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Abstract Thin current sheets having kinetic scales are an important plasma structure, where
the magnetic energy dissipation and charged particle acceleration are the most effective. It
is believed that such current sheets are self-consistently formed by the specific nonadia-
batic dynamics of charged particles and play a critical role in many space plasma and astro-
physical objects. Current sheets in the near-Earth plasma environment, e.g., the magnetotail
current sheet, are readily available for in-sifu investigations. The dedicated multi-spacecraft
Cluster mission have revealed basic properties of this current sheet, which are presented
in this review: typical spatial profiles of magnetic field and current density, distributions of
plasma temperature and density, role of heavy ions and electron currents, etc. Being impor-
tant for the Earth magnetosphere physics, the new knowledge also could provide the basis
for advancement in general plasma physics as well as in plasma astrophysics.

Keywords Current sheet - Planetary magnetospheres - Kinetic plasma structures

1 Introduction

Current sheets (CSs) represent the typical magnetic field configuration in plasmas where
the thermal pressure dominates in comparison with the magnetic one (i.e. plasma systems
with a large value of plasma S-parameter). CSs are often introduced qualitatively as spatially
localized regions, where magnetic field substantially changes the direction or/and amplitude.
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A. Petrukovich et al.

One can distinguish forced CS formed due to external driving at the boundary of two plasma
domains with different properties (e.g. at the magnetopause of the Earth’s magnetosphere)
and spontaneous CS formed in the course of self-consistent evolution of plasma systems
without direct external driving (e.g. magnetotail). CSs play the fundamentally important
role because the magnetic energy dissipates within these structures to kinetic energy of
accelerated charged particles and thermal plasma energy (Parker 1994; Priest and Forbes
2000; Birn and Priest 2007).

In-situ spacecraft observations have demonstrated that CSs are formed in practically all
very different magnetospheres (Jackman et al. 2014): the dynamic and compact Mercury
magnetosphere (Slavin et al. 2012), the induced magnetosphere of Venus (Vaisberg and
Zeleny 1984; McComas et al. 1986a; Vasko et al. 2014b), the Earth magnetosphere (Ness
1965), the disk-like magnetospheres of Saturn (Dougherty et al. 2009) and Jupiter (Smith
et al. 1974; Behannon et al. 1981; Artemyeyv et al. 2014b), the cylindrically symmetric mag-
netospheres of Neptune and Uranus (Ness et al. 1989), magnetospheres of comets (McCo-
mas et al. 1987), etc. CSs in solar corona represent the critical element of numerous modern
solar-flare theories (Aschwanden 2002). In solar wind CSs can also be formed due to the in-
homogeneity of solar wind flows (Gosling 2012). Detected radiation of accelerated electrons
from pulsar nebulae also points to the possible important role of CS in this exotic system
(Arons 2012).

The Earth magnetotail CS is for the obvious reasons the most investigated one. CS with
magnetic field reversal is a core part of the plasma sheet—the region with the closed (con-
nected to the Earth ionosphere) magnetic field lines, filled with hot plasmas. According to
the modern scenario of magnetospheric disturbances (substorms), the CS structure and sta-
bility determines dynamics of the whole magnetotail (Baker et al. 1996).

It is commonly (and erroneously) assumed that the scales of variations of the plasma
parameters in space and astrophysical objects are comparable with the scales of these ob-
jects. In particular magnetic field and plasma density variations in the magnetotail for many
years were supposed to occur on the scale comparable with that of the magnetosphere cross-
section, i.e. few tens of 10* km (e.g., Bird and Beard 1972; Schindler 1974; Kan 1973;
Schindler 1979). On the other hand the classic theory predicts that the most efficient dis-
sipation of magnetic energy in collisionless plasma occurs on kinetic plasma scales within
such structures as shock waves, magnetic discontinuities, kinetic current sheets, etc. Kinetic
scales (in magnetized plasma controlled by the Larmor radius of the heaviest plasma species)
are much smaller than scales of the majority of space plasma objects (e.g., ion Larmor ra-
dius in the outer Earth’s magnetosphere is one hundred times smaller than the magnetotail
diameter).

General plasma characteristics (magnetic field, density, temperature) as well as some ge-
ometrical properties of the magnetotail have been successfully investigated with the help
of a number of single and double spacecraft missions (OGO, IMP, ISEE, AMPTE, Geo-
tail, Interball-tail) of twentieth century (McComas et al. 1986b; Baumjohann et al. 1989;
Mitchell et al. 1990; Sergeev et al. 1993; Hoshino et al. 1996; Petrukovich et al. 1999;
Asano et al. 2004b). These observations clearly pointed out that dynamics of the tail CS
indeed should be driven by charged particle kinetics and thus strongly depends on the CS
spatial profile (e.g., thickness scale). However, determination of spatial scales of magnetic
field and plasma structures in the near-Earth domain cannot be solved reliably by the mea-
surements on a single spacecraft.

A four-spacecraft European Cluster mission (since 2000) was specially designed for
determination on a regular basis of spatial gradients in the magnetotail on both fluid
(10000 km) and ion kinetic scales (100—1000 km) (Credland et al. 1997; Escoubet et al.
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2001). Indeed, many structures with kinetic scales have been found (Sharma et al. 2008).
These new observations revealed the multiscale nature of the Earth’s magnetotail, in which
very thin (~100-1000 km) current sheets can be responsible for the generation of 50 % of
the magnetic field total amplitude. Although, these results are important for the modeling of
magnetotail stability and dynamics, they also give lessons on the possible configurations of
self-consistent plasma systems. Namely, independently of the general system scale, signif-
icant processes (electric current generation, magnetic reconnection, charged particle accel-
eration, etc.) can occur at kinetic scales where dynamics of relatively small populations of
charged particles may drive the whole magnetic field configuration. These properties should
be (and can be) taken into account in the CS theoretical models and simulations.

There are several aspects of magnetotail CS structure, which we would like to discuss
below in this paper:

1. Statistics of current sheet thicknesses, i.e. scales of magnetic field inhomogeneities in
the vicinity of the magnetotail central region and its relation to plasma spatial scales (ion
gyroradious, ion inertial length).

2. Relation between thicknesses of the plasma sheet and CS, spatial gradients of density

and temperature.

. The role of heavy ions in the sheet structure (in addition to protons and electrons).

4. Underlying physics of the electric current (diamagnetic drift of hot ions, non-adiabatic

ions, Hall electric field, etc.).

. Vertical current sheets as newly discovered dynamical structures.

6. Formation of thin current sheets and their two-dimensional configuration (including gra-
dients along the tail)

W

9]

2 Models of Current Sheets

In this section we give a brief review of CS models. Although, there is a large number of
analytical and numerical MHD models of CS (Bird and Beard 1972; Birn et al. 1975; Birn
1979; Schindler and Birn 1986; Whipple et al. 1991; Steinhauer et al. 2008) we concentrate
here on kinetic models, which allow to describe structures, comparable with ion scales and
which represent self-consistent solutions of Vlasov—Maxwell equations (Schindler 2006).
We use the GSM coordinate system: X axis is directed from the Earth to the Sun, Z axis
is in the plane, containing X-axis and Earth magnetic moment, Y axis completes the right-
handed coordinate system. For a typical (horizontal) sheet the normal as well as the main
inhomogeneity scale are directed almost along Z (hereafter called vertical structure), electric
current is along Y. Weaker gradients in the magnetotail are possible along X (tail axis).

The simplest CS model which has been widely used for description of spacecraft obser-
vations was proposed by Harris (1962). This self-consistent model describes 1D CS with
the single component of the magnetic field: B, = Bjtanh(z/L), where By is the magnetic
field amplitude, L is CS thickness. Corresponding single component of the current density
Jy=(cBy/4m L) cosh™2(z/L) is supported by diamagnetic drift of the entire populations of
ions and electrons. Thus, the profile of current density coincides with the profile of plasma
density, while the drift velocity and plasma temperature are constant across CS. Magnetic
field pressure in such CS is balanced (along the normal) by variation of perpendicular plasma
thermal pressure p, (z): 87 p,(2) + B)f (z) = const.

Although Harris (1962) CS model is very popular and easy for applications, it cannot de-
scribe the realistic magnetotail CS due to absence of the B, magnetic field component. This
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component, in a natural configuration connects magnetic field lines in southern and north-
ern magnetotail lobes through the neutral plane z = O (at least for the near-Earth region,
X > —30 Rpg). Even small, but finite B, component destroys the self-consistency of Har-
ris (1962) model, since the tension of magnetic field lines ~ j, B, remains unbalanced. This
force can be compensated by the gradients of a plasma pressure dp/dx in 2D models. Such a
scenario is realized in several 2D CS models with isotropic pressure tensor (Schindler 1972;
Kan 1973; Schindler and Birn 2002; Yoon and Lui 2005; Vasko et al. 2013). In case of 2D
models with isotropic pressure the L,-scale of system inhomogeneity along the tail is cou-
pled to the CS thickness L, and amplitudes of magnetic field components: L, = L, By/2B,
(Burkhart and Chen 1993).

The alternative approach to compensation of ~j,B. force takes into account the
anisotropy of plasma pressure (Rich et al. 1972; Francfort and Pellat 1976; Cowley and
Pellat 1979), which can be generated by transient nonadiabatic ions (Speiser 1965, 1967).
This approach allows to construct a 1D CS model with a finite B, component and ion beams
at system edges (see, e.g., Sitnov et al. 2006 and review by Zelenyi et al. 2011). In 1D mod-
els L, is formally infinite (much larger than the estimate made above for 2D models). The
main current in such 1D models is carried by transient hot ions. The bulk velocity of such
ions is comparable with their thermal velocity and, as a result, rather small ion population
can support almost the entire cross tail current required for the magnetotail field reversal
Eastwood (1972, 1974).

Modern models are capable to describe almost all details of CS observations obtained
thus far (Sitnov et al. 2006; Artemyeyv et al. 2008; Zhou et al. 2009). To fit the vertical (along
the normal) profile of current density, we can pick up any model with a necessary number of
free parameters (Yoon and Lui 2004; Birn et al. 2004; Zelenyi et al. 2004; Artemyev et al.
2009). Moreover, even simple Harris (1962) CS model can be fitted to observations after
some modifications (Petrukovich et al. 2011). The primary difference between CS models
is in their configurations along the magnetotail (e.g., the principal choice is between 2D
isotropic and 1D anisotropic models). Another way is to compare the kinetic structure of
plasma distributions in observed CSs and the one predicted by different models (see details
in Artemyev and Zelenyi 2013).

3 Dataset and Methods of Processing of Multispacecraft Measurements

To investigate CS structure we use measurements of multispacecraft Cluster mission (Es-
coubet et al. 2001). Magnetic fields are measured by FGM experiment (Balogh et al. 2001),
electric fields are measured by EFW experiment (Gustafsson et al. 2001), electron distribu-
tion functions are measured by PEACE experiment (Johnstone et al. 1997), while ion veloc-
ity distributions are measured by CIS/HIA/CODIF experiment (Réme et al. 2001). The time
resolution of measurements of electron and ion distribution functions is 4—16 seconds (14
spacecraft spins). We use electric and magnetic field data with time resolution corresponding
to one point per 4s or five points per second. The main statistics of CS crossings is based on
the first four years (2001-2004) of measurements, when distances between spacecraft were
of the order of ion scale: 1000 km, 3000 km, 300 km, 600 km. During this period Cluster
crossed magnetotail CS at 14-20 Ry from Earth. The data collected in later years (2005—
2009) with the larger distances between spacecraft are used to investigate the magnetic field
gradients along the tail.

The main advantage of multispacecraft missions is a possibility of simultaneous measure-
ments at four positions. Using magnetic field data at four points (properly spaced, e.g., in a
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form of tetrahedron) one can estimate the magnetic field gradient. Corresponding assump-
tions and estimations of errors are described in details in several papers (Dunlop et al. 2002;
Runov et al. 2005b; Paschmann and Schwartz 2000). Gradient of B, component can be used
to determine the direction of normal to CS for typical magnetotail configuration. Gradients
of all three magnetic field components give an estimate of the curl of magnetic field curl B,
i.e. the electric currents. This method is called “curlometer” technique. For the majority of
observed CSs the main component of curl B is d B, /dz.

The alternative method to determine the normal direction and the magnetic field gradient
is the timing technique. In this case, time delays between observations of the same magnetic
field features at different spacecraft provide the estimates of the direction and velocity of CS
motion along the normal. This velocity is later used to recalculate the time delays to spatial
scale.

To unify the consideration of CS, the local coordinate system (I, m, n) could be intro-
duced. For a model 1D current sheet it is in fact cartesian, the gradient of B; component
of magnetic field is supported by the current density j,,. For real data obtained vectors are
not exactly orthogonal and a certain procedure is necessary (Runov et al. 2005b). 1 vector is
defined as a direction of a maximum variation of magnetic field. The current density vector
j is used to determine the vector m = j/j — (1j)/j. The normal vector completes the system
to right-handed one: n = [l x m].

The profiles across the current sheet (along the normal) are taken during episodes of fast
relative motion of a spacecraft and current sheet (usually within 10 min for a thin sheet)
and require assumption of stationarity of CS. The combination of current density j,, profiles
and magnetic field B; as a nonlinear coordinate across CS allows us to restore the spatial
gradient of any plasma parameter A measured by a single spacecraft (Zelenyi et al. 2010;
Artemyev and Zelenyi 2013): dA/dz = (4w /c) j,(dA/d B;) (e.g. A can be an ion or electron
temperature, or plasma pressure).

The determination of CS thickness L (scale along the normal) requires additional as-
sumptions, because L definition depends on the particular profile of j,,. In this review we
estimate L = cBy/4m joy, By and j, are the maximal value of magnetic field and current den-
sity. The determination of By is not straightforward, because By (maximal field in the thin
current sheet) can differ substantially from the magnetic field B,,, at lobes. In general case
the magnetic field B,,; can be readily estimated using the vertical pressure balance:

B2 /87 = B} /87 + Py,

where Py, is a plasma (ions and electrons) thermal pressure. In the next section we describe
possible approaches for the determination of By.

4 Embedding of CS

To illustrate the main properties of CSs observed by Cluster in the Earth magnetotail we
use the figure published in one of the first statistical papers by Runov et al. (2005a, 2006).
Figure 1 demonstrates the profiles of current and plasma densities across the sheet (as a
function of B; magnetic field component normalized on the lobe field B,,,). In contrast
to Harris (1962) model, in which profiles of current density and plasma density coincide
exactly, in observed CS both these profiles are very different: the current density profile is
much narrower than the plasma density one. The average profile of plasma temperature is
similar to the density profile. Thus, the current sheet is localized deeply inside the plasma
density profile and such a configuration is called embedded sheet.
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Fig. 1 Profiles of current 1.0, ]
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densities are normalized to their il 02F k|
value at the neutral sheet 0.0F
(B; =0). The profiles averaged 1.6F 3
over the statistics are shown by _ l4F =
solid curves. Figure is adopted ;ﬁ 1.2¢ E
from Runov et al. (2006) S 10F E
Z 08F 3
0.6F =
0.4
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Fig. 2 Schematic view of
current density profile in the | ——Embedded sheet | |
embedded CS (green curve) and : - - - Harris sheet

in simple CS described by Harris
(1962) model. Figure is adopted
from Petrukovich et al. (2011)

current density

magnetic field

In absence of CS embedding we can characterize the CS configuration by two parame-
ters: magnetic field amplitude at lobes B,,, and CS thickness L., (or maximal current den-
Sity jo = cBeyt /47 L,y ). The current density amplitude j, can be derived from four-point
measurements of magnetic field. B,,, can be estimated using the vertical pressure balance.

To describe the embedded CS one should introduce at least two additional parameters
(Fig. 2): By is magnetic field amplitude at the boundary of thin embedded CS and j,,, is the
current density amplitude at the boundary of thin embedded CS. In the most of cases two
parameters j,,, and j, cannot be estimated for the same CS, because Cluster spacecraft can
probe reliably only one scale corresponding to the distance between spacecraft, while we
often have j,,; < jo and, as a result, L,,, > L = c¢By/47jy. To measure weaker magnetic
field gradients related to j,,, one needs larger spacecraft separation. Thus, only By can be
considered as a practical parameter characterizing embedded CS.
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Fig. 3 Three examples of By determination. On the left panels By is estimated as the average of magnetic
fields observed at the CS boundaries, By = (Bg1 + Bg2)/2. On the right panels By is estimated using the
profile of the current density (see text for details). Figure is adopted from Artemyev et al. (2010)

Although, magnetic field measurements are reliable nowadays, the determination of By
is not a straightforward task. The main problem is the determination of the boundary of
thin embedded CS. This boundary can be accurately defined only in case of substantial
difference between thicknesses of embedded and enveloping CSs. Artemyev et al. (2010)
introduced two approaches to the By determination. The first one assumes that B; variation
is due to motion of the CS relative to motion of the spacecraft. Then By can be defined as a B;
value measured at the moment when variation rate of B, is substantially reduced, when the
spacecraft escapes the thin CS with strong electric current (Fig. 3, left panels). The second
approach approximates current density profile by a function of B, field, j, = jo(1 — sBlz),
with s as a free parameter, so that By ~ s~!/? (Fig. 3, right panels). The accuracy of both
methods is about 10-20 %. Thus, it is more reliable to analyze the statistics of By values
rather than B, for individual crossings.

The statistics of CS crossings by Cluster spacecraft (42 examples, see Artemyev et al.
2010) allows us to consider the distribution of By/ B, ratio. For the most of cases By/ B,
is about 0.3-0.5 with the average value ~ 0.4 (Fig. 4). The ratio of the current densities
measured in the center and at the boundary of thin CS (where 0.9 < |B;/By| < 1) is about
~5. The variation of plasma density across thin CS does not exceed 25 % in agreement with
an estimate given by the pressure balance (By/B.x;)> ~ 0.16.

The strong variation of the current density across CS without corresponding variation
of the plasma density suggests that the main current in this thin embedded CS is car-
ried by a relatively small (10-15 %) ion population with a large bulk velocity. An es-
timate of this velocity can be obtained as a ratio of measured (curlometer) current den-
sity and a variation of the plasma density. Such estimate gives a bulk velocity (along the
direction of the electric current) about the thermal ion velocity (Artemyev et al. 2010).
Presence of such ion population is predicted by the models with transient ions (Ashour-
Abdalla et al. 1991, 1993; Burkhart et al. 1992a; Kropotkin et al. 1997; Sitnov et al.
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Fig. 4 Histograms of ratio By/Bey;, ratios of plasma and current densities at CS center (B; = 0) and at CS

boundaries (0.9 < | B;/Bg| < 1). Figure is adopted from Artemyev et al. (2010)
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Fig. 5 Several examples of proton temperature distribution across the CS. Temperature is normalized on its
value at CS central region. Figure is adopted from Artemyev et al. (2011a)

2000; Zelenyi et al. 2000). Figure 1c and previous investigations (Hoshino et al. 1996;
Runov et al. 2006) have shown that proton temperature also vary substantially across the
tail. A detailed Cluster analysis (Fig. 5) results in an approximation by a simple function
T, =T)max(1 — a7 (B/Bey)?), ar ~ 0.8, If this temperature increase in the CS center is
also due to current-carrying ions, their temperature is three-five times larger than the back-
ground temperature (Artemyev et al. 2011a).

A similar to Fig. 5 variation is found for the electron temperature (see Zelenyi et al. 2010;
Artemyev et al. 2012). These variations of ion (proton) and electron temperatures are often
more significant than the variation of the plasma density. The scale of T}, variation can be
estimated as L7 ~ |d In Tp/dz|_1 X (Bext/arBo)L =~ (2 — 10)L (L is the CS thickness).

A0
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Fig. 6 Left panel shows the dependence of ratio L/p on Beyx;/Bg value (both CS thickness and proton
Larmor radius are calculated with By field). Right panel shows the current density amplitude jo versus By
field. Three lines correspond to characteristic CS thicknesses

Finally one can test the relation between the CS thickness and typical plasma spatial
scales (Larmor radius p and/or ion inertial length). For the most of CSs it was shown that
the ratio L.y, / pey: (Where proton Larmor radius p,,, and L., are calculated with B,,,) varies
in a wide range with the mean value ~10 (Runov et al. 2005a, 2006). However, if we recal-
culate the Larmor radius and CS thickness, using the magnetic field By at the boundary of
thin embedded CS this ratio should substantially decrease L/p = (Ley;/pext)(Bo/Bext)> ~
0.2(L ¢yt / pext). To verify this estimate we plot L/p as a function of B,,,/By for statistics
of 72 CS crossings (Artemyev et al. 2011a) in Fig. 6. For almost all CSs L/p is within
the range [3, 1]. Thus, for observed CSs we can use the proton Larmor radius calculated in
B field as a very good approximation for CS thickness. In such a case the current density
amplitude j, should grow with By. Indeed, this growth can be found (right panel in Fig. 6).

As p also depends on the proton temperature 7}, the CS thickness should increase
with T,,. We select two groups of CSs with different temperatures (7, < 4 keV and
T, > 8 keV) and normalize CS thicknesses on the Larmor radius calculated for 7, = 3 keV.
Resulting current density profiles are in Fig. 7. One can clearly see the increase of CS thick-
ness with T,.

Another test of relation L/p ~ const can be done using the variable content of oxygen
ions O (up to 50 % of total plasma density). In CSs with larger oxygen content the cor-
responding thickness should be larger because for the same temperature the Larmor radius
of oxygen ion is four times larger than the proton Larmor radius. We select three groups of
CSs with different populations of oxygen ions and normalize CS thicknesses on the proton
Larmor radius calculated with the measured temperature (Fig. 8). The increase of oxygen
content clearly results in the increase of CS thickness.

Although, Fig. 6 shows that for the majority of observed CSs the thickness is about
1-3 proton Larmor radii (or 1000-3000 km), there is one specific class of CSs with smaller
thickness. These CSs are observed in the vicinity of X-lines and often have current den-
sity amplitudes higher than 30 nA/m? (Nakamura et al. 2006, 2008). Corresponding thick-
ness of such intense CSs is about ion inertial length d; =~ p(By/B.:) and is smaller than
the proton Larmor radius. However, it is still much larger than the electron Larmor radius,
L/p. € [5,30] (Artemyev et al. 2013a). The example of such intense CS is shown in Fig. 9.
Comparison of the curlometer current density and electron moments shows that almost all
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12 T <4 keV

zlp, zlp,

Fig.7 Profiles of normalized current density for two groups of CSs with different proton temperatures. Black
curves show the average profile. Figure is adopted from Zelenyi et al. (2011)

<025 L,
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1 | -

0.8
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0.2 -
03 0 2
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Fig. 8 Profiles of normalized current density across the CS for three groups of CSs with different densities
of oxygen ions with respect to total plasma density. Black curves show the average profile. Figure is adopted
from Zelenyi et al. (2011)

2003.09,24

20 4+ 12 4+ e 0
14.22.10-14.23.30 14.22.10-14.23.30

Fig. 9 Right panel shows the profile of current density in the intense CS: grey color is for current density
calculated by curlometer technique, while black color is for electron current density measured by PEACE
experiment onboard Cluster 2 spacecraft. Left panel shows profiles of electron temperature and electron
density across CS. Figure is adopted from Artemyeyv et al. (2013a)

observed current density is due to the electron current (for this CS L/p, = 12). There is al-
most no variation of electron density (and plasma density as well) across the sheet, while the
electron temperature has a significant maximum in center of CS. Due to small CS thickness
the ion temperature does not vary across the sheet and the pressure balance is supported by
specific configuration of parallel currents creating a local maximum of B,, field in the cen-
tral region of CS (see details in Artemyev et al. 2013a) (these curves are not shown here).
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Investigations of such intense thin CS is possible only for one season of Cluster observa-
tions when spacecraft separation was small enough (2003). However, even for this season
the time resolution of measurements of plasma parameters does not allow us to study well
an internal structure of these CSs. Thus, the detailed investigation of these important class
of CS could be performed only in future missions (like MMS).

5 Ion Kinetics

Vertical profiles of plasma and current densities indicate that the main cross-tail current
should be carried by a relatively small part of ion population contributing only about
~10-15 % to the total plasma density with large bulk velocity along the dawn-dusk direc-
tion. Thus, it is interesting to reveal its velocity distribution. However, only in a few cases
the observed ion current density is close to the value of current density estimated using the
curlometer (magnetic field gradient) technique (see next section for more details). Thus, to
study ion kinetics in embedded CSs we identify several crossings having strong ion currents
(Artemyeyv et al. 2010). One example is shown in Fig. 10. There is a strong increase of ion
bulk velocity u, up to 100 km/s in the central region of CS, while the plasma density varies
very weakly.

To reveal reliably the current-carrying ion population we divide the whole time interval of
CS crossing into five subintervals (see numbers in Fig. 10). For each subinterval we calculate
the average ion distribution f (v, v,). Then, we calculate the differences Af;(vy,v,) =
fi(ve, vy) — fo(vy, vy) for i = 1..4 (interval “0” is out of the current sheet). Distributions
Af;(vx, vy) should contain the ion population which is present in the center and absent at the
CS boundary, and thus is mainly responsible for the support of the transverse current. Right
panels of Fig. 10 demonstrate that positive Af;(v,, v,) (grey color) corresponds to an ion
population mostly located in the v, > 0 domain. Distribution of this population in velocity
space has a local maximum at v, > 0 (there are almost no particles for v, < 0) and, thus, can
be considered as a beam. However, it should be mentioned that the same distribution is often
called bean distribution due to the half-ring shape in (v., v,) plane. Its shape resembles in
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Fig. 10 CS crossing at 12 September 2001. Left panels show profiles of magnetic field, plasma density and
ion bulk velocity. Right panels show Af;(vy, vy) distributions. Grey color corresponds to Af; > 0 and black
color to Af; < 0 (see text for details). Figure is adopted from Artemyev et al. (2010)

@ Springer 341 Reprinted from the journal



A. Petrukovich et al.

many aspects the theoretical distribution of transient ions (see corresponding comparison
and discussion in Artemyev and Zelenyi 2013). Artemyev et al. (2010) demonstrated that
all observed (measured by the curlometer technique) current density can be almost fully
supported by these ions if their density is only about 10-15 % of the total plasma density
which is in agreement with the measured variation of the plasma density (see Fig. 4).

An additional interesting question concerns a possible contribution of high-energy ions
(energy larger than 35 keV) to the cross-tail current. The Cluster CIS/CODIF experiment
(Reéme et al. 2001) measures ion velocity distributions for energies below 35 keV, while
for high-energy ions one should consider data obtained by the RAPID experiment (Wilken
et al. 2001). However, the accuracy of the ion flow data obtained from high-energy ion mea-
surement is not sufficient for estimations of the corresponding current density. Nonetheless,
by extrapolating the velocity distribution profile to high energy range gives an upper limit
of a possible current density carried by ions with energies above 35 keV. For several CSs
with relatively high ion temperature (7-9 keV) Artemyeyv et al. (2009) estimated this upper
limit to be less than 30 % of the total ion current. However, for the total plasma pressure the
contribution of high energy ions can be larger (see discussion in Runov et al. 2006).

6 Current Carriers and Sources of Electron Currents

Accurate and regular measurements of electron velocity distribution by Cluster spacecraft
allow for the first time to perform a comprehensive statistical investigation of electron pa-
rameters in CS. We compare electron currents with currents estimated by curlometer tech-
nique. First of all, it is important to demonstrate that the sum of ion and electron currents
is equivalent to curlometer current density. Figure 11 shows two examples of CSs, in which
the sum of ion and electron currents approximate curlometer data quite well (see details in
Artemyev et al. 2009).

To analyze the relation between particle currents and curlometer data over a broader
statistics we consider averaged values of currents calculated for | B;| < 5 nT. For each cross-
ing we identify three values: average ion current j;, average electron current j,, and average
curlometer current j.,,;. Comparison of these three values shows (see Fig. 12 and publica-
tions (Asano et al. 2003; Israelevich et al. 2008; Artemyev et al. 2009)): 1. for the most of
observed CSs j; is significantly smaller than j.,,;, while the sum j; 4+ j, describes j.,,; on
average quite well; 2. there are CSs with negative and positive j;, while j, is almost always
positive; 3. for some CSs the sum j; + j. significantly differs from j.,,;. The last effect can
be explained in several ways. First of all, there could be a technical problem related to the

| 2004.08.31 2001.08.29

Jy (NA/m?)

1
14.07 1415 11.00 11.12

Fig. 11 Two CS crossings: grey solid curve shows curlometer estimates of the current density, while dashed
black curve shows the smoothed profiles of the sum of electron and ion currents. Figure is adopted from
Artemyev et al. (2009)
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Fig. 12 Comparison of curlometer estimate of the current density j.,,; with (a) ion current density j;,
(b) electron current density je, (¢) amplitudes of sum of particle currents j; + j.. Figure is adopted from
Artemyev et al. (2009)

reliability of the measurements of particle currents. These measurements are performed with
the time resolution 4-16 s. For some fast crossings of CSs this resolution can be insufficient
for reliable determination of maximal current. Second, the finite energy range of particle
measurements can result in underestimation of particle currents. Third, one cannot exclude
the possibility of fast variations of particle currents. For example, Asano et al. (2004a, 2003)
demonstrated the presence of fast substantial variations of electron currents in CSs. These
variations can be considered as a manifestation of natural small-scale electron substructures
in CS. However, detailed analysis of this problem requires more accurate measurements of
particle velocity distributions, e.g. in a future MMS project (Burch et al. 2014).

To explain surprisingly large contribution of electrons to the total cross-tail current we
estimate three main components of the electron current density: diamagnetic drift current,
curvature drift current, and cross-field drift current. The electron diamagnetic drift current is
proportional to the ratio of particle temperatures 7, /(T, 4+ T;) (Artemyev and Zelenyi 2013).
Cluster statistics gives T; /T, ~ 3.5-5 (Artemyev et al. 2011b), and electron diamagnetic ef-
fects can be responsible only for 10-20 % of the total electric current. Amplitude of electron
drift curvature current density is about j.,. (T /Ter — 1)4n T, ./ BZ2 (Artemyev and Zelenyi
2013). Temperature anisotropy of electron population in CSs is about T,/T,; ~ 1.1-1.2
(Artemyeyv et al. 2012) and for some CSs the curvature currents indeed can be compara-
ble with the total curlometer current density. However, for the most of CSs the curvature
drift current gives less than 50 % of j.,; (Zelenyi et al. 2010). Thus, the remaining 50 %
should be provided by electron cross-field drift vz, 3 = cE x B/B?. This drift does not pro-
duce any total current but reduces ion contribution and increases the electron one (Artemyev
etal. 2011a). Estimate of vg, p gives ~—40 km/s for the abundant statistics of observed CSs
(Zelenyi et al. 2010).

For the classical CS configuration vgyp = c(E,B, — E,B,)/B?> ~ cE, /B, in the CS
central region where B, ~ 0. To get vgxp ~ —40 km/s one needs an electric field E, ~
0.15 mV/m. So small electric field cannot be measured in the magnetotail and was never
broadly discussed. However, positive E, was obtained in laboratory modelling of the mag-
netotail CS (Minami et al. 1993). The model of E, field as a part of ambipolar (polarization)
electrostatic field can be developed for weakly 2D CSs (Zelenyi et al. 2010). Estimates based
on Cluster observations show that the drift vgyp can indeed significantly reduce current of
transient ions or even result in negative values of observed ion current density (Artemyev
et al. 2011a; Artemyev and Zelenyi 2013). Taking into account the role of this hidden elec-

@ Springer 343 Reprinted from the journal



A. Petrukovich et al.

tric field (which, by itself, does not produce any cross-tail current) enables to explain many
paradoxical features of current observations in the magnetotail (see Fig. 12).

7 Tilted Current Sheets

In the classical configuration of the Earth magnetotail the current sheet is horizontal: the
main gradient of magnetic field B; is directed along the north-south direction (Z-axis), the
main component of the normal vector n in the GSM is n,. The current is in equatorial plane,
the main component of vector m is m,. Cluster spacecraft discovered a new type of CSs
with vector n directed almost along the dawn-dusk direction and an electric current flowing
almost along the Z-axis (Zhang et al. 2002; Petrukovich et al. 2003; Sergeev et al. 2006).
We call CSs with n, > 0.85 strongly-tilted—the angle between vector n and the Y-axis is
smaller than 30°. Formation of strongly-tilted CSs and their structure are considered also
in several later publications (Petrukovich et al. 2006, 2008; Rong et al. 2010; Vasko et al.
2014a).

One example of the observation of a strongly-tilted CS is presented in Fig. 13. This ex-
ample demonstrates the main properties of the strongly-tilted CSs in the statistical study
by Vasko et al. (2014a): The magnetic field has a significant B,, (B, in the GSM) compo-
nent, on average B,, is about ~7 nT (see also Petrukovich et al. 2003), B,,/By ~ 0.45. B,
component (B, in the GSM) is much smaller than B,,, on average B, is about ~1.5 nT,
B,/B,, ~0.35. Almost all current is along the Z-axis so that a significant portion of this
current is field-aligned with respect to the magnetic field, j;/j. ~ 2.1. Almost all current is
carried by electrons (Vasko et al. 2014a).

Strongly-tilted CSs represent locally 1D structures with the magnetic field configu-
ration resembling the horizontal CSs with a strong shear magnetic field B, (or B, in
the GSM system) (Petrukovich et al. 2007; Nakamura et al. 2008; Shen et al. 2008;
Rong et al. 2012). The presence of a strong shear component drastically changes charged
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Fig. 13 An example of a strongly-tilted CS crossed by Cluster on 7 September 2004: (a), (b), (¢) the mag-
netic field observed by four Cluster spacecraft in the local coordinate system; (e), (f) the current density
determined by the curlometer technique in the GSM system and in the local coordinate system, respectively;
(g) the components of the curlometer current density parallel and perpendicular to the magnetic field. Figure
is adopted from Vasko et al. (2014a)
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Fig. 14 Profiles of the
polarization electric field (a) and
the corresponding scalar
potential (b) across the CS for the
event presented in Fig. 13. Grey
curve presents the theoretical
profile ¢ = T (Bx/Bex1)?.
Figure is adopted from Vasko

et al. (2014a) 45
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particle dynamics (Biichner and Zelenyi 1989; Artemyev et al. 2013a). The particle dy-
namics is determined by the adiabaticity parameter « that is the ratio of the field line
curvature to the particle Larmor radius at the neutral sheet (where B; &~ 0). For horizon-
tal CSs with a small shear component the curvature radius in the neutral sheet is about
(B,/Bo)L ~ L/10 ~ 100-200 km, while for strongly-tilted CSs (with large shear) it is about
(B,/By)(1 + (B,,/B,)*)L ~ 1.5L ~ 3000 km. Thus, in horizontal CSs the curvature radius
is smaller than the ion Larmor radius (Runov et al. 2006) and the adiabaticity parameter «,
is generally smaller than 0.5. For tilted CS the curvature radius is larger than ion Larmor
radius and generally «, > 0.5 (Vasko et al. 2014a). As a result in horizontal CSs the ion
dynamics is quasi-adiabatic (Zelenyi et al. 2013), while in strongly-titled CSs the ion dy-
namics is likely stochastic. In both horizontal and strongly-titled CSs the curvature radius
is significantly larger than electron Larmor radius so that x, > 3 and hence electrons are
magnetized.

Strongly-tilted CSs provide one additional opportunity for investigation of general CS
structure. The decoupling of motions of chaotic (or quasi-adiabatic) ions and magnetized
electrons should result in generation of (polarization) electric fields if CSs are sufficiently
thin (Schindler et al. 2012). This field has two components—FE,, and E; (i.e. E, and E, in
horizontal CSs) (Zelenyi et al. 2004; Birn et al. 2004). As has been mentioned in the pre-
vious section, E, component plays an important role in the redistribution of intensities of
ion and electron currents and is coupled with the E, component (Schindler and Birn 2002;
Zelenyi et al. 2010). However, the configuration of the probe measurement (perpendicular
to spacecraft rotation axis) at Cluster spacecraft does not permit to measure E, &~ E in hor-
izontal CSs. In contrast, in strongly tilted CSs E, ~ E, can be already reliably measured.
E, is the sum of convection and polarization electric fields. The former one corresponds
to the large-scale earthward plasma convection and is about 0.1-0.3 mV/m (Kennel 1973;
Angelopoulos et al. 1993). This field does not vanish at the neutral sheet, while the polar-
ization field equals zero therein. Thus, one can determine and subtract convection field from
the observed electric field E,,.

Vasko et al. (2014a) have determined the profiles of the polarization electric field £, for
statistics of strongly-tilted CSs (Fig. 14(a)): E, has an asymmetrical profile across the CS
(EyB, > 0) and the amplitude of about 0.5-1 mV/m. Integration of E, across the CS gives
the profile of the scalar potential ¢ (Fig. 14(b)). For statistics of tilted CS the amplitude
of ¢ is about few kV, while ¢-profile has a minimum at the neutral plane and can be well
described by following equation in accordance with the model expectations (Vasko et al.
2014a)

2

BX
¢= pB—z

ext

where T), is ion temperature.
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8 Current Sheet Dynamics During Substorm Growth Phase

Dynamics of the magnetotail current sheet during growth phase of geomagnetic substorm
is of particular interest (Petrukovich et al. 2007, 2013; Snekvik et al. 2012; Davey et al.
2012) because CSs are assumed to serve as accumulators of magnetic field energy stored
in the magnetotail. Being driven by the global magnetospheric convection the tail plasma
sheet thins and the entire magnetic configuration stretches from more dipolar to more tail-
like geometry. As a result an intense CS with a thickness of the order of several thousand
kilometers forms in the plasma sheet. Prior to Cluster mission this process was characterized
mainly by the decrease of B, magnetic field. Cluster provided regular measurements of the
cross-tail current density and, in some cases, of horizontal magnetic gradient dB,/dx. It
should be noted, however, that the task of prolonged (tens of minutes) monitoring of CS
is in a certain contradiction with the basic method of its study (using the fast crossings as
described in previous sections). Thus, some sheet parameters are determined less reliably
(in particular, By).

There were 39 Cluster CS observations during growth phase in 2001, 2002, 2004 at
distances 17-20 R downtail (Petrukovich et al. 2007). An example is in Fig. 15. The key
moment is the determination of an instant of substorm onset. Properties of CS directly before
an onset may provide important information on the development of an expected magnetotail
instability. In this case the onset was defined as the beginning of tailward flow (negative V)
at 13:01 UT.

Before the onset the classical isolated growth phase was observed for about 40 min.
During the growth phase the total magnetic field in the tail lobes B,,; increased from 29
to 32 nT (calculated using the full pressure), denoting the accumulation of open magnetic
flux. The current density increased from 2 to 8 nA/m?, but the maximum current density
of 15 nA/m? was registered just after onset. B, decreased from 5 to 2 nT. The small up-
and-down CS oscillations allowed to recover the current density profile and estimate the

Fig. 15 Current sheet, observed 30 i i !
September 12, 2001: = 204 3
(a)—(c) magnetic field; :,

(d) current density, (e) proton aa]

bulk velocity V. Colors denote
the satellite (C1)—(C4),
respectively: black, red, green,
blue. Figure is adopted from
Petrukovich et al. (2009)
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Fig. 16 Evolution of B; (a) and dB;/dx (c¢) with respect to onset time for 59 events with a 5 minute aver-
aging. Averaged profiles of B; (b) and dB;/dx (d) in the three ranges of downtail distances. At the panel (d)
solid lines correspond to the gradient d B; /dx, dashed lines—to d B; /9r. Figure is adopted from Petrukovich
etal. (2013)

increase of By/B.,; from 0.3 to 0.5. The estimate of sheet thickness gives several thousand
km and could not be accurate because of the uncertainty in By. These parameters are close
to average for the whole dataset of 39 crossings.

Cluster orbit after 2005 allowed to probe also the near-Earth magnetotail (up to 9 Rg
downtail), where one expects a significant influence of two-dimensionality on the formation
of the current sheet. For the period 2005-2009 59 observations of growth phase have been
identified, in which small longitudinal gradients of magnetic field 9 B,/0x were measured.
These measurements become possible due to substantially increased spacecraft separation
after 2005 (Petrukovich et al. 2013).

General statistics of gradient 0 B,/dx and B, for three ranges of downtail distances is
shown in Fig. 16. At a distance more than 17 Ry a negligible gradient was registered (fluc-
tuating around zero, but the error in our data set is not less than 0.5 nT/Rg). B, average
also changes a little and is about 2 nT. This is the zone of elongated almost one-dimensional
sheet. Sharp changes in the gradient near onset are produced by the earthward motion of
dipolarization fronts and thus essentially represent an unavoidable uncertainty of onset time
definition. Near the Earth at a distance less than 14 Ry there is a clear decrease of the aver-
age gradient from 3—4 to 2 n'T/Rg, and B, from 10 to 6 nT. This is the zone where the effects
of second dimension play an essential role. At the range of distances 14—17 R properties
of magnetic field are intermediate. In the first part of the growth phase gradient decreases to
1 nT/Rg, and B, from 5 to 3—4 nT. During the second part gradient is close to zero, and B,
is stable.
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Fig. 17 Evolution of sheets in 15
coordinates
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The sheet evolution from predominantly two-dimensional to predominantly one-dimen-
sional structure can be followed in Fig. 17 (Petrukovich et al. 2013). For 10 cases with the
stable positive gradient d B,/dx we show the dependence of the ratio (0B, /dz)/(dB,/dx)
on B.. All events are close to the same hyperbolic-type curve. At the initial stage of thinning
at B, ~ 5-10 nT the ratio of the gradients is of the order 2-3. Upon further decrease of B,
below 5 nT vertical gradient increases sharply (CS intensifies).

Changes of magnetic field at the CS boundary, By, cannot be reliably monitored for such
type of observations, however some estimates of dynamics of By/B,,, ratio can be obtained
basing on general assumptions. Magnetic flux in a thin embedded CS with a thickness of
the order of ion Larmor radius is Fy ~ 2-5Byp = 0.006-0.03 Wb/m (per unit width in y
and proton temperature 4 keV), which is at least ten times less than the estimate of the total
magnetic flux in the plasma sheet F,,; ~ 0.4-0.5 Wb/m at a distance from the Earth about
15 Rg (note, flux Fy does not depend on B, because p ~ 1/By). Such a large difference
in flux values imposes significant restrictions on possible By/B.,;. First of all, the minimal
possible By/B,,, (minimal identifiable embedding) is set if current density in embedded and
background sheets are equal: By/L = B,y;/L..;. Converting this to magnetic flux units and
neglecting all coefficients of the order of unity under the square root one could obtain:

(BO/Bexr)min ~ FO/Fext (1)

Thus, for our statistics, the estimate (By/ Bext)min 18 0.2—0.3, which is consistent with obser-
vations (Fig. 6a, for example).

On the other hand, let us consider the opposite case with By & B,,;, Fy < F,y,;. Then
embedded sheet is a very thin plasma layer, in a thick background sheet, dominated by the
magnetic pressure. Since the development of an embedded sheet begins during the growth
phase within a sufficiently thick plasma sheet filled by hot and relatively dense plasma, such
a configuration is unrealistic in the quiet magnetotail. During growth phases By/B,,; will
be likely closer to </ Fy/ F,,,. After the onset a substantial part of plasma and magnetic flux
are lost from the plasma sheet and By & B,,; is more feasible (Petrukovich et al. 2011).
Configuration with By &~ B,,, is more likely also in the distant magnetotail, where F,,; is
small.

9 Discussion and Conclusions
The availability of Cluster mission four-point data allowed for the first time to obtain infor-

mation on spatial scales in the magnetotail on a regular basis and proceed with quantitative
analysis of current sheet plasma physics as well as comparison with theoretical models.
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Embedded configurations with thin intense CS inside a much wider plasma sheet were
found to be typical for the magnetotail. Thickness of an embedded current density profile
is about 1000-3000 km, which is only about 1-3 proton Larmor radii. Moreover, in the
vicinity of the reconnection region one can expect to observe intense CSs with the thickness
about a fraction of p (Nakamura et al. 2006, 2008; Artemyev et al. 2013a).

Effect of CS embedding manifests in ion kinetics. The strong increase of the current
density without a comparable increase of the plasma density indicates that there is a small
population of ions carrying significant cross-tail current. Such a population should have
specific velocity distribution with the substantial asymmetry along the v, direction. Indeed,
detailed investigation of embedded CS reveals the beam-like ion distribution responsible
for almost entire current density in embedded CS. Similar ion distributions were observed
by THEMIS spacecraft (Zhou et al. 2009). The remaining plasma (~80-90 % of plasma
density) can be considered as a background with a the uniform density profile across thin
CS.

Oxygen ions (or high-temperature protons) influence CS structure. The increase of O
results in the increase of the CS thickness in agreement with modeling (Zelenyi et al. 2006).
This effect confirms kinetic nature of CS and can play the important role in CS stability
(Shay and Swisdak 2004; Markidis et al. 2011; Karimabadi et al. 2011; Liu et al. 2014).

The variations of ion (proton) and electron temperatures across CS are often more sig-
nificant than the variations of plasma density. The scale of T, variation is 2-10 times larger
than the CS thickness. The development of some plasma instabilities (e.g., lower hybrid drift
instability, drift kink/sausage instability) strongly depends on spatial gradients of the plasma
density and/or temperature (Biichner and Kuska 1999; Daughton 1999a, 1999b, 2003; Yoon
and Lui 2001; Tummel et al. 2014). Thus, in a realistic configuration these instabilities can
be driven by the temperature gradients rather than by plasma density inhomogeneities.

Due to the small thickness of embedded CSs, ions are significantly demagnetized. The
decoupling of ion and electron motions results in generation of polarization electrostatic
field responsible for relatively strong cross-field electric drifts. Such drifts in weakly 2D
configuration redistribute ion and electron contributions to the cross-tail current density in
CSs with weak B, and small B, < By, making electron current comparable to the ion one.
We conclude that electrostatic fields responsible for these drifts although very weak and
hardly measurable are very important and should be included in any model pretending on
realistic CS description.

Presence of the intense tilted sheets requires to reconsider criteria of general classification
in the magnetotail. For example, the presence of intense currents ~10-20 nA/m? cannot be
considered as an direct indication of magnetotail reconfiguration before a substorm (Lui
2004), because these values of current density are typical for tilted CSs even in a quiet time.

Formation of thin CS during substorms reveals itself in three variables B., j,, 0B./dx.
Substorm onsets (sheet instability) are associated with rather moderately intense cur-
rent sheet (current density below 10 nA/m?) and relatively small ratio By/B.,;. Much
more intense current sheets are observed after onsets. This is a significant observational
constraint for instability models. Predominantly two-dimensional structure with substan-
tial gradients in X direction is gradually changing to predominantly one-dimensional
with the negligible gradient along x-axis. Gradients along X play the critical role in
many recent models of CS stability (Erkaev et al. 2009; Pritchett and Coroniti 2010;
Sitnov and Schindler 2010, 2013; Pritchett and Coroniti 2013; Korovinskiy et al. 2013).

In summary, data collected by Cluster mission demonstrate that any accurate modelling
of the magnetotail CS requires taking into account many specific properties: embedding,
temperature gradients, polarization electrostatic field, redistribution of currents and the spe-
cific shape of ion distribution function containing beam-like features. All these effects can

@ Springer 349 Reprinted from the journal



A. Petrukovich et al.

influence CS stability and determine rate of magnetic reconnection (Burkhart et al. 1992b;
Krallmann et al. 1994; Sitnov et al. 2002; Zelenyi et al. 2008, 2010; Karimabadi et al. 2003a,
2003b). Modern theories of stability concentrate on specific B,(x) profiles (Pritchett and
Coroniti 2010, 2011; Sitnov and Schindler 2010; Sitnov et al. 2013), while many other CS
properties are waiting for their comprehensive numerical modeling.

Some aspects of CS physics remain beyond this review and potential of Cluster data.
First of all, we did not consider here B, (shear) magnetic field component in CSs. For
the majority of observed CSs this component is almost absent or very small B, < B, but
cases with B, > B, are still abundant (Nakamura et al. 2008; Petrukovich 2009, 2011).
Cluster observations have shown that the B, component can be significantly enhanced by
local field-aligned currents (Rong et al. 2012; Grigorenko et al. 2013). In this case, we
may observe a parabolic profile of B, ~ 1 — (B, /B,)* well described in theoretical models
(Artemyev 2011; Mingalev et al. 2012; Vasko et al. 2014). However, the origin of such
specific CS configuration with enhanced B, is still unknown. In the events with a large
magnetic shear component, field-aligned (rather than transverse) currents dominate, which
are poorly addressed by existing theories. Moreover the theory of charged particle motion in
CSs with B, and a finite convection electric field E, predicts the strong chaotization of ion
trajectories and reduction of the cross-tail current (Artemyeyv et al. 2013b, 2014a), which is
not readily observed. Thus, further experimental and theoretical investigation of CSs with
intermediate B, values (| By| < By) seems to be necessary.

While the vertical structure of the magnetotail CS is well investigated, the horizontal
(along the tail) configuration is much less known. Cluster measurements of local B, gra-
dients in the near-Earth tail are not quite sufficient to restore the instantaneous profiles of
crucial sheet characteristics (By, B, j,) along X. Knowledge of these profiles is impor-
tant for the identification of the most effective instability or select between specific sheet
models. Only several statistical studies (Kan and Baumjohann 1990; Wang et al. 2009;
Kissinger et al. 2012; Rong et al. 2014), are available now which considered averaged data
collected during several years of spacecraft measurements. Potentially data necessary for re-
construction of the instantaneous CS configuration can be provided by five THEMIS space-
craft distributed along the magnetotail (Artemyeyv et al. 2013b).

The third important deficiency of our knowledge is insufficient understanding of elec-
tron current variability and structure of very thin and very intense CSs with domination of
electron currents. It can be resolved only with future experiments having substantially bet-
ter temporal and spatial resolutions such as the MMS, which is planned to be launched in
2015. Tt includes four spacecraft with separation 10-100 km, specially designed to study the
electron physics in reconnecting current sheets. Cluster mission still remaining operative
with in-depth investigation of 100—1000 km scales provide an important baseline for future
studies.
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