions of the magnetic field
and the current density across the CS. The use of a
hybrid model in which magnetized electrons and

quasi-adiabatic protons, O" and O, ion components
were taken into account showed that:

(1) the CS is a multiscale structure consisting of the
embedded current layers with a thin and intense cen-
tral layer created by electrons and/or by protons,
which is embedded into a thicker and less intense CS
created by heavy ions;

(2) in the thick CSs the main contribution to the
electric current is provided by oxygen ions moving
along quasi-adiabatic open orbits;

(3) the contribution of electrons to the total current
density can be significant only for small values of the
normal (By/B, < 0.1) and shear (Byp/B, < 0.2) com-

ponents of the magnetic field at the neutral plane;

(4) in the presence of a shear magnetic component,
the thickness of the CS increases and the current den-
sity decreases.

The conclusions obtained from the theoretical sim-
ulations are basically confirmed by the MAVEN obser-
vations. Indeed, the presence of a thin intense CS
embedded in a weaker and thicker layer is observed in
the current density profiles presented in the left col-
umn in Fig. 6, i.e. for the magnetic configurations with
small values of By and By;p. Comparing the observed
spatial profiles of the current density in the CSs with-
out a shear field and with the nonzero shear compo-
nent (the left and right columns in Fig. 6 respectively),
one can see that with the increase of a shear compo-
nent the current density decreases, the thickness of the
CS increases, and the thin intense current layer disap-
pears. The increase of the normal magnetic field com-
ponent according to the model should lead to further
thickening of the CS and weakening of the current den-
sity. This is exactly observed in CS at 01:29—01:34 UT
(red profile in the middle column in Fig. 6). However,
at another CS crossing from this group (at 01:41—
01:42 UT), the CS is significantly thinner. It is worth
to note that both crossings occurred within ~12 min
interval, but the plasma characteristics of the CSs dif-
fered significantly from each other. In the first cross-
ing in which the thick CS was observed heavy ions

dominated over proton population: n;; / ny =0.15 and

n:, / n(§2 = 0.07. Apparently, the large abundance of
heavy ions influences on the CS thickness. We also
found that in this CS interval heavy ions provided the
major net contribution to the total electric current
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Fig. 12. The dependence of the CS thickness (L) on the
value of the ratio of n:{ / ”Er) ,shown by grey crosses and on

the ratio of nf_'[ / ngz ,shown by black crosses observed in
nine CS analysed in the present paper.

density (see Fig. 8). However, after 12 minutes, in the
next CS crossing protons dominated: ny; / ny =2.2and

ny / ng, = 1.7. This probably results in a reduction of
the CS thickness due to smaller proton gyroradius.
From Fig. 7 it is seen that in this CS the net proton
current also contributes significantly to the observed
total current density.

There is also an agreement between the model and
observed current carried plasma components. In the
CS with a small BN and BMID the current is carried
mainly by electrons (as in the CS observed at in 10:
32:30—10:33:40 UT, green profile in Fig. 6), and/or by
protons (the CSs observed at 10:25—10:28 UT and
14:44—14:53 UT, the blue and black profiles in Fig. 6).
In the other CSs with a significant BN and/or BMID
component(s) the electric current was carried mainly
by oxygen ions.

Besides the magnetic configuration, ion mass com-
position influences the structure of the CS. In the
Earth’s magnetotail the presence of multiscale
embedded current configurations was explained by the
formation of a thick current layer by heavy ions
(Zelenyi et al., 2006). It is natural to assume that the
similar effect takes place in the Martian CS because of
the various ion composition.

Figure 12 shows the dependence of the CS total
thickness (L) on the value of n;; / ng (shown by grey

crosses) and on the value of nj; / ng, (shown by black
crosses). There is a tendency of L increase with the



360

decrease of ny; / né or nyy / n$, , i.e. with the increase of
relative density of heavy ions. Thus, the observed fea-
tures of the CS in the Martian magnetotail are in qual-
itative agreement with the model results. We may con-
clude that similarly to the Earth’s magnetotail CS the
quasi-adiabatic ion dynamics determines the structure
and distribution of the current density in the Martian CS.
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