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from the early ideas of V L Ginzburg and S I Syrovatskii to
the present day. We review the key achievements of the quasi-
adiabatic theory, which provided insight into the fine structure
of thin current sheets and enabled a comparison with experi-
ment. This comparison showed the quasi-adiabatic approach
to be more effective than the classical MHD approximation.
With the development of the quasi-adiabatic theory in the last
two decades, the existence of a number of new thin current
sheet features, such as multi-scaling, metastability, and em-
bedding, has been predicted and subsequently confirmed in
situ; the role of individual particle populations in the forma-
tion of the current sheet fine structure has also been investi-
gated. The role of nonadiabatic effects in accelerating plasma
beamlets interacting with current sheets is examined. Asym-
metry mechanisms in thin current sheets in the presence of a
magnetic shear component are described. A study is carried
out of current sheet self-organization processes leading to the
formation of a shear magnetic component consistent with
currents flowing in the plasma. It is demonstrated that the
ongoing development of the theory of thin current structures is
a logical continuation of Syrovatskii’s and Ginzburg’s ideas
on cosmic rays and reconnected current sheets in the solar
corona.

Keywords: collisionless space plasma, thin current sheets, quasi-
adiabatic theory, acceleration and scattering of plasma particles,
beamlets
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1. Thin current sheets. History of the question

1.1 Ginzburg’s and Syrovatskii’s ideas on the origin of
cosmic rays and their interaction with cosmic magnetic
fields. Syrovatskii’s ideas on reconnecting current sheets
Over his long and creative life in science, Ginzburg made
masterly studies devoted to an extraordinarily wide spectrum
of problems: from astrophysics and optics of crystals [1-3]
(see also the references therein) to superconductivity and
superfluidity [4-6]. In particular, he was interested in
questions related to the origin and acceleration mechanisms
of cosmic rays (CRs). Ginzburg (either alone or together with
Syrovatskii) wrote three review articles for Physics—Uspekhi
[7-9] on the origin of CRs, and, several decades later, in 1993,
yet another review summarizing the research in this area over
four decades [10]. Notably, Ginzburg’s idea on the galactic
origin of CRs then received experimental verification.

In monograph [9], Ginzburg and Syrovatskii noted that
galactic cosmic rays (GCRs) represent streams of high-energy
particles capable of interacting with magnetic fields in space,
possibly modifying their structure. In turn, magnetic fields in
space may affect the characteristics of cosmic rays, in
particular, the observed energy spectra. The Solar System is
permeated, in addition to GCRs, by so-called solar cosmic
rays (SCRs) — particles of lower energy than GCRs, originat-
ing from flare processes on the Sun and in the solar wind.
Deeper knowledge of the origin of SCRs and the transforma-
tion accompanying their propagation in the interplanetary
space was necessary for developing ideas on plasma processes
and structures that serve as sources of SCRs or interact with
SCRs along their propagation path. Prompted by Ginzburg,
theoretical and laboratory studies on reconnection processes
in current sheets [11-14] were initiated at the Lebedev
Physical Institute of the USSR Academy of Science
(Russian Academy of Science, RAS) (FIAN) in the 1960s.
These studies were intended to answer the question of the
origin of solar flares as the sources of SCRs. Ginzburg was
certain of the utmost importance of research carried out by
Syrovatskii on reconnection processes in current sheets, and
always called for the coordination of research related to solar
flares with regard to results from theory and laboratory
experiments [15]. This idea now has a continuation. The
results of laboratory modeling carried out by A G Frank
and colleagues are compared with direct measurement results
pertaining to similar phenomena in cosmic plasma [16].

According to the scenario proposed by Syrovatskii [15,
17], the energy of solar flares is first accumulated in current
sheets and then released in an explosive way on their breakup
or disruption.

Later on, with further progress in experimental observa-
tions in near-terrestrial space (in particular, through the
Cluster multi-satellite mission launched in 2000), the ideas
that relatively thin current sheets, several proton gyroradii in
thickness [18], playing a role of magnetic energy reservoirs,
can spontaneously break up, releasing a large amount of
energy by developing instabilities (see Ref. [19] and the
references therein), were brilliantly confirmed for Earth’s
magnetosphere [20-22].

It was shown that similar metastable structures can form
in space predominantly at the boundaries between magnetic
fields of different directions [19]. The assumed range of scales
can be very broad: from magnetospheres of the Solar System
planets [23, 24] and magnetic loops in the solar corona [25] to

magnetic fields of astrophysical objects with strong magnetic
fields— pulsars [26]. After intense debates lasting years
within the international scientific community [27-30], theore-
tical stability analysis of thin current sheets (TCSs) culmi-
nated in the theory of metastable current sheets [19, 31], and
the concept of magnetic reconnection in current sheets is now
generally accepted [22, 32-34].

We note that TCSs have long been regarded as infinitely
thin magnetohydrodynamical (MHD) discontinuities, and
their description was carried out mainly in the MHD frame-
work [13-15, 35]. Today, based on numerous observations in
space, it has become clear that TCSs have a small but finite
thickness; they are characterized by a fine structure and
special, quasi-adiabatic [36] (see Section 2.1) dynamics of
plasma particles. As a consequence, kinetic models [19] turn
out to be very efficient in describing TCSs; they allow us to
construct and explore a new type of plasma equilibria and
their dynamics, find how their structure depends on boundary
and initial conditions, and also reveal kinetic nonadiabatic
effects related to the small thickness of TCSs and plasma
particle dynamics (so-called beamlets [37]) (see Section 2.4).
In this review, we discuss the main recent advances in research
pertaining to the structure of TCSs and the embedded particle
dynamics.

1.2 Beginning of experimental observations of thin current
structures in the solar corona, in the magnetospheres

of planets, and in shock waves. Importance

of the Syrovatskii model for explaining solar flares

The formation of current sheets (CSs) and magnetic
reconnection inside them constitute the most important
physical processes responsible for the transport and accel-
eration of cosmic plasma. The scales of these processes lie in
the range from the size of planetary magnetospheres to
astrophysical and galactic scales [38—40]. Some spiral
galaxies host anomalously long-lived structures with oppo-
sitely directed magnetic fields with a lifetime comparable to
the time of the existence of the galaxy itself [41]. These
magnetic configurations can form as a result of nonlinear
evolution of physical fields in which wide regions with slow
field variations are separated by small-volume regions
characterized by a sharp gradient of the magnetic field and
frequent field sign reversals (so-called internal transitional
layers). Studying and modeling processes enabling the
formation of such structures and their evolution plays an
important role in clarifying the mechanisms related to the
generation, development, and decay of astrophysical and
geophysical magnetic fields [42].

Theoretical studies devoted to the models of magneto-
spheres of accreting neutron stars led to solutions in the form
of axisymmetric CSs that support disk-shaped magnetic
structures around stars in a self-consistent way [43]. By
exploring accreting magnetic stars, it has been shown that
not only flat (disk-shaped) but also cylindrical current
structures with poloidal and toroidal currents can form in
their magnetospheres [44]. Notably, such CSs represent long-
lived configurations [45].

Progress in the satellite monitoring of cosmic plasma as
well as in methods of local and remote analysis of its
characteristics in electromagnetic frequency bands that are
not accessible from the ground contributed to broadening the
knowledge on the structure and dynamics of CSs in the
magnetospheres of Earth and planets as well as in the vicinity
of the Sun. For example, it has been shown that CSs in the
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Figure 1. Schematic of the solar corona, its magnetic field loops, streamers,
and coronal holes (regions with reduced density and temperature of
plasma). Flares occur in the vicinity of magnetic reconnection regions,
the X-lines, and are accompanied by waves and turbulence.

solar corona can form in places where magnetic loops either
intersect or come close to one another [13, 14, 35, 36]. Vertical
banded CSs can also be located inside helmet-shaped
magnetic structures (streamers) stretching radially from the
Sun’s surface [46]. Instabilities developing in these current
structures can initiate processes of reconnection and dissipa-
tion spawning solar flares. In the vicinity of neutral magnetic
regions — X-lines—energy is released in the form of heated
and accelerated streams of matter and wave activity (solar
flares are clearly seen in the X-ray and gamma ranges) (Fig. 1).
Large-scale matter ejections can also occur from the solar
corona (so-called coronal mass ejections, CMEs) [46-49].

Solar flares, being powerful manifestations of solar
activity (the energy release can reach 103? erg for 10° s) affect
the state of Earth’s atmosphere, planets, and plasma
surrounding them in the most direct way. An important
feature of flares is that a large portion of energy is released
in a nonthermal form, i.c., as ejected matter, accelerated
particles, and hard electromagnetic radiation [50]. For this
reason, studies of flares play a key role in clarifying general
mechanisms for generating high-energy particles and cosmic
rays in the solar wind.

Three phases in the evolution of current sheets in the solar
corona are identified in [50]. The initial phase lasts from
several to several dozen hours and encompasses the forma-
tion and expansion of a current sheet. The mechanism of
Coulomb plasma heating by a strong current in the sheet
dominates through this phase, whereas the current sheet itself
can be considered a quasistationary structure. Most interest-
ing for research is the second, explosive, phase during which
enormous energy stored in the sheet is released within a time
interval of about 10 s.

The main stages of energy transformation comprise
hydrodynamical motion (sheet disruption), thermal heating
resulting from anomalous resistance in the disruption region,
and the generation of streams of accelerated plasma particles.
During the third, ‘hot’, phase of the flare, a hot coronal region
is forming where the main energy dissipation mechanism is in
all probability due to turbulent heating. The theoretical

problem of exploring current sheets in the solar corona
naturally breaks into two parts: internal and external. The
first includes an explanation of the physics behind the
explosive energy release in a bounded spatial region, which
takes a necessary step toward clarifying the nature of flare
events. Unfortunately, such information can only be retrieved
indirectly, by analyzing the effect of flare activity on the
interplanetary space and Earth. The second problem deals
with the analysis of the effect of energy ejections on the
heliosphere as a whole and on the near-terrestrial space in
particular.

Studies by Syrovatskii were instrumental in solving the
problem of the nature of solar flares [51]. His simple and
elegant model (the Syrovatskii model) of a current sheet in a
high-conductivity plasma [15, 16, 35], which treats the CS as a
surface of MHD discontinuity separating oppositely directed
magnetic fields, proved its efficiency in explaining the physics
of solar flares. Further advances in MHD modeling [52-54]
contributed in an efficient way to uncovering the physics of
nonstationary processes on the Sun [55-57].

Owing to satellite-based studies of recent decades, current
sheets were also discovered in the solar wind, as the flow of
particles with a frozen magnetic field, traveling radially from
the Sun at a supersonic speed [52]. Invariably observed there
is a heliospheric current sheet (HCS)—a quasi-stationary,
relatively thin (about 10* km in thickness) current structure,
located predominantly in the equatorial belt of the Sun and
separating oppositely directed magnetic fields [58]. Far from
the star, because of the nonalignment of solar magnetic and
rotational axes, the HCS takes the folded form of a ballet tutu
and, as a result, at a distance of 1 astronomical unit (a.u.)
(1 a.u. = 215 solar radii is the distance between Earth and the
Sun), the interplanetary magnetic field (IMF) comes to Earth
with a prevailing north or south component. Furthermore,
the structure of the equatorial current can be rather complex:
numerous TCSs can be present around the HCS, arising
either at boundaries of differing plasma flows in the solar
wind or as a result of layering of the HCS in nonstationary
conditions of the solar wind.

We note that despite the available observational data, the
theoretical understanding of the fine structure of CSs, in
particular, in the corona and solar wind, is still insufficiently
complete. Loud noise accompanying measurements of atomic
and ion spectral lines hinders measurements of the fine
structure of current configurations and related magnetic
fields in the solar chromosphere and corona [59]. Only
relatively thick current structures within the CMEs are
typically accessible through measurements [60, 61]. As a
consequence, the current structures in the vicinity of the Sun
are basically a subject of theoretical and model research [58—
60].

Compared to solar CSs, much better explored are the CSs
in magnetospheres of Earth and other planets of the Solar
System, whether possessing their own magnetic field (Mer-
cury, Jupiter, Saturn, Uranus, and Neptune) or lacking it
(Venus and Mars). It is natural that Earth’s magnetosphere is
the best explored one.

After the first data on Earth’s magnetic field from space
became available, Ness proposed in 1962 [62] that Earth’s
magnetosphere on the night side, instead of being dipole-
shaped, has the shape of a highly stretched conical tube that
broadens with the distance from Earth and, in analogy with
comets, is called the ‘magnetotail’. The surface of the tail
where Earth’s magnetic field is separated from the solar wind
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Figure 2. Schematic of magnetosphere sections by the planes (a) xz and
(b) yz. A current with a density J, flows in the tail neutral region. The CSis
located between the northern and southern lobes of the magnetosphere
filled with a rarefied plasma. The magnetospheric magnetic field lines
reconnect at the magnetopause (the dashed line in panel a) with the
interplanetary magnetic field. The dashed arrows in panel a show the
direction of large-scale convection of magnetic field lines to the nocturnal
side where at a distance on the order of 100Rg a reverse reconnection of
magnetospheric and interplanetary magnetic fields takes place. At even
further distances, the transverse magnetic field B, becomes turbulent, but
the configuration with field reversal is preserved.

is called the magnetopause. The solar wind flow along Earth’s
dipole magnetic field is the factor explaining why such an
elongated configuration of the magnetosphere forms on the
nocturnal side of Earth [63]. The speed of the solar wind
ranges from 300 to 1000 km s~! in Earth’s orbit, the
temperature of plasma particles is from 10 to 50 eV, and
their density is between 1 and 10 cm~3. For the southward
direction of the interplanetary magnetic field, favorable
conditions are created for the reconnection between the
solar wind and magnetosphere field lines; the reconnected
lines are then transported by the solar wind to the tail. The
reverse reconnection of magnetic field lines takes place at a
distance of about 100 Rg from Earth (Rg =~ 6400 kmis Earth’s
radius), where the far neutral line forms. The reconnected
field lines on Earth’s side move with the convective flow to the
planet, and the lines staying in the solar wind are blown away
from Earth together with the solar plasma.

Figure 2 shows a schematic of Earth’s magnetosphere in
two sections xz and yz. For the uniformity of exposition, here
and below we use the traditional geocentric solar magneto-
spheric (GSM) reference frame, with the x axis directed from
the center of Earth to the Sun, the z axis lying in the plane
passing through the x axis and the axis of the geomagnetic
dipole, and the y axis, completing them to a right-hand
reference frame, in the dawn—dusk direction. The large-scale
current J, crosses the tail from the dawn side to the dusk side,
maintaining oppositely directed magnetic fields in the north-
ern and southern lobes of the magnetosphere. This current
branches at the magnetopause and closes along it, forming a
giant current system resembling a theta-pinch, as shown in
Fig. 2b.

In the neutral sheet of a CS, the sign of the B, component
of the magnetic field reverses; at the ends of a CS, close to the
magnetopause, it reaches ~ 20—30 nT, whereas the compo-
nent B., normal to the sheet (with a magnitude of the order of
1-2 nT) is continuous and positive (B, > 0) in the part of the
tail that is close to Earth. The cause of this behavior is a
generic connection between the B, component and the field of
Earth’s magnetic dipole directed northward in the equatorial
plane. The other, alternating-sign magnetic field component
B, is supported in a self-consistent way by the current flowing
transverse to the tail. At distances of the order of or greater
than 100Rg, the influence of Earth’s magnetic field weakens

such that the normal component practically disappears on
average, the field fluctuates, and the configuration becomes
turbulent. Nevertheless, the CS of Earth’s magnetotail
preserves its structure with antiparallel field lines at distances
up to 1.5 million km from Earth, and possibly even further.
The CS thickness in the tail is not constant: it depends on both
the location in space (the closer to Earth, the stronger the
influence of the planetary dipole field is and the greater the
thickness of the CS under quiet conditions) and global
magnetospheric perturbations—substorms, during which
the CS thickness can vary substantially.

Magnetic substorms are caused by the interaction
between the solar wind and Earth’s magnetic field [64]. The
solar wind is a flow of hot proton—electron plasma with small
(up to 5%) inclusions of helium nuclei and heavy ions with a
frozen interplanetary magnetic field (IMF) having a sectorial
structure. In its motion in the ecliptic plane, Earth alternately
enters sectors with an oppositely directed magnetic field
(predominantly northward or southward in the GSM
reference plane). The southward IMF creates favorable
conditions in the head part of Earth’s magnetosphere for
active reconnection of magnetic field lines of the solar wind
and Earth’s magnetosphere. The reconnected field lines are
carried downstream to the magnetotail region, which is
accompanied by a sharp increase in the magnetic flux in the
tail, tail contraction, and amplification of the large-scale
magnetic field E, inside it. Plasma drift in the direction
toward the neutral plane with a velocity vq ~ E, x B. can
lead to the formation of a particularly thin CS with the
thickness from 200 to 2000-3000 km [20-22, 33]. Under
quiet conditions, the CS thickness in this region is (1—2)Rg
on average.

The main characteristics of TCSs differ essentially from
those of CSs under quiet conditions in the magnetosphere.
Satellite measurements provide the following main character-
istics of TCSs (see review [36]): (1) the small sheet thickness
L ~ p; ~250—1000 km (p; is the ion gyroradius); (2) the high
current density 10 nA m~2, which is an order of magnitude
higher than the transverse current through the tail under quiet
conditions; (3) a small ratio of the normal and tangent
magnetic field components at the sheet edges, B./By ~ 0.1;
(4) embedding of TCSs into a broader plasma sheet and
noncoincidence of their profiles [20, 66]; (5) anisotropy of the
longitudinal-transverse distribution in plasma velocities (as a
rule, with UHZ > v?); (6) transfer of a substantial current by
ions in open orbits [called Spacer orbits (see Section 1.3)] [36,
68]; (7) bifurcated (split) current profile in the TCSs;
(8) frequent asymmetry of the profile with respect to the
neutral plane [22, 69].

The formation of TCSs from a thick configuration takes
from 30 min to 2 h, which means that this process can be
viewed as a quasistationary evolution [70]. A TCS is
characterized by an excess of free energy, which can be
released through the development of plasma instabilities.
These instabilities arise spontaneously; they are accompa-
nied by local disruption in the CS, while the processes of
energy dissipation bears an explosive character [31]. As a
result of TCS disruption, a large amount of energy is rapidly
released (within a time interval of the order of several dozen
seconds) in the form of energy of accelerated particles, heated
plasma streams, and radiated waves [29]. After long debates,
the scientific community embraced the idea that the main type
of instability responsible for the disruption of TCSs is the so-
called tearing mode [71, 72], leading to the splitting of CSs
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into separate current threads with the formation of large-scale
plasmoids —closed plasma ‘bubbles’. The tearing mode
helped to explain the processes leading to the formation of
X-lines in TCSs, which are detected by satellites. The tearing
mode is supposed to trigger a chain of substorm plasma
processes at all levels [65], from microscales to meso- and
global scales in Earth’s magnetosphere.

Further stages of substorm development are studied
sufficiently well: the streams of plasma head to the high-
latitude ionosphere following the reconnected field lines of
southern and northern lobes of the magnetosphere, giving rise
to polar auroras. Simultaneously, a giant plasmoid is formed
in the magnetotail of Earth’s magnetosphere (with the length
along the x axis being from 10Rg to several dozen Rg), which
moves away from Earth, carrying a fraction of the high-
energy plasma [63].

Summarizing this section, it can be argued that TCSs are
universal magnetic plasma structures in the global hierarchy
of cosmic systems, from galactic to stellar and planetary
systems. TCSs can be key contributors to the formation of
quasistationary magnetic configurations such as internal
transitional layers in spiral galaxies, disk magnetic structures
in neutron stars, and current sheets on the Sun and in
planetary magnetospheres. It is recognized at present that
TCSs can play the role of reservoirs of magnetic energy that
can be released in an explosive manner; this, in turn, governs
the dynamics of many plasma processes in space, in
particular, plasma transport and heating.

1.3 Stages in the development

of the theory of current equilibria

The task of finding plasma equilibria in kinetic theory reduces
to solving the Vlasov—Maxwell system of equation for the
magnetic and electric fields and the plasma distribution
function in a CS:

of g (] o -
v§+E(E+ZVXB)E_O7 a=1,¢, (1)
rotB—4—an fy(v,r)d (2)
_C“:i.e vxv’ v’
diVE:4nZJ€f1(v,r)dv. (3)
oa=i,e

Here, E = —grad ¢ is the electric field, ¢ is the electrostatic
potential, the derivative 0B/0t = 0, and hence phenomena
considered here are stationary, and the plasma density is

1
3 Z ny(z)

a=e, i

=ngp.
z—+o00

m) = | £z a.

The boundary conditions for the fields B(z)|, .. = Bo;
¢(2)|, 1o, = 0 are determined by the geometry of the system
under consideration and the plasma density ng at infinity. The
indices o« = i, e correspond to ions and electrons. We assume
that at the distances of interest (~ p;), the plasma can be
considered as quasi-neutral, i.e., n; ~ ne.

Solving the full system of equations (1)—(3) presents a
rather difficult computational task; hence, as a rule, strongly
simplified current configurations that allow analytic or semi-
analytic solutions are considered. Simple one- or two-
dimensional plasma equilibria are commonly considered,
whereas the plasma distribution function is whenever

possible taken as a function of the integrals of motion of
plasma particles [73] [according to the Liouville theorem, such
a distribution function is constant in the entire space, which
makes solving system (1)—(3) substantially easier]. Also, when
solving magnetospheric problems, the longitudinal (along
current lines) y-components of the magnetic and electric
fields are routinely ignored, i.e., it is assumed that B, =0
and E, = 0.

Even several decades ago, when satellite observations in
the magnetotail were less abundant, it was a common practice
to conceive the current sheet in the tail as a relatively thick,
quasi-equilibrium plasma configuration several dozen ion
gyroradii in thickness with an isotropic plasma distribution
maintained by plasma pressure gradients in the direction
toward Earth. This configuration is being constantly
destroyed in an explosive way during substorms, i.e., is
unstable. One of the first and simplest one-dimensional
models of such ‘thick’ equilibrium was the kinetic model by
Harris [74], which is still being used to analyze and interpret
the research results related to Earth’s magnetosphere.

In the Harris model [74], the plasma distribution function
depends on two integrals of motion of the particles: the total
energy Wy = m,v?/2 and the generalized momentum P, =
myv, + (e/c)A4,(z), whereas the self-consistent tangent com-
ponent of the magnetic field B, the current density j,, and the
plasma density n depend only on the coordinate z that is
transverse to the current. Then, as a result of simplifications,
system (1)—(3) reduces to the following one [75]:

J2(Wo, P,) = const,

4n
tB, = — (v, z) dv, 4
rotB, =3 [vitv )y )
annoczov »=0.

The distribution function in the Harris model is taken as

32 2

my, Wy n,P, miV,,
= _ 0 ety Ty 5
Ja n0<2nTa¢> eXp( R S sy ERC)

where T, is the temperature of a-type particles (o = i, €), 1, is
the mass, and V,, is the stream velocity (quasineutrality
requires that Vi, /T; = — Ve, / Te).

The equilibrium solutions for the tangent magnetic field
B, (z) and the plasma density n(z) take the form [74]

B,(z) = By tanh l ,
L (©
ny
n(z) = cosh?(z/L) "

The half-width of CSs is determined by the temperatures and
density of plasma components (protons and electrons) and
their relative velocity [29]:

c 3(T1+Te)

L= )
Vip — Vey 4mnge?

(7)

A distinguishing feature of the Harris solution is the
identical functional dependence on the transverse coordinate
z of the current density j,(z) and the plasma density n(z),
which follows from the form of solution (6). In the Harris
model, the magnetic field lines on both sides of the neutral
plane z = 0 are parallel and oppositely directed, and hence the



1062

L M Zelenyi, H V Malova, E E Grigorenko, V Yu Popov

Physics— Uspekhi 59 (11)

normal component of the magnetic field B, vanishes. Plasma
particles, on the one hand, travel along magnetic field lines,
and on the other hand, drift transverse to them in the
y direction due to diamagnetic drift and support the self-
consistent current in the system.

Because the actual magnetic field in the magnetotail is
nonuniform along the x coordinate (it decays in the direction
from the Sun), great attention has been devoted to construct-
ing two-dimensional current equilibria. There has been
success in generalizing the Harris model taking inhomogene-
ity into account, which is achieved by adding an arbitrary
slowly varying function F(x) to solution (6) [27, 76, 77]:

Box(x,z) = —ByF(x) tanh <F(x) %) , -
B F(x) 2
)= TR

With more information available on Earth’s magneto-
sphere, it has become clear that the Harris model and its
modifications do not take into account that a small ‘residual’
normal component B, originating from Earth’s dipole field is
present in the magnetotail practically over all of its extent. It
turns out that if the normal component is added to the
Harris model, plasma equilibrium becomes impossible. In
this case, system of equations (4) does not have a stationary
solution. The reason is that in the presence of a normal
B. component of the magnetic field, the magnetic configura-
tion structure changes topologically. In the Harris model,
each particle in its gyromotion remains ‘glued’ to its field
line; hence, no vertical plasma mixing. Accounting for the
normal magnetic component radically modifies the topology
of plasma flows: they move from the northern to the
southern hemisphere experiencing mixing, as shown schema-
tically in Fig. 3.

Magnetic field lines are anti-parallel in Fig. 3a in the upper
and lower half-planes, whereas velocities of plasma flows are
parallel to the neutral plane. Figure 3b demonstrates the
classical picture of the magnetotail with a relatively small
normal component B. and a large component By, By > B.,
outside the CS. Figure 3b indicates that the B, component
changes sign in the neutral plane z = 0; such a field is also
referred to as reversed.

<c9&ﬁ:9:9;_ﬁ:&139_—a
JAWATEA

S50~

Figure 3. Comparison of one-dimensional Harris model (a) with a two-
dimensional magnetic field model (b) where the transverse component B.
is taken into account. The gray color marks the current sheet region. Panel
a shows characteristic trajectories of plasma particles, field lines, and
plasma drift velocity V,. The dashed arrows in panel b indicate the
direction of magnetized plasma flows into the current sheet. The
directions of vectors of local magnetic field B = {By, B.} and current
density J, are shown. A comparison of current configurations indicates
that in the one-dimensional Harris model Ampeére’s force along the x-axis
is not balanced by other forces.

Further development of magnetotail models turned to
constructing two-dimensional ‘thick’ equilibria. It was
necessary to propose a simple and convenient model that
would enable studying the main characteristics of the tail CS,
its structure, and its stability. The question was primarily
important in view of attempts to interpret magnetospheric
substorms as an outcome of transient plasma processes
developing in the tail CS as it loses stability. MHD models
[78, 79] are noteworthy in this respect; they consider the
plasma as a fluid moving in the y direction in accordance with
the distributed velocity profile V,(z) given by the Lorentz
function

Voh?

V&) =g 9)
whereas self-consistent profiles of the magnetic field and the
plasma and current density take the form

h
By(z) = Bytanh (Z arctan %) , (10)
h
n(z) =ny sech’ (f arctan 5) ,
. Bo /12 2 h z
R - h — i
Jr(2) INAEEYE sec 7 arctan Z

These solutions transform into the Harris solution as 1 — oc.

An important two-dimensional extension of the Harris
model that accounts for the normal component is the Kan
model [80] based on the solution of the Grad-Shafranov
equation found earlier by Walker (1915) in the form of a
generalized two-dimensional function g({) ({ = x +iz). The
vector potential of the system A4, (x, z) in the Kan model is the
solution of the equation

o4y 4, 24° 12
W*'az—*szmp(— e (12)

where 45 = —A,/(2ByL),x* = x/(2L),z* = z/(2L),and Lis
the characteristic thickness of a CS.

In models by Schindler and Birn [76, 77, 81, 82], solutions
are sought of the Grad—Shafranov equation

AA+pyj(4) =0,
(13)

. dp

where A is the vector potential, p is the plasma pressure, and
U 1s the vacuum magnetic permeability in the International
System of Units (SI). The boundary conditions for pressure
are taken far from the current sheet and are identified with the
conditions on the magnetopause (the boundary between the
magnetosphere and solar wind), which allows controlling the
CS structure. The asymptotic solution of Eqn. (13) is

Ay d4
) o 7 (14)
JA(x,z) \/2'[10 (po(x) —P(A))
where
JAb dA4

Ao(x) \/2/1() (Po(x) —p(A))
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defines the shape of the magnetopause (4 = A4, Ay =
A(x,0)) in the system. Solution (14) can be written as the
dependence

1 J”U 1 dp (15)

a = - )
(po) V21 Jp, dp/dA /po =P

where py, = p(Ayp) is the pressure on the magnetopause. It is
shown in [83] that the function a(p) controls the structure and
stability of this plasma equilibrium (open and closed
magnetospheres), with the particular case a(py) = const
being the already known Harris equilibrium.

The stability of CS models was explored in the framework
of the two-dimensional (2D) model of a quasineutral sheet
with a small transverse magnetic field B. taken into account
[27]. Electrons were treated as trapped, in agreement with a
thick sheet configuration. A linear analysis of the energy
balance in a CS showed that the tearing instability can be fully
suppressed through the effect of ‘electron compressibility’,
because the compression energy of magnetized electrons is
borrowed from the free energy of a CS perturbed by the
tearing mode. It turns out that electrons play the role of an
‘elastic medium’ suppressing the development of instability.
Thus, from a theoretical standpoint, the development of the
tearing mode, triggering the disruption of CSs and launching
reconnection processes in the tail, proved to be impossible.
Paper [27] prompted a long discussion as to exactly which
instability can destroy the magnetotail CS during substorm
perturbations (see review [19] and the references therein). This
problem remained unsolved until the discovery and study of
collisionless thin current structures in space.

We note that the models of ‘thick’ sheets described above
agree well with observations of the magnetotail CS within
relatively quiet geomagnetic periods, but fail to properly
describe TCSs that are embedded and multi-scale. The first
studies on modeling the TCS appeared at the time when
nothing was known about their real existence. In 1965,
Speiser [18, 67] described a new type of current sheet in
which protons are demagnetized upon reaching the neutral
sheet, draw semicircles in the magnetic field B., are then
magnetized, and escape to infinity. Today, such trajectories
are called by the name of their discoverer. Later, quasi-
trapped particles were described [19, 36]. In 1972, Eastwood
[84], based on the work by Speiser [67], showed, using a
numerical model, that it is possible to maintain a self-
consistent current in a TCS through protons in the Speiser
orbits.

Because TCSs can be viewed as plasma quasi-equilibria
[70], the magnetic tension tensor should be balanced in them
by the anisotropy of the pressure tensor [85]. Here lies the
main difference between TCSs and relatively thick CSs
(measuring many proton gyroradii in thickness) in the
magnetotail, where the tension of magnetic field lines is
balanced by the radial pressure gradient. Models with an
anisotropic pressure tensor evolved into a separate class of
plasma equilibria, and this area has been actively developed
over the two last decades. The first attempt to construct a self-
consistent analytic model of ‘thin’ plasma equilibrium (with
the electron component ignored) was undertaken in Ref. [86],
where an inverse problem was solved on the reconstruction of
the plasma distribution function based on a given magnetic
field profile.

A self-consistent equilibrium solution of the Vlasov—
Maxwell equations for a one-dimensional anisotropic cur-

rent sheet was first found in Ref. [87] in the case of strong flow
anisotropy and a small normal component B.; the electrons
were assumed to be a cold background and electrostatic
effects were ignored. The solution in Ref. [87] for the profile
of a magnetic field maintained by Speiser ions differs from the
known Harris solution by the fact that the current density
profile is embedded into the plasma density profile, whereas
these profiles coincide in the Harris model.

A detailed study of the TCS structure was carried out in
Refs [88-91]. It has been shown that the structure is
determined by a superposition of competing para- and
diamagnetic currents [89]. Processes of scattering of transient
ions bear a diffusive character and can be the cause of
accumulation of quasi-trapped plasma in the CS, followed
by slow evolution and formation of split current density
profiles [92]. It was also found that the cause of CS disruption
can be not only the instabilities but also the accumulation of
trapped ions up to a concentration exceeding some critical
value [93]. Electrostatic effects were taken into account for the
first time in a self-consistent model of anisotropic CSs [90]
and weak splitting of the current density profile was explained
by the motion of electrons under the action of an ambipolar
electric field. An explanation was proposed for the narrow
peak of embedded CSs having an electron scale [90]. The
multi-component character of plasma enriched by heavy ions
was taken into account, and the contribution of heavy
particles to the current transversing the tail was estimated
in [94]. Nonsymmetric current configurations were also
explored and it was shown that there are at least two
mechanisms influencing the formation of asymmetric CSs:
the asymmetry of plasma sources [95] and the presence of a
B, component in the magnetic field [96]. The two-dimensional
structure of TCSs was treated in Ref. [91] with the long-
itudinal inhomogeneity in the magnetic field along Earth’s
magnetotail taken into account.

The stability analysis of an anisotropic CS in the frame-
work of linear perturbation theory and analysis of substorm
dynamics revealed that metastable behavior is characteristic
of this current structure. The estimate of marginal stability
regions with respect to parameters also pointed to a
fundamental difference between the properties of anisotro-
pic CSs and those of the Harris type [30]. If the Harris CS is
always unstable with respect to the tearing mode, the TCSs
are unstable only in narrow ranges in the system parameter
space, which in essence underlies their property of metast-
ability. The estimate of wavelengths of different plasma
modes and their increments in TCSs agrees with real scales
for substorm processes in the magnetotail [30, 97, 98].

The main conclusions from theoretical models of thin CSs
were compared with the data of satellite observations in
Earth’s magnetotail [99]. It was shown that the current
density profiles and values of the main plasma parameters in
thin CSs derived from the data of the Cluster mission can be
approximated by the model of anisotropic CSs with an
accuracy of about 80% in a wide range of measurements.
On the other hand, not only the general geometry but also the
kinetic structure of the proton distribution over velocities in
CSs measured in Earth’s magnetosphere is similar to the
structure of the phase space of the TCS model [99].

The results in Refs [89, 95] were verified in numerical
simulations based on the macroparticle method [100]. The
results obtained helped to resolve a contradiction, called the
thermal catastrophe of current sheets in [101]— the absence of
equilibrium solutions for moderately anisotropic plasma
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sources. With the assistance of numerical simulations, the
force balance of TCSs was studied in detail [100], and an
interesting regime of dynamic oscillations in solutions close to
equilibrium was found [93].

In Section 2, we consider the dynamics of charged
particles in TCSs for different values of system parameters
and the mechanisms of TCS structure formation in a
collisionless cosmic plasma. Along with models based on
solving the Vlasov—Maxwell equations, which can be loosely
called semianalytic (an analytic solution can typically be
obtained in the simplest cases, and the common approach is
the numerical one), a class of models exists for which the
Vlasov—Maxwell equations are solved with the macroparticle
method [100, 102] or with hybrid codes [103]. An essential
advantage of such models is the possibility of exploring not
only statistical characteristics but also dynamical properties
of plasma systems. They also offer a possibility of estimating
and comparing the roles played by various parts of Earth’s
magnetosphere in general plasma dynamics. This review
extends those on TCSs published by Plasma Physics Reports
and Physics—Uspekhi [19, 104]; it presents results that were
not considered earlier, including the newest advances in TCS
research on cosmic plasma.

2. Dynamics of charged particles
and the structure of thin current sheets

2.1 Quasi-adiabatic approach
It is shown in [36] that particle dynamics in the field
reversals of TCSs in the magnetotail are almost entirely
determined by the adiabatic parameter x that characterizes
the ratio of the magnetic field minimal curvature radius R,
to the maximum Larmor radius p; in the vicinity of the
neutral plane,

R,

K=4]—. 16
o (16)

For x > 1, protons and electrons are fully magnetized,
their magnetic moments are preserved, and their motion can
be described in the guiding center approximation. For k < 1,
the gyroradii of particles are comparable to or greater than
the field line curvature. Particle motion in this case becomes
highly nonlinear: becoming demagnetized near the neutral
plane, the particles follow meandering orbits along semicir-
cles in the xy plane, alternately crossing the northern and
southern lobes of Earth’s magnetotail (so-called serpentine
trajectories), then leave the CS, becoming magnetized (Fig. 4)
by a rather strong magnetic field outside the TCS. On
serpentine trajectories, for x < 1, the x- and z-degrees of
freedom are nearly decoupled: the particle motion can be
decomposed into two independent motions, fast vertical
oscillations in the z direction and relatively slow rotation in
the field B, along the x axis [36]. Magnetic moments of
particles in this configuration are not conserved, but for
Kk <1 the invariant of motion (action integral) I, =
(21t)71 $ p-dz is approximately conserved [36]. On the
change from magnetized to meandering motion, the invar-
iant can experience a jump Al < I. in the vicinity of the
neutral sheet. The jump magnitude is estimated as [105-107]

Al ~ :F% K\ 1— 124/3 In2|cos Ogep|

(17)

@ Earth

Figure 4. Two typical ion trajectories in the TCS: a transient (Speiser)
trajectory and a quasi-trapped trajectory (performing many rotations
around the current sheet). Shown are the plane of the TCS, magnetic field
lines of the magnetotail going from Earth (its location is given by the black
dot), the direction of the normal magnetic field component B. at the CS
center, and the direction of the local current J, carried by particles in the
solar-magnetospheric frame.

i.e., AL is proportional to the adiabatic parameter x and
depends on the phase angle 0y, at which the particle arrived
at the separatrix (the border line where the motion type
changes). The jump averaged over an ensemble of particles
is exactly zero,

1 2n
<AIZ>Hsep E%JO AL d0 =0, (18)
but its rms value differs from zero:
((AL)?) o zn(AI )2d9—3—”x2(1 — I3 (19)
Pl T om fy T 16 =

This means that the change in the adiabatic invariants of ions
as they traverse the CS can be described as a diffusive process
with the characteristic diffusivity coefficient [36, 92]

(AL

D L =
LI TQT

: (20)

where Tqr is the approximate period for the full cycle of a
quasi-trapped particle along the x coordinate. As can be
seen from Eqns (17)—(20), the parameter « is the key one
for particle dynamics. For k < 1, the ion motion is regular
almost everywhere outside narrow separatrix regions where
the invariants undergo changes described by Eqn (17).
Such a regime of motion, as well as the invariant I, is
referred to as quasi-adiabatic. Owing to the jumps AZ,, the
quasiperiodic motion of quasi-trapped particles around the
current sheet can be accompanied by slow chaotization (on
the time scale of large-scale oscillations around the neutral
plane) of the motion of quasi-trapped particles and the
trapping of transient Speiser particles to closed trajectories.
This process, studied in Ref. [92], was called the ‘aging’ of
CSs.

For x ~ 1, particle trajectories are such that gyroradii are
comparable to the scale of the magnetic field inhomogeneity.
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Figure 5. Types of trajectories of quasi-adiabatic particles in a TCS.
Particles in open Speiser orbits are the main cross-sheet current carriers;
quasi-trapped protons repeatedly cross the CS plane and move in quasi-
closed orbits; ring orbits are inside the CS and do not cross the
separatrix.

Particle motion is essentially chaotic (Al ~ I.), and the
quasi-adiabatic approximation fails. As geomagnetic pertur-
bations — substorms — start to evolve, during the so-called
phase of magnetic flux accumulation in the tail, the tail CS
narrows in the transverse direction substantially, from
approximately 10,000 km to 250-2000 km; in this case, the
adiabatic parameter for protons decreases by an order of
magnitude. For electrons, k. ~ 2—3, but this parameter is an
order of magnitude smaller for ions: x; ~ 0.1—0.2 [20, 108].
This makes the dynamics of plasma populations fundamen-
tally different and eventually determines the structure and
stability of CSs. The motion of magnetized electrons in the
magnetotail follows the field lines, whereas the motion of ions

becomes quasi-adiabatic (Fig. 5). In a model of current
equilibrium, the motion of two plasma components cannot
be described within the same approach, and hybrid models
are mostly used, where electrons are described as anisotropic
conducting fluid and ions are treated in the framework of the
kinetic approximation. A detailed description of the equa-
tions of the TCS hybrid model, with account for the quasi-
adiabatic one-dimensional (1D) model of the Speiser CS, is
given in the Appendix. We refer to this model as the basic one
below.

2.2 Properties of thin current sheets in the simplest model
of plasma equilibrium: embedding and multi-scale
character. Solving basic equations

The self-consistent system of equations for the 1D hybrid
TCS model, described in detail in the Appendix, was first
solved numerically in Refs [88-90]. The electrostatic effects
were discarded for simplicity. Figure 6 displays profiles of
dimensionless quantities (see the Appendix) in the direction
transverse to the CS: the tangent magnetic field (Fig. 6a), the
current density in the y direction (Fig. 6b), and the plasma
density (Fig. 6¢). The profiles were obtained for various
values of the flow anisotropy parameter ¢ = vt /vp of plasma
sources [88], which, according to the figure, greatly influ-
ences the CS internal structure. As the ratio of thermal to
drift velocities is increased, the maximal current density
decreases.

In Fig. 6, self-consistent profiles of the densities of current
and plasma (with the normalization described in the Appen-
dix) are displayed as functions of the dimensionless coordi-
nate { in the direction transverse to the sheet for different
values of the flow anisotropy parameter & = vr/uvp. As
follows from their comparison, the current density J, tends
to zero outside the CS, whereas the plasma density # tends to a
constant value equal to unity in the normalized variables.
This illustrates the fundamental property of a TCS, the
embedding of a CS into a plasma sheet. Accounting for
numerous additional factors that are lacking in the basic
model [88, 89] but are present under real conditions
(electrostatic effects [90, 91], heavy ions [94], a large
concentration of quasi-trapped plasma [93, 109]) may lead
to additional levels of embedding. For example, in the

20 ¢
n &
0.10
15 025 = —
0.50 — - —
1.00 — — —
200 ...........
10
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o
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14 ¢ {

Figure 6. Profiles of (a) the magnetic field b, (b) the current density J,, and (c) the plasma density 7 in a TCS as functions of the dimensionless coordinate
{ = zao/(*Vp) in the cross-sheet direction (see the Appendix) for various values of the flow anisotropy parameter ¢ = vt /vp, where vt and vp are the
thermal and drift plasma velocities at TCS boundaries [88]. The values of the parameter ¢ are given in the legends.
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‘matryoshka’ (Russian doll) model [94], a narrow electron
current is embedded in the proton CS, which is in turn is
inside a CS formed by oxygen ions, whereas all this
configuration lies inside a broader plasma sheet. A triple-
split TCS embedded into a plasma sheet in which a positive
central current is surrounded by two negative currents at the
periphery is found in [109]. It is noteworthy that even such
unusually complex structures can be observed by Cluster
satellites as they traverse the magnetotail.

Thus, together with embedding, an important property of
TCSs is their multiscale character. The dependence on the
flow parameter ¢ is largely predictable: the larger the thermal
velocity is compared with the drift velocity, the greater the
number of particles with high values of the quasi-adiabatic
motion invariant, i.e., quasi-trapped particles. The last do not
carry net current across the sheet, because their trajectories
are closed; hence, the current density should decrease
proportionally to the concentration of quasi-trapped parti-
cles, or inversely proportional to the value of .

The structure of CSs is schematically shown in Fig. 7. As
shown in [89], the contributions to the current density can
come from (1) the current of Speiser particles in meandering
orbits; (2) the gradient current; (3) the centrifugal current
related to the drift of curvature; (4) the magnetization current.
The current of Speiser particles is an analog of boundary
paramagnetic current and flows in the positive y direction,
while currents 2—4 are the drift or diamagnetic ones, flowing
in the negative direction [in particular, Eqn (44) from the
Appendix is applicable to describing them]. The current
density at the boundaries of a CS (Fig. 7a) is predominantly
determined by the Larmor rotation of particles (the regime
without crossing the neutral plane z = 0); it is a manifestation
of plasma diamagnetism. The segments of meandering
(serpentine) orbits in the vicinity of the neutral plane
(Fig. 7b) (the regime when the neutral plane is crossed) form
when proton motion is demagnetized and protons alternately
enter the northern and southern parts of the tail. As is seen
from Fig. 7, the competition of dia- and paramagnetic
currents inside the CS determines the final current profile in
the CS and its vicinity. The directions of para- and
diamagnetic currents are opposite, as indicated by arrows
with labels.

Q O °
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Figure 7. Mechanisms of current formation in the vicinity of the equatorial
plane [89]. (a) The region where trajectories do not cross the neutral plane
and where the guiding center approximation is applicable. Schematically
shown are the Larmor rotation and the directions of gradient drift,
curvature drift, and magnetization current. The net current in this region
is negative, which illustrates the natural diamagnetism of magnetized
plasma. (b) The region of meandering (serpentine) motion where the
guiding center approximation is not applicable.
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Figure 8. General schematic of the relation between thicknesses of proton
current sheets L for various values of the source anisotropy ¢. Here,
po =vr/wy, p* =vp/wy, and wy = eBy/(mc). L, and L are the
thicknesses of plasma and current sheets.

2.3 Scales of current equilibria.

Thin and super-thin current sheets

Figure 8 displays the dependence of the thickness L of thin
current sheets on the flow anisotropy parameter ¢ = vr/vp
[89]. The thin dashed lines separate the three main regimes in
the TCS that correspond to different dependences of
thicknesses on external parameters: (1) a ‘quasi-adiabatic’
CS with a strong flow amsotropy B,/By <e<1 and the
thickness L = p(vT/vD) ; (2) a CS with a weak flow
anisotropy ¢ > 1, and the thlckness L ~ p,y, where p, is the
thermal Larmor radius; (3) nonadiabatic current sheets with
¢ < B,/Byand L =~ p*(BZ/BO)4/3, which are characterized by
super-strong flow anisotropy with the particle velocities
directed practically along the magnetic field lines at the TCS
boundaries.

As can be seen from Fig. 8, the transition from the regime
of moderate anisotropy B,/By <& <1 to that with the
highest source anisotropy with ¢ < B, /By is sharp. In the
quasi-adiabatic regime, the TCS thickness behaves as
L~¢*3? [88, 89]. In the regime of super-strong flow
amsotrop} according to the estimates in Refs [89, 90],

L = b . The CS thickness in this case depends on the

normallzed value of the normal magnetic component

= B./B?, but is practically independent of ¢. On passing

to the regime of weak flow anisotropy, the TCS thickness

becomes comparable to the thermal proton gyroradius

L ~ pr, and then the dependence on the flow parameter
disappears [111].

2.4 Estimate of the effect of an electric field

on the transverse thickness of thin current sheets

We estimate the effect of a large-scale electric field on the CS
thickness. Passing from the laboratory coordinate system at
rest, in which an electric field E, exists, to a moving
de Hoffmann-Teller coordinate system where the electric
field vanishes, we easily find that for a one-dimensional
configuration with B, = const, the problem reduces to the
one solved in Section 2.3. The velocity of the de Hoffmann—
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Figure 9. Dependence of the sheet thickness L on B, /B, and ¢ = vy /vp for different values of the normalized electric field: (a) E; = cE,/(vpBy) = 0;

(b) E; = 0.25; () E; = 0.70; and (d) E; = 1.00.

Teller coordinate system in the x direction cE,/B. must
therefore be added to the particle flow velocities vp, which
are also directed along the x coordinate at the boundaries of
the CS. The plasma velocity in this coordinate system
I7d = vp + cE,/B. depends on the external electric field (we
here ignore a small correction due to the tilt of the field line
relative to the equatorial plane). Substituting the expression
for V4 obtained above in the estimate for the TCS thickness in
the quasi-adiabatic regime gives L ~ p(vr/ Vd)4/ 3,

The dependence of the current sheet thickness
L ~ &*3vp/wy on the parameters B, /By and & = vy /vp for
different values of the dimensionless electric field £} (which
corresponds to the distribution of thicknesses in Fig. 8) is
shown in Fig. 9 adapted from Ref. [89]. Figure 9a corresponds
to the zero electric field. Figures 9b—d demonstrate the change
in scales for several values of the dimensionless electric
field £. By comparing them, we can see that the addition of
the de Hoffmann-Teller translation velocity to the flow
velocity increases the plasma flow anisotropy (the velocity
along the magnetic field at the boundaries of the CS), which
makes the CS thinner. This result agrees with the generally
accepted concept of substorms, according to which the
rotation of the B. component of the IMF to the south
facilitates the induced reconnection of magnetic field lines
on the diurnal side, propagating to the nocturnal side. The

increase in the convective electric field in the dawn—dusk
direction in the magnetotail contributes to making a relatively
thick CS thinner, with the formation of a TCS. Figure 9 agrees
with such a scenario, showing several ‘snapshots’ of varying
CS thickness for the increasing electric convective field E;.

2.5 Mechanism of the formation of asymmetric equilibria
2.5.1 Asymmetry of plasma sources. Measurements by the
satellites ISEE-1, ISEE-2,! Geotail, and Cluster have shown
that TCSs in the magnetotail can have a complex multiscale
structure and exhibit nonlinear temporal dynamics [19, 63,
65, 69, 72]. Statistical analyses based on data from four
satellites of the Cluster mission after 30 crossings of a CS at
the distance of 19Rg from Earth in July—October 2001 helped
to identify three main types of CS profiles: central, bifurcated,
and asymmetric [112]. In many observations of ‘single-
peaked’ CSs, the maximum of the current density does not
coincide with the magnetic field minimum. Similar nonsym-
metric magnetic field profiles were recorded for the magneto-
sphere of Mercury when Mariner-10 passed through itin 1975
[113].

Given the observational data that point to the lack of
north—south symmetry in the magnetic field and current

U'ISEE stands for the International Sun—Earth Explorer.
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Figure 10. Schematic of the mechanism of vertical motions of a TCS
caused by natural variations of the intensity of plasma sources along the
v coordinate in the magnetotail [95].

density profiles in a TCS, we must answer questions about
factors that are responsible for the profile asymmetry. As one
mechanism, the asymmetry in the plasma density in the
northern and southern plasma sources has been proposed,
which may stem from natural fluctuations of a large-scale
magnetic field or the deviation of the dipole magnetic
moment direction from the planet rotation axis [95]. It was
shown that disagreement between magnetic field zeros and
current density maxima, which can reach one and a half
Larmor radii, is a characteristic property of asymmetric
TCSs. The deformation of such a CS occurs as a result of a
shift in the vertical pressure balance p.. + B*/(8m) = const,
when, because of the asymmetry of plasma sources, the
plasma becomes denser on the side of the source and rarefied
on the opposite side. Such a vertical deviation in the case of
natural fluctuation of sources feeding the northern and
southern tail lobes can lead to vertical (flapping) oscilla-
tions, as shown in Fig. 10.

2.5.2 Presence of a shear magnetic field component in the CS of
the magnetotail. The majority of contemporary models of the
tail CS allow the presence of a small normal component of the
magnetic field but commonly disregard the shear component
B, directed along the current lines in the sheet. However,
spacecraft-based observations indicate that a rather strong
shear component (up to 50% of the field magnitude in the
high-latitude part of the tail) might exist in the tail CS[114]. In
[115], observations of a tilted CS in the presence of a shear
magnetic field in the vicinity of the reconnection region and
the influence of this field on the Hall current system are
discussed. In this configuration, the electric current crossing
the tail in the y direction becomes longitudinal, which should
influence the dynamics of charged particles in the CS [116—
119] and the process of magnetic reconnection [120-122].
The question of the origin of the shear component in the
magnetic field within the tail is thus far open. Previous
research showed the presence of a correlation between the
By, component of the magnetic field in the tail and the
corresponding component of the interplanetary magnetic
field [123-126]. It seems plausible that the shear magnetic
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Figure 11. Spatial profiles of the shear component B, observed by Cluster
spacecraft during two subsequent crossings of the CS tailwards from the
near X-line: (a) a bell-shaped spatial profile of B, (B,) was observed at
some distance from the X-line at 03:42-03:46:40 UT (the data of
measurements on 22.09.2006); (b) an antisymmetric profile of B, (By)
was observed close to the X-line at 03:46:40-03.49:30 UT. Under the
assumption that the CS is horizontal, the magnitude of the B, component
is an indirect indicator of the separation of the satellite from the neutral
plane (B, = 0). Thus, the profiles of B, (By) can be considered spatial
distributions of the B, component across the CS [129].

field in the tail CSis due to the penetration of the IMF into the
magnetosphere. However, it is shown in Refs [115, 127, 128]
that substantial variations of B, are not always connected to
corresponding variations of the IMF and are frequently a
result of internal dynamics in CSs. For example, the case
where the y component of the magnetic field in the tail CS has
the opposite sign to the B, component of the IMF is discussed
in [128]. The reconstruction of profiles of the shear compo-
nent B, in the tail CS based on multi-point measurements
performed by the Cluster spacecraft indicates that in some
cases the spatial distribution of this component along the
normal to the CS plane is bell-shaped [128]. In other words,
the field B, is strongest in the vicinity of the neutral plane (the
plane B, = 0), decaying away from it. However, the mechan-
ism governing this amplification of the shear component near
the neutral plane was not discussed by the authors of
Ref. [128].

The spatial distribution of the B, component in the CS
tailward from the near X-line was explored in [129] based on
multi-point measurements of the Cluster spacecraft. It was
demonstrated that the spatial distribution of this component
varies as a spacecraft approaches or recedes from the X-line
(Fig. 11). Far from the X-line, the distribution of the
B, component in space has a bell-shaped profile with a
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Figure 12. (Color online.) Spatial distributions of the normalized ion density N *(B,) and the J, (B, current density component observed in intervals when
a CS with magnetic configurations (a,b) B. > 0, B, < 0or B. <0, B, > 0and (c,d) B. >0, B, > 0 or B. <0, B, < 0is crossed. The ion density N for
each CS crossing is normalized by the magnitude of the maximum ion density N* observed in this crossing. The ordinates of each pair of points connected
by lines show values of N/N* averaged for the given crossing over the northern (B, > 0) and southern (B, < 0) parts of the plasma sheet (PS). The
connecting lines show a tendency to the ion density increase in the direction of the northern or southern parts of the PS. Spatial profiles of the current

density J, (B, ) are given by separate curves for each crossing [131].

maximum of B, in the neutral plane (Fig. 11a). When a
Cluster spacecraft approaches the X-line, the spatial distribu-
tion of B, becomes antisymmetric: the B, component changes
its sign when the neutral plane is crossed and increases in
absolute value toward the CS boundaries. Such a distribution
of the shear field close to the magnetic reconnection region is
related to the formation of the Hall system of electric currents
as a result of spatial charge separation in the ion diffusive
region (see, e.g., Refs [22, 130]).

The question of the mechanism governing the formation
of a bell-shaped spatial profile of the magnetic shear
component in a CS long remained unsolved. As shown in
Ref. [129], such a magnetic configuration is stable enough and
can be observed for about 7.5 min. It is plausible to assume
that the amplification of B, at the sheet center can be related
to the presence of oppositely directed electric currents J,
flowing at the CS boundaries.

By analyzing 17 CS crossings by Cluster spacecraft, it is
shown in Ref. [131] that the system of oppositely directed
currents J, in the CS of the tail is observed simultaneously
with the bell-shaped profile for the shear component of the
magnetic field. The analysis of ion velocity distribution
functions observed in the CS in these periods indicates that
the J, currents are generated by quasi-adiabatic ions. Kinetic
analysis of trajectories of quasi-adiabatic ions interacting

with a CS characterized by a weak initial shear component
B, indicates that a north—south asymmetry in the vicinity of a
CS should accompany the process of reflection/refraction of
ion trajectories [96, 129]. As a result, a concomitant
asymmetry in the ion density can form in the northern and
southern hemispheres. In order to maintain the pressure
balance, the CS must displace as a whole; besides, an
asymmetric current density profile should form in the
direction normal to the sheet [96]. Such nonsymmetric
profiles with displaced current density maxima were
recorded by the Cluster spacecraft in the course of observa-
tions of the amplified shear component at the CS center [129,
131, 132] (Fig. 12).

To form a current loop, it is required that the oppositely
directed currents J, close somewhere. It is shown in [129] that
the amplification of the shear component of the magnetic
field at the CS center tailward from the X-line is observed
inside a plasmoid. In this case, the currents J, can close along
the closed magnetic configuration of the plasmoid or
magnetic island, thus contributing to the amplification of
the shear field B, near the neutral plane of a plasmoid CS
(Fig. 13). The question of closing the currents J, earthward
from the X-line remains open. If these currents were closed
through the ionosphere, the shear field B, in the tail CS would
be amplified on large spatial scales, up to the CS boundary
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Figure 13. The mechanism of maintenance/amplification of the shear field
at the CS plasmoid center (the region of field amplification B, > 0 is
shaded) tailward of the X-line owing to the formation of a current loop by
oppositely directed currents J, flowing in the northern and southern parts
of the PS.

that is closest to Earth. The other possibility is that the
currents J, close along a magnetic island that can form
between two X-lines if multiple X-lines form in the tail [133,
134]. Both hypotheses call for experimental verification,
which we plan to carry out in our future work.

We discuss in more detail theoretical aspects of kinetic
features of ion dynamics in a TCS with a sheared magnetic
field and the formation of self-consistent current equilibria
with a nonzero shear magnetic field component. As shown
above, the presence of the B, component in the magnetic field
can lead to deformations in a magnetospheric CS. Such
deformed TCs are studied in Ref. [135]. Amplification of the
shear component in a CS during substorms and its con-
sequences are described in detail in Ref. [127]. The observa-
tions reported there are of importance because not only the
quasi-equilibrium structure but also magnetospheric
dynamics can substantially depend on the shear magnetic
field component. Its presence can be one of the causes behind
the formation of bent or twisted CSs [115, 135]. It can also
strongly influence the dynamics of quasi-adiabatic particles in
TCSs [36, 96, 117, 118, 135] and MHD waves [136].
Theoretical studies [116, 137-139] indicated that the develop-
ment of tearing instability in the presence of a shear field
possibly leads to reconnection and reconfiguration of the
magnetotail (see, e.g., Refs [69, 140, 141]). The north-south
asymmetry in the magnetotail accompanies cases where a
shear component of the magnetic field is present [142].

The asymmetry of particle scattering in relatively ‘thick’
magnetic configurations with a nonzero B, component was
explore in Refs [143, 144] by tracing particles. Kaufmann et
al. [145] and Holland et al. [146] explored the dynamics of
particles in a TCS numerically and demonstrated that a shear
field leads to the destruction of energetic resonances (see
below) because of the change in the character of particle
scattering in a flat CS. The authors of Ref. [147] described
processes related to particle scattering in relatively thin CSs.
The study in Ref. [147] encompasses a broad range of
dynamical regimes of plasma particle motion, from quasi-
adiabatic to magnetized. Theoretical studies of the motion of
quasi-adiabatic particles in a TC with a constant shear
magnetic field component and main particle motion regimes
were described in Refs [96, 148]. Specific details of the motion
of quasi-adiabatic particles in a self-consistent model of TCSs
with a global shear field were analyzed and it was established
that the TCS structure depends on the mutual arrangement of
particle sources as well as on the relative directions of the
normal and shear magnetic fields [131]. In particular, it was
shown that the asymmetry of particle scattering due to the
shear magnetic can lead to asymmetry in profiles of the
current density, concentration, and magnetic fields, and
hence to a change in the entire TC configuration. All this
makes studying the properties of TCs with a shear magnetic

field undoubtedly important. In a ‘classical’ TCS with B, = 0,
the magnetic field lines are orthogonal to the current in the
sheet center. The presence of a shear component in the
magnetotail facilitates the generation of a current along the
magnetic field lines in the neutral plane (i.e., in the direction of
the y axis) [128, 129].

As mentioned above, the presence of a large-scale
magnetic field component B, in the tail is frequently
interpreted as the penetration of the interplanetary magnetic
field B, into Earth’s magnetosphere [149], although the
mechanism supporting this phenomenon is still not fully
understood [127]. The hypothesis that the shear magnetic
field component can be self-consistently supported by
currents in the magnetotail, i.e., be of an endogenic nature,
has beem put forward by a number of authors (see, e.g.,
Ref. [128]), whose experimental studies were discussed at the
beginning of this section; however a common opinion on the
mechanism of its emergence is still lacking. Cowley in [142]
explained the asymmetry of a reconnected flow by the
presence of an IMF with B, in the northern and southerns
lobes. Asymmetric convective cells ‘pull’ the ends of magnetic
field lines differently, which leads to their tilt and an
additional amplification of B, [150]. According to Ref. [151],
the distribution of a nonzero B, component in the magneto-
tail is maintained by currents along the magnetic field lines.
This effect was taken into account in models T96 and TO1 by
Tsyganenko (see Ref. [151] and the references therein). The
authors of Ref. [152] also formulated a hypothesis that
convection of plasma toward Earth can be the reason for the
amplified B, in the magnetospheric CS.

In their two-dimensional MHD model, Hilmer and Voigt
[144] assumed that the shear field in a quiet magnetotail is
composed of two components: a constant background and an
internal, spatially inhomogeneous one that exists only in a
plasma sheet. The inhomogeneous B, component should
influence the plasma parameter [ (the ratio of plasma
pressure to the magnetic field pressure) and the magnitude
of the B. component. Its profile typically has a maximum at
the sheet center and decays monotonically toward the
boundaries. A similar bell-shaped distribution for the shear
component was first found in a two-dimensional MHD
model of the CS [153]. It was shown that the shear
component can form at the center of the CS if the long-
itudinal plasma pressure is larger than the transverse one:
p) > p.. In the opposite case p < p., in contrast, the profile
of By has a local minimum in the neutral layer and maxima at
the periphery. Unfortunately, the MHD models are applic-
able only for the description of a ‘thick’ magnetotail in a quiet
state and cannot be used to study mechanisms of the shear
component in a TCS.

Along with studies of symmetric (with respect to the
transverse coordinate z) shear field component of a TCS,
there have been attempts to explore its asymmetric (odd)
configurations (see, e.g., Refs [154, 155]). Such configurations
are frequently observed in TCSs close to reconnection regions
when the Hall currents support quadrupole magnetic config-
urations [156]. Under such conditions, the B, component can
be rather large. Efforts invested in self-consistent quasi-
adiabatic models of TCSs [87-90] over the last two decades
have made them more elaborate and helped to generalize
them to the case of magnetic shear [96, 157]. A symmetric
configuration (with respect to the neutral plane) is considered
in [157] in the framework of the self-consistent hybrid model
of TCSs in which both symmetric and antisymmetric shear
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Figure 14. (Color online.) Streams of particles from the northern (N) and
southern (S) sources are reflected from or refracted through the neutral
sheet and pass to the other side (the respective stream directions are shown
by blue and red arrows). An asymmetric configuration of the CS is formed
because of the asymmetry of particle scattering.

field configurations are explored, although the mechanism of
their formation is not studied.

We consider the main features of the one-dimensional
model of a CS with a constant magnetic shear. All three
magnetic field components are taken into account: B =
{Bx(z),B,,B.} (Bx(z) changes sign in the plane z =0,
whereas the other components are constant). Plasma equili-
brium in the CS is maintained through the balance between
the tension of magnetic field lines and the finite inertia of
ions [89]. This model is constructed under assumptions 1-6 on
the quasi-adiabatic character of ion motion formulated in the
Appendix; its schematic is given in Fig. 14, which shows how
protons from the northern (N) and southern (S) sources enter
the CS [96]. After interaction with the CS, the streams of ions
can be reflected or pass through it (be refracted), which is
shown by arrows in Fig. 14. Asymmetry of particle scattering
in the presence of the B, component, depending on the source
the particles come from, can result in the formation of
asymmetric current and plasma density profiles in the TCS,
as well as the displacement of the TCS as a whole from the
symmetric state (for B, = 0).

The interaction of the plasma flow with a CS in the
presence of a constant B, component can be characterized
by the coefficients of reflection r and refraction n = 1 — r of
the particle stream. To estimate the coefficients, 2 x 10*
protons were released in the magnetic field of the TCS with
B, = B. = const [96]. Their energies had the Maxwellian
distribution. The transverse component B, was taken posi-
tive and constant (B, = B,y = 2 nT), in agreement with its
mean direction and magnitude in Earth’s magnetotail. The
ratio B,/B. was a parameter, and the value of the tangent
component at the sheet boundaries was selected as
B =20 nT. The dependence of the particle reflection
coefficient on the plasma source position in the northern
and southern hemispheres is shown in Fig. 15. As can be seen,
in the absence of the shear component (B, = 0), the reflection
coefficients for particles coming from the northern and
southern plasma sources are practically identical: r =~ 0.67.

If the shear component is nonzero, the reflection
coefficient r; for ions coming from the northern source is
practically independent of the ratio B,/B., whereas the
coefficient r, for particles from the southern source

BJ:/BZ

Figure 15. Coefficient of ion reflection from the CS depending on the ratio
between the shear and normal magnetic field components and the plasma
source position in the northern and southern hemispheres. Computations
were performed for B.g/Byy = 0.2.

decreases inversely proportionally to B,/B., reaching 0.3
at B,/B. ~ 1.5. Thus, the dynamics of ions coming from the
northern and southern sources are different. As the shear
component increases, ions from the northern hemisphere are
scattered quasi-adiabatically, as in the case B, = 0, whereas
particles coming from the southern hemisphere cross the CS
without being scattered or trapped, and continue to the
opposite hemisphere. This indicates that the presence of the
shear magnetic field in a CS inevitably leads to the formation
of an asymmetric structure. In [105], particle scattering
asymmetry was explored in configurations where the guiding
center approximation is applicable to the description of
plasma particle motion. Later, the perturbation of particle
motion was explained in Ref. [147] by the action of a pulsed
centrifugal force in the vicinity of the neutral plane. A
nonzero value of B, in the CS causes a turn of the pulsed
centrifugal force in the rotation plane. As a result, the
nonadiabatic behavior of particles either weakens or is
amplified, depending on the hemisphere from which the
particle came.

Thus, ions coming from opposite hemispheres behave
differently, experiencing smaller or larger jumps in magnetic
moments depending on the propagation direction. Further-
more, as follows from modeling results for a TCS with
magnetic shear, particle dynamics in such TCSs fundamen-
tally differ from those in relatively thick CSs, where they can
be described in the framework of guiding center approxima-
tion.

The model of TCSs with a shear magnetic field [96] used
the dependence of the ion reflection coefficient rj, =
r1,2(B,/B-) shown in Fig. 15. The reflection coefficient for
plasma from the northern source r; was taken to be constant,
equal to 0.7 in all computations. The coefficient r, for the
southern source was varied linearly from 0.7 for B, /B. =0
to r, =0.3 for B,/B. =1.5. Figure 16 demonstrates self-
consistent profiles of normalized quantities (see the Appen-
dix): the field component b.(z), the current j,(z), and the
plasma density for various values of b, computed in the
framework of models (9)—(14) with electrostatic effects taken
into account.

Several physical effects can be singled out. The first is the
asymmetry in plasma density profiles in the north—south
direction, which depends on the magnitude of the shear



1072

L M Zelenyi, H V Malova, E E Grigorenko, V Yu Popov

Physics— Uspekhi 59 (11)

1.0 - a 25~ b 2.5 - c
0.8 |
0.6 - 2201 20
2 04 L s g
E ool £1sf S5
£ 0 s E
s 10 = 1.0
£70.2 2 4 ¢ 6 <
0.4
—0.6 0.5 0.5
0.8
~10 0 | | | 0 | | | | | |
' 6 4 2 0 2 4.6 6 —4 2 0 2 4 .6

Figure 16. (Color online.) Profiles of (a) a dimensionless magnetic field and the densities of (b) current and (c) plasma as functions of the dimensionless
coordinate { (the variables are described in the Appendix) in a TCS for various magnitudes of the shear magnetic field B, for the parameter ¢ = 0.1 [96].
The profiles are given for b, = B, /By = 0 (red), b, = 0.1 (blue), b, = 0.2 (violet), b, = 0.3 (green), and b, = 0.4 (brown).
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Figure 17. (Color online.) Projections of trajectories of four protons in a TCS on the yz plane (a) in the absence of magnetic shear, Byy/By = 0 (x = 0.12),
and also in its presence with the relative magnitude B,/Byy = 0.2 for particles from (b) the northern and (c) southern sources. Spatial variables are
normalized by the proton gyroradius at the CS boundaries; particles have the same initial energies and the initial pitch angles are § = 0.15, 0.36, 0.65, and

1.35 rad (the respective blue, green, red, and violet lines).

magnetic field component. The difference in plasma densities
is explained by the difference in plasma reflection coefficients
for different values of b,. The current density and magnetic
field profiles in the TCS are asymmetric. Owing to the
meandering motion of ions in the neutral plane, the Speiser
ions maintain a practically symmetric bell-shaped current
density profile. At the boundaries of the CS, particles become
magnetized and experience substantial diamagnetic drift in
the negative y direction. This is accompanied by weak
negative currents observed at the boundaries of the CS, the
so-called diamagnetic wings [89]. In the Northern Hemi-
sphere ({ > 0), the plasma density is larger than in the
southern one; therefore, the net current is partly compen-
sated by considerable negative diamagnetic currents, which
creates an asymmetry in the current density. The second effect
is related to electron currents, which are linked to the
curvature current and greatly depend on the magnitude of
b, at the center of the TCS, where the curvature of magnetic
field lines is smaller in the presence of the shear component.
The electron currents practically disappear for B, /By > 0.3;
the current density profile in the TCS thickens and becomes
smoother for large values of the shear component. When
electron currents are practically equal to zero, the effects of
CS broadening and ion current dominance are observed in the
TCS [96]. The effect of CS thickening is driven by a
geometrical factor: in the presence of magnetic shear, the

neutral plane becomes ‘tilted’, while ions become unmagne-
tized earlier than they reach the neutral plane z=0. As a
consequence, the width of the current density profile in
projection on the z axis increases.

The influence of magnetic shear on quasi-adiabatic
trajectories of protons in a TCS is also illustrated in Fig. 17.
As an example, it shows trajectories of four particles launched
at different pinch angles in configurations without a shear
component, B,y = 0 (Fig. 17a), with it, B,y > 0 (Fig. 17b),
and the particle source in the northern hemisphere, and with
the source in the southern hemisphere (Fig. 17c). The relative
magnitude of the shear component in Fig. 17b is
Byy/Bxy = 0.2 (By is the tangent component of the magnetic
field at the CS boundaries). The figure shows projections of
particle motion on the yz plane in dimensionless coordinates
(see the Appendix); the initial particle positions are labeled by
black dots. The figure demonstrates essential differences in
particle dynamics. In the absence of shear, the trajectories of
particles launched from the northern and southern hemi-
spheres are practically identical (Fig. 17a). For B, # 0,
scattering of particles acquires asymmetry on their interac-
tion with the CS. The character of particle motion depends on
the source position: it remains quasi-adiabatic for the north-
ern source; in this case, jumps of the quasi-adiabatic invariant
are on average larger than in the case B,y =0, and the
particles can be reflected back to the source or pass to the
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Figure 18. Geometry of magnetic field lines in Earth’s magnetotail [157]. (a) Profiles of the antisymmetric component B, (z) (solid line) and the tangent
component B,(z) (dashed line); (b) the related shape of the field line and its projections on coordinate planes. (c) The z profiles of the symmetric shear
(solid line) and tangent (dashed line) magnetic field components, (d) the related shape of the field line. The coordinates {x, y, z} are normalized by the ion

Larmor radius at the CS boundary.

opposite hemisphere on interaction with the TCS (Fig. 17b).
In contrast, protons from the southern hemisphere have a
tendency to magnetize along the magnetic field lines (Fig. 17¢)
and move to the opposite hemisphere practically without
being scattered. The difference in proton dynamics can be the
cause of weak asymmetry in the plasma and current densities
in the TCS with a shear component. A slope of the plane of
meandering trajectories relative to the plane z = 0 (geometric
factor) can be discerned from Fig. 17b. Another effect is more
prominent: because of the difference in the scattering of
protons arriving from both sources, the concentration of
particles in the northern hemisphere exceeds that in the
southern one. The new pressure balance forces the CS to
move to the side of lower plasma density, i.e., toward the
southern hemisphere, which is seen in Fig. 16. If the shear
component is negative, B,y < 0, all the effects mentioned
above become mirror-reflected in the plane z = 0. Properties
of quasi-adiabatic particle motion in a magnetic configura-
tion with shear are explored in Ref. [148].

Below, we consider a more complex magnetic configura-
tion where the shear component is no longer constant but
depends on the coordinate z transverse to the current sheet.

2.5.3 Self-organization of the shear magnetic component in a
TCS and mechanisms for the formation of asymmetric
configurations. In a CS without magnetic field shear, all field
lines lie in planes orthogonal to the neutral plane xy. If a
constant shear component is present in the system, the planes
with field lines turn through the same angle with respect to the
neutral plane. If the shear component acquires a dependence
on the z coordinate, the geometry of the field line can take two

main configurations: the magnetic field B,(z) can be either
symmetric or antisymmetric with respect to the plane z = 0.

Figures 18a, b schematically show the characteristic profiles
of the tangent B,(z) and shear B,(z) components, and
Figs 18c, d plot the respective three-dimensional field lines and
their projections. In all cases, the magnetic field lines are
reversed in the neutral plane, but in the cases in Fig. 18a,c the
magnetic field line are twisted, and in the cases in Fig. 18b, d the
deformation of the field line is of the type of bending, i.e., the
field line lies on a smooth curved surface [157].

Together with the ‘semianalytic’ approach to the problem
described in the Appendix, to verify the results obtained for
the equilibrium structure of a TCS and various dynamical
regimes, numerical modeling of TCSs was carried out by
tracing macroparticles in magnetic and electric fields, with a
subsequent step of making the currents (j(z) and j(z)) and
magnetic fields (Byx(z) and B,(z)) self-consistent [100, 102].
The main assumptions of the numerical model correspond to
those in the Appendix. In some of the computations, the shear
component B, (z) was taken to be the sum of a self-consistent
part Bj(z) and an external constant field Bf: B,(z) =
BS(z) + BE. Above and below the region |z| < L, where L is
the CS thickness, the magnetic field was taken to be constant,

B| _,= Bi(L)e, + Ble, + Bee., o1

B| = Bi(—L)e, + Bje, + Bee. .

z< —L

The distribution function fo(z,¥,n(+), To, V'p) was taken
as a shifted Maxwellian distribution on the CS boundary and
was implemented by the generation of Ny = 3 x 2!7 model
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Figure 19. Magnetic field components in a current sheet for BF = 0: (a) antisymmetric and (b) bell-shaped components B,(z) (solid lines). The dashed
lines show the components B, (z), and light dotted lines depict profiles of BY(z) in the case where the field has no shear (B,(z) = 0). The spatial coordinate

z is normalized by Earth’s radius Rg here and in Figs 20 and 21.

macroparticles with 16 energy levels. In the course of
modeling, the concentration n(z), components of the proton
current j(z), and self-consistent components of the magnetic
field By(z) and By(z) were computed. The input parameters
were selected as follows: the temperature Ty = 4 keV, which
gives Vr=/eTy/m, ~ 619 km s~! for thermal velocity of
protons, Vp = 2V, ABy =40 nT, and B, = AB,/20 = 2nT.

Modeling results can be subdivided into three main
groups, in which the shear magnetic field component By(z)

(1) is absent;

(2) is fully self-consistent and takes two main forms,
symmetric or antisymmetric with respect to the coordinate z;

(3) has two components B,(z) = BS(z) + B}, one of
which, Bf (2), is self-consistently maintained by the current
component j.(z) (which corresponds to the symmetric or
antisymmetric mode), and the other, Bll,“: = const, is external,
caused by the global effect of the solar wind.

The case with a zero shear component B, (z) = 01is a basic
configuration in which j(z) =0, and the tangent magnetic
field component is an odd function, B,(—z) = —B,(z) [96,
100, 102].

Figure 19 demonstrates self-consistent profiles for the
two components of the magnetic field in a TCS for
antisymmetric (Fig. 19a) and bell-shaped (Fig. 19b) distribu-
tions of By(z). The basic profile B(z) is plotted with the
gray dashed line. We note that profiles of the tangent
magnetic field B,(z) have a shape characteristic for CSs:
they vanish in the neutral plane z = 0 and tend to a constant
value (saturation) with the distance from it. In the case of an
antisymmetric B, (z) (Fig. 19a), the B.(z) component satu-
rates at |z|/Rg ~ 0.2, and in the case of a ‘bell-shaped’ B, (z)
(Fig. 19b), at z/ Rg = 0.4; hence, the thickness of the CS with
the current along the y axis is twice as large as in Fig. 19a.
Interestingly, in the first case, the amplitude of the self-
consistent shear field is small (5 nT), and in the second case it
is comparable to the amplitude of the tangent field (21 nT).
A comparison of Figs 19a and b allows concluding that the
effect of the shear component B,(z) with a shape that is close
to a symmetric bell leads to the broadening of the CS and to
some weak violation of the antisymmetry in B.(z) and the

symmetry in By(z). This is related to the scattering
asymmetry for particles from the northern and southern
sources as they interact with the CS.

Figure 20 illustrates the distribution of the densities of
longitudinal and transverse currents. In the antisymmetric
case (Fig. 20a), the current is concentrated in the center of
a narrow region |z|/Rg < 0.2 and exhibits a sharp max-
imum, whereas in the symmetric case, the spatial region
occupied by the current is approximately twice as broad,
|z|/Rg < 0.4, and the amplitude is approximately one third
as high. The comparison with the profile that corresponds
to the basic configuration of the TCS (the gray dashed line),
points to a substantial broadening of the CS with a
symmetric mode. We note that the tangent fields main-
tained by longitudinal currents in the model have approxi-
mately equal amplitudes in both configurations (see Fig. 19).
Figure 20 also shows that the longitudinal currents j,(z) are
local, because the components B,(z) maintained by them
tend to zero outside the TCS. The dashed-dotted lines in
Fig. 20 plot the profile of the longitudinal current j°(z) for
the basis configuration. It can be seen that j’(z) is much
smaller in absolute value than the basic current component
j;)(z) and the self-consistent component j.(z) for two
configurations with the B,(z) component. Thus, in the
numerical model, the absence of B,(z) in the basic
configuration is fully relevant. We note that for all three
configurations displayed in Figs 19 and 20, the z component
of the current density j.(z) is only a very weak discrete
noise. Hence, with high accuracy the model can be
considered spatially one-dimensional.

We now discuss how the equilibrium configuration of a
TCS is modified by a constant external magnetic field BF,
which coexists with the self-consistent shear component
Bf(z), i.e., the full shear field is B, = Bys(z) +B‘F. As a
result of numerical computations, a family of stationary
configurations of a TCS is obtained for two different
distributions of the shear field in the presence of a constant
B} component.

Figure 21 displays profiles of self-consistent magnetic
field components for several values of Bf. It can be seen
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Figure 20. Current density components in the CS for the external shear magnetic field Bf = 0 in the cases of (a) an antisymmetric and (b) a bell-shaped
component B, (z). The dashed line corresponds to j,(z) and the solid one to j,(z). In both panels, the gray curves correspond to the case B, (z) = 0, with

J2(z) given by the dotted line and j9(2) by the dashed-dotted one.
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Figure 21. Magnetic field component in the CS for various Bf in the cases of (a) an antisymmetric B, (z), (b) a bell-shaped B, (z). For B)’,E = 0, the light
dotted line plots B, (z) and the thick dotted line plots B (z). For BF = 1nT, the light solid line plots B, (z) and the thick one B,(z). For B},‘Z = 2nT, dashed-

dotted lines are used, and for ByE = 3 nT the lines are dashed.

that with the increase in BF the current profiles for both
configurations with magnetic shear vary only slightly com-
pared with those for B‘],5 =0, i.e., the presence of external
shear neither changes the thickness of the CS nor deforms it.
This implies that the main mechanism of the TCS formation
under the action of a shear magnetic field is the action of
longitudinal currents and the related self-consistent shear
component. The external magnetic field does not deform the
CS and leaves its thickness intact.

2.6 Solutions in the parameter space

The model of TCSs was explored in the parameter range
characteristic of Earth’s magnetosphere. The range of the
initial perturbation amplitudes B, (0) = B}{* was 0-20 nT and
of the normal magnetic component B., 0-3 nT with a step of
1 nT. We note that in all numerical experiments, the initial
shear perturbation had a symmetric shape with respect to the
z coordinate and a positive amplitude B},A. Numerical
simulations revealed two main classes of self-consistent
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Figure 22. (Color online.) Types of self-consistent current sheet configura-
tions in the parameter domain {B}{\, B.}.

solutions: (1) with a symmetric profile of the shear component
B, (Fig. 19b), (2) with an asymmetric profile of B,(z)
(Fig. 19a). Additionally, several configurations were found
with a transient, asymmetric distribution of B, (the slopes of
profiles in the northern, z > 0, and southern, z < 0, hemi-
spheres being different) and the weakly split current density
profile, realized for a narrow parameter region on the
boundary between the two main configurations.

Figure 22 displays the parameter plane of solutions, in
which the symmetric configurations are located in a triangle-
shaped parameter subdomain {B}{*,BZ} with the boundary
approximately described as B, = éB}’,*, where ¢ is a positive
number. When the normal magnetic field component B, is
increased, the region where antisymmetric solutions B, (z) are

observed becomes wider, and for B. =4 nT practically all
solutions become antisymmetric, even though the initial
perturbation amplitude B2 is large and comparable in
magnitude to the tangent component B,(L). The intermedi-
ate current configurations, characterized by an asymmetric
distribution of the shear component and a split profile of the
current density j,(z), are located at the boundary between
symmetric and asymmetric current sheets with a shear
magnetic field; their appearance can hence be explained by
the influence of the antisymmetric configuration of the CS on
the symmetric configuration for large values of B..

To clarify the physics of processes maintaining such a
structure of equilibrium solutions, we consider the dynamics
of charged particles in a TCS with a shear magnetic field.
Figure 23 presents results of tracing four particles with equal
energies and different pitch angles 0; = 0.15, 0.35, 0.65, and
145 rad (j=1,2,3,4) in the magnetic field B=
(Bp tanh (z/L);B{,*/cosh2 (z/L); B.) introduced above. The
trajectories of particles are shown in the yz plane for three
values of the normalized field B}{*/BO ={0;0,4;0,8} in
Figs 23a,d; 23b,e; and 23c, f. Figures 23a—c correspond to
particles starting from the northern hemisphere, and Fig. 23d—
f correspond to particles starting from the southern hemi-
sphere. Particle trajectories in the absence of the magnetic
field shear component are presented in Fig. 23a, d: particles
are magnetized outside the CS; entering the sheet, they
become unmagnetized and drift in the positive y direction.
Analysis of a large number of trajectories confirms that the
coefficients of particle reflection on interaction with the CS
are practically equal for both sources.

In the presence of a local shear component (Fig. 23b, c, e, f),
the asymmetry in scattering for particles coming from the
northern and southern hemispheres can clearly be seen.
Similar asymmetric scattering in the interaction with a CS
can be seen in Fig. 17, where protons move in the CS with a
global shear component (B, = const). Thus, all ions coming
from the southern hemisphere (Fig. 23e, f) cross the CS and
enter the northern hemisphere. Furthermore, their averaged
trajectory nearly repeats the shape of the magnetic field line
in the yz plane because ions are magnetized in the center of
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Figure 23. Tracing four particles from the (a—c) northern and (d—e) southern sources in a field reversal region with a local shear. Spatial variables are
normalized by the ion gyroradius at the CS boundaries. The initial pitch angles of particles are 6; = 0.15, 6, = 0.35, 65 = 0.65, and 0, = 1.45. The ratio

B}{,“/Bo (By =20nT)is 0 (a,d), 0.4 (b,f), and 0.8 (c,e).
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the CS for the values of the B, component being considered.
Particle motion can be decomposed into a superposition of
two independent motions: meandering motion and Larmor
rotation (close to the center of the TCS, where the
amplitude of the shear field is large). Both motions are
directed along magnetic field lines, and become aligned in
the center of the sheet and oriented along the coordinate
y > 0. Because the magnetic field lines turn around the
TCS, magnetized ions maintain the longitudinal current
density jy(z) ~ sin (nz/L).

The study of ion scattering in a TCS with magnetic shear
leads to the following conclusion. The formation of a
symmetric shear component B,(z) is related to the fact that
the initial deformation of magnetic field lines modifies the
dynamics of particles in a CS. This modification is such that
the scattering of protons traversing the sheet substantially
depends on the location of plasma sources. On magnetized
intervals of their orbits, particles from the southern hemi-
sphere carry a longitudinal current j, along the magnetic field
lines. Its direction is negative in the southern hemisphere and
positive in the northern one, i.e., j(z) ~ sin (nz/L). But the
ions from the northern hemisphere experience strong scatter-
ing in the sheet plane. The current density maintained by them
is opposite in direction to the current density of the ‘southern’
particles, being much smaller in amplitude. As a result, the
contribution of southern particles to the current j(z)
becomes dominant and is not compensated by the contribu-
tion from the ‘northern’ ions. This leads to a self-consistent
amplification and maintenance of the shear field component
inside the CS.

Thus, the main mechanism leading to the formation of the
symmetric shear magnetic component in a TCS is the
asymmetry of ion scattering in the north-south direction as
they interact with the TCS, if there is some initial deformation
of the sheet.

3. Thin current sheets
with a longitudinal inhomogeneity
in the antisolar direction in Earth’s magnetotail

The development of CS models demonstrated that the kinetic
models are most interesting, and that the MHD approxima-
tion is not quite applicable to the description of configura-
tions with a small thickness p; ~ L. The earliest well-known
kinetic model of CSs is the self-consistent model of Harris [74]
mentioned in Section 1, dealing with a one-dimensional CS
with a zero transverse magnetic field component. In Section 2,
we considered a class of one-dimensional TCS models with a
transverse magnetic field, in which the tension of magnetic
field lines is balanced by the inertia force of ions crossing the
sheet [86—89]. It is worth noting that all these models of TCSs
ignore the inhomogeneity of the transverse magnetic compo-
nent B, along the tail, originating from the planetary dipole
magnetic field. It is known that the B. component decays on
average with the distance x from Earth as (L. /x)"* [76, 157].
The gradient of the magnetic component B, creates a large-
scale longitudinal inhomogeneity of the CS in the antisolar
direction. The longitudinal inhomogeneity was taken into
account in Ref. [96]. The model developed there is a two-
dimensional generalization of the one-dimensional kinetic
model of TCSs proposed previously [90].

In what follows, we turn to specific features of particle
dynamics in an inhomogeneous CS, because these
features determine the characteristics and fine structure

of TCSs. We consider the main assumptions under which
this model is applicable and present the main modeling
results [19, 90, 91].

The first numerical studies of the effect of a longitudinal
inhomogeneity of the magnetotail on particle motion were
carried out in the framework of a global model of the
magnetosphere in Ref. [85], where it was shown that solar
wind ions can be trapped in the vicinity of the neutral sheet
and perform large-scale oscillations around it. The convec-
tion electric field E,, crossed in the neutral layer with the
transverse magnetic field B., enforces the drift of plasma
particles toward Earth with the convective velocity
V. = cE, x B./B2. It was also shown that particle motion
preserves the quasi-adiabatic invariants of motion 7. and the
longitudinal quasi-adiabatic invariant I, = (m/2n) § v, dx
[158] (v, is the particle velocity along the magnetotail and dx
is the displacement increment along the x axis), which are
analogs of longitudinal invariants in the guiding center
theory. Thus, in a two-dimensional configuration of a CS,
along with exact integrals of motion, such as the total energy
Wo = mu¢ /2 + e (vy is the initial particle velocity, e is the
charge, and ¢ is the electrostatic potential) and the general-
ized momentum P, = muv, + (e/mc)A,(x,z), the motion of
ions can be characterized by approximate adiabatic invar-
iants I and I.. Here, A,(x,z) = — [ By(z) dz+ [ B.(x)dx is
the vector potential of the system.

The model of TCSs with a longitudinal magnetic
inhomogeneity relies on general assumptions 1-6 in the
Appendix and the following additional assumptions [159].

(1) The magnetic field in the TCS is orthogonal to the
current direction and has two self-consistent components
B,(z) and B.(x) in the GMS coordinate system, which satisfy
the condition divB = 0. The shear component is ignored in
this model, i.e., B, = 0.

(2) The magnetic field B in the CS is practically homo-
geneous in the dawn—dusk direction (y), weakly inhomoge-
neous in the Earth—Sun direction (x), and strongly inhomo-
geneous in the direction perpendicular to the sheet (z), such
that the following relations hold between the scales:
Lg ~ B/(0B/0xpg) > L., where Lg, f = x,y, are the charac-
teristic scales of the magnetic field in the magnetotail in the x
and y directions, and L, is the TCS thickness. Because the
tangent field component is zero in the neutral plane, the
inhomogeneity scale is determined by the ‘slowness’ of the
change of the normal component B.(x). All quantities in the
model depend only on the coordinates x and z (there is no
dependence on y because of translation invariance).

The distribution functions of transient fir.ns(v) and quasi-
trapped firap(Vv) plasma components are taken in the form

ni
rans(V) =
Fiuns () (mor) (1 +erfe1)

1 2
xexp{——z{(w/vg—%lz—w)> +%1;}},
v
T (22)

ni

Sirap(v) = K
tap (V) (TEUTi)3(1 +erfe1) rap
X exp [_ vh + g +2(w0/m)1x} ,
Ut

where we use a free parameter Kir, that characterizes the
density of trapped particles (their source can be independent
of transient particles). The quasi-adiabatic invariants are
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Figure 24. Profiles of (a) the currents and (b) the magnetic field along the TCS in cross sections x = —100 (gray solid line), x = —75 (dashed line), and

x = —50 (black solid line) [159].

computed as

z 2
m (! e
I = EJ {Ug_ vy - {mvy +% (Ay(x,2) = Ay(xvzl))}

20

2e 1/2
2 (oma) = omz) |,
I, = % {> vy dx
m
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e / 1/2 ,
n—1((p(x,z) —o(x ,z))} dx’.

[vy + - (A, (x,2) — Ay(~’6'7z))]2

mc

Jr

The model of self-consistent TCSs is roughly given by an
open three-dimensional box with the reversed magnetic field.
Streams of transient plasma particles enter the box along
field lines through the top and bottom faces. Interacting with
the neutral sheet, these particles maintain the current in the
system and create a self-consistent magnetic field. Quasi-
trapped particles are redistributed in the longitudinal
direction in agreement with the change in the normal
magnetic field and contribute to the local redistribution of
currents and fields in the system. Magnetized electrons
perform large-scale oscillations in the vicinity of the neutral
layer. The most important component in the motion of
electrons is their strong drift due to curvature of the
magnetic field lines, which is inversely proportional to the
curvature radius [90]. Thus, electron drift currents are
localized in the region where the curvature of field lines is
minimal, the neutral plane.

The model is based on the system of Vlasov—Maxwell
equations for the densities of currents, particles, and the
vector potential. The plasma is assumed quasineutral. The
ion part of the currents is described by the equations [159]

4 .
AA,\’ == e (in JF]yé) s

Ji = eJyz Uy Lflrans(WOaIz) +ﬁrap(W0:Ix)] d3v,

dftrans o dftrap -0

dt ’ dt ’

(24)

Here, j,; and jj. are the densities of ion and electron currents
(ne =m), ai(z), ar(z), Yo(x), and y,(x) are the given
distributions of the vector potential on the left/right and
top/bottom box boundaries, which are varied in agreement
with the specific form of the system to be explored. In the case
of a two-dimensional CS, the hybrid equations for the vector
potential take the form

?A,(x,z) A,(x,z) 4n
éxz + 8}22 +7{JwUy[flrans(W(),Iz(Z,V))

i (W0, 1) 04 f =0, (25)
where the distribution functions are given by expressions (22)
and the adiabatic invariants are computed by Eqns (23). A
detailed description of electron motion and computations of
the electrostatic potential are given in the Appendix (see also
Ref. [96]).

The Vlasov—Maxwell system of equations (24) with
boundary conditions and distribution functions (22) was
solved numerically. The self-consistent profiles of dimension-
less densities of plasma and current, and the magnetic field
were found for a two-dimensional TCS.

The profiles of the current and magnetic field in cross
sections x = —100, —75, and —50 (in units of the Larmor
radius p; at the boundary of the TCS, at x = x of the
box considered) of the magnetotail are plotted in Fig. 24.
All variables are given in dimensionless form: J, =
j;v/(enovpszﬁ), r=R/p,, n=N(x,z)/no(x,L), and B, =
B../By(xo, L). As follows from the figure, in the TCS region
thatis closer to Earth (x = —50p; ), the current density is bell-
shaped, which points to the dominance of the transient ion
current. The thickness of such a CS stays practically constant
along the x axis, equal to several Larmor radii, which
coincides with estimates made previously in Refs. [20, 157].
With the distance from Earth, a narrow electron current
embedded into a wider ion current begins to prevail in the
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Figure 25. Profile of the normalized magnetic field component B. along a
CS.

neutral plane. The corresponding magnetic field profiles
become steeper there, as can be seen by comparing the
magnetic field profiles shown for x = (=75, —100)p; (pp is
the Larmor proton radius far from the CS on the earthward
face of the model box).

The self-consistent profile of the magnetic field compo-
nent B. along the CS is depicted in Fig. 25. In the first
iteration of the solution algorithm, this profile is taken as a
linear one, increasing toward Earth. In the final solution, its
distribution is determined by electron currents, but the linear
dependence on x is preserved.

We now consider the contributions to the net current
from different particle populations. Figure 26 demonstrates
the current density distribution maintained by transient ions
in various tail cross sections. We see that the role of transient
ions amounts to maintaining a practically one-dimensional
CS that is independent of the longitudinal inhomogeneity of
the magnetic field and the jump of B, along it. However, the
density of quasi-trapped particles turns out to be sensitive to
the longitudinal inhomogeneity of the sheet: their concentra-
tion increases in the region where the transverse magnetic
field is larger (see Fig. 26) and, accordingly, the amplitudes
of their local currents are the higher, the closer they are to
Earth.

The plasma density profiles in different cross sections of
the magnetotail (Fig. 27) show that just as in the real case, the
plasma density increases in the direction toward Earth. This
happens owing to the quasi-trapped particles, whose distribu-
tion is sensitive to the distribution of the transverse magnetic

field component B.. Furthermore, the plasma density profiles
tend to a constant at the boundaries of the CS, whereas the
current density tends to zero there. Hence, we conclude that
the CS is confined inside a much wider plasma sheet, which
agrees with experimental observations of Earth’s magneto-
tail. Quasi-trapped ions contribute to an effective increase in
the CS width, which on average becomes wider as their
concentration increases [159].

As regards the electron currents, their amplitude is
inversely proportional to the curvature radius of magnetic
field lines [90], and it is therefore natural to expect that they
reach a maximum at the locations where the magnetic
component B, is minimal, i.e., at the CS boundary that is
the farthest from Earth, as illustrated in Fig. 28.

The shape of current density profiles in TCSs was
explored for different densities of quasi-trapped protons in
the magnetotail. Figure 29 plots two-dimensional current
density surfaces (in the xy plane). Figure 29a shows a
classical bell-shaped current density profile maintained by
transient protons and electrons, in which case the density of
quasi-trapped plasma is much smaller than the density of the
main current carriers. The increase in the density of this
population in the magnetotail, shown in Fig. 29b, can result in
a noticeable splitting of the current density profile in the
region of the CS nearest to Earth, whereas splitting is small in
the more distant part, and an embedded profile of the proton
current with a peak of the electron density at the center is
apparent. As a result, the structure with three current density
maxima is formed, which was described previously, e.g., in
Refs [90, 94]. Figure 29c shows an essentially split structure of
TCS:s for a high density of plasma, quasi-trapped in the CS
(for Kirap = 200, the number of quasi-trapped particles is
greater than the number of transient ones by approximately a
factor of 1.4).

To summarize, the effect of longitudinal inhomogeneity
on the CS structure helps to reveal important differences in
the dynamics of electrons and the transient and quasi-trapped
ions. The generalization of the quasi-adiabatic model to
configurations with a weak inhomogeneity along x when the
additional longitudinal quasi-adiabatic integral I, is still
preserved offers an opportunity to treat a TCS distributed
along the magnetotail. Three main effects through which the
nonadiabatic dynamics of ions and electrons influence the CS
structure were identified.
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Figure 26. Distribution of partial current densities for (a) transient and (b) quasi-trapped particles in the CS at different distances to Earth.
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Figure 28. Partial electron current densities in three CS cross sections.

Figure 29. Two-dimensional current density structure in a TCS for different concentrations of quasi-trapped plasma: (a) the coefficient Ki;ap = 1 in a
system where the density of quasi-trapped particles is small compared with the nontrapped ones; (b) Kir.p = 100, the densities are comparable; (c) the
density of quasi-trapped particles is 1.4 times larger, Kizap = 200. The black dots show Earth’s position in the selected reference frame.

(1) Transient ions together with electrons are the main
current carriers. However, in contrast to electrons, transient
ions maintain a practically one-dimensional current density
distribution in the sheet.

(2) Owing to the preservation of the longitudinal quasi-
adiabatic invariant I, of slow oscillations, quasi-trapped ions
are redistributed in the CS such that their density increases in
the direction of the increasing B, component, i.e., toward
Earth. As a consequence, in the region where their density is
higher, the redistribution of the current density of the main
carriers can occur, causing expansion of the CS.

(3) The motion of electrons depends in a sensitive way on
the inhomogeneity of the magnetic field along the CS: the
currents created by them increase in the antisolar direction, in
agreement with the decrease in the normal magnetic field and
the curvature radius of the field lines.

4. Nonadiabatic ion acceleration
in a current sheet and structure formation

In Sections 2 and 3, we mainly considered solutions of the
system of equations for plasma equilibria. The conservation
of exact invariants of motion (energy, the full velocity, the

generalized momentum along the y direction) and approx-
imate ones (I, and I,) allowed transforming the distribution
functions of transient and trapped protons into functions
depending only on the integrals of motion, which could then
be extended to the entire phase domain where the equations
are integrated. However, this approach is approximate. The
propagation of flows of charged particles in magnetic field
reversals might be accompanied by exciting phenomena
associated not with conservation but with violation of quasi-
adiabatic invariants. One such phenomenon is the nonadia-
batic acceleration of charged particles in the magnetotail.
Below, we consider mechanisms leading to it and present data
of related observations in space. Theoretical consideration of
the problem in Refs [18, 36, 37, 85,111, 159-161] made it
possible to clarify the main mechanisms generating the
streams of accelerated particles in Earth’s magnetotail and
explain the main features of this phenomenon.

Syrovatskii and his colleagues in their early work [12—15,
18] already considered the possibility of strong acceleration of
charged particles in a CS. In the presence of an electric field,
particles can acquire substantial energy in the neutral plane of
the CS, where the magnetic field is sufficiently weak and the
first adiabatic invariant is not conserved. In this case, a
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charged particle ‘loses’ magnetization and moves along the
electric field, accumulating energy owing to a mechanism
similar to the Fermi mechanism, on reflection from a
‘magnetic mirror’ moving with the convection speed
V. = E/B., where E is the electric field in the CS oriented
along the y axis (tangent to the plane of the sheet along the
direction of the current) and B, is a small component of the
magnetic field along the normal to the sheet. According to
Refs [18, 160, 162],

m > m(2E 2
AW =~ —(2V,.) = — .
Z(V) 2(8-)

z

(26)

If a particle in a CS is such that k < 1, where « is the
parameter characterizing the degree to which the particle is
nonadiabatic [see formula (16)], then its motion is nonadia-
batic and cannot be described in the guiding center approx-
imation. In this case, the particle follows a complex, mean-
dering trajectory (see Section 2.1).

As discussed in Section 2.1, two components of nonadia-
batic motion characterized by different temporal scales can be
singled out based on the kinetic analysis of the trajectories of
such particles: (1) a slow, quasi-Larmor particle rotation in a
weak magnetic field B, of the CS; (2) fast oscillations in the
plane perpendicular to the CS plane (in the direction of z
normal to the plane of the CS) (see Fig. 5).

The motion of nonadiabatic particles in the CS is chaotic
in general: plasma particles are eventually scattered and the
energy accumulated by them is transformed into heat [see
formula (20)]. This invites a question regarding the mechan-
isms leading to the generation of strongly accelerated and
collimated ion beams, which are frequently observed in
satellite-assisted experiments in the vicinity of Earth’s
magnetotail [163-165].

Although the particle dynamics in a CS are chaotic, we
have succeeded in answering the question of the generation of
‘regular’ strongly accelerated beams of charged particles by
introducing a quasi-adiabatic invariant for the fast motion
component of a nonadiabatic particle and analyzing its jumps
when the particle crosses the neutral plane of the CS (z = 0).
The quasi-adiabatic invariant for oscillatory motion of a
particle along the normal to the CS plane (z) is described by
the formula given in Section 2.1,

1
L il;pzdz.

= (27)

The quantity 7. is approximately conserved along the particle
trajectory, but experiences noncompensated jumps on the
first and last crossing of the neutral plane in general [18, 166].
In [36], general expression (27) for I, is adapted to the
magnetic configuration of the magnetotail and the net jump
AI* occurring in the quasi-adiabatic invariant on crossing the
magnetic separatrix (i.e., on the first and the last crossings of
the plane z = 0) is computed. The net jump of the invariant
AI% is given by the sum of jumps in I, on entering and leaving
the CS:

AIZ = AI™ + A",

where each of the jumps is determined by the value of the fast
motion phase 0 on crossing the separatrix. If the phase has an
arbitrary value fg at the entrance to the CS, then on leaving it
the phase is 65 + A8, where Af is the phase shift depending on
the local sheet parameters and on particle motion in the

regime of fast meandering oscillations around the layer.
Summing the values of jumps, after simple trigonometric
calculations, we find that AIZz is extremely sensitive to the
increment A0 in the fast-oscillation phase of the nonadiabatic
particle,

AIF = —% k(x)In|cos A6 + Ossin Af| . (28)

For certain values of Af in the ‘ocean of chaos’ arising
already after several crossings of the CS neutral plane by
particles, there are islands of regularity in the parameter
space, in which the motion of a nonadiabatic particle stays
practically regular. Indeed, if

A0 = Nr, (29)
where N is an integer, Al vanishes, i.e., the jump of the quasi-
adiabatic invariant is fully compensated, irrespective of the
initial particle phase 0s on entering the CS. The ‘chaos-
generating’ dependence of jumps on Og disappears under
these conditions.

Condition (29) is known as the resonance acceleration
condition, and the integer N as the resonance number. The
regions of the CS where condition (29) is satisfied are called
the regions of resonance acceleration or simply resonances.
The resonance number N, in addition to its mathematical
meaning, also has a physical meaning, being the ratio of the
period of relatively slow quasi-Larmor motion of a particle in
the CS plane to the period of fast oscillations in the plane
perpendicular to the CS.

Thus, if the local parameters of the CS in the interaction
region are such that resonance condition (29) is satisfied,
stochastic jumps of the quasi-adiabatic invariant on entering
and leaving the CS are mutually compensated, and the
motion of a nonadiabatic particle becomes regular. In this
case, almost all energy (26) gained by the particle is
transformed into the kinetic energy of its directed motion
along magnetic field lines. Such particles escape from the CS
and move along a separatrix (separating open and closed field
lines) at small pitch angles, forming narrow beamlets
propagating along the magnetic field. Depending on whether
the resonance number N is even or odd, particles can go into
the upper (northern) or lower (southern) half-planes (Fig. 30).

In Earth’s magnetotail, the magnetic separatrix divides
open magnetic field lines of high-latitude tail regions going
into the solar wind and closed (reconnected) field lines
populated by hot and practically isotropic (over pinch
angles) plasma of the plasma sheet (PS). In a finite-width
layer near the separatrix (Fig. 31a), we often observe beamlets
accelerated to energies that are several hundred or thousand
times larger than the initial energies of charged particles
entering the CS. This region is known as the boundary
plasma sheet (BPS).

Figure 31b presents an example of beamlet observation by
the Geotail satellite at a distance of about 280,000 km from
Earth. The satellite moved from the southern part of the PS to
the high-latitude part of the tail and for almost 21 min (from
approximately 13:34:30 to 13:55:20 UT) stayed in the BPS,
registering a beamlet propagating toward Earth along the
magnetic field line at the mean speed /| ~ 1000 km s~!. The
beamlet was collimated over both energy and pitch angles (see
the ion velocity distribution functions in Fig. 31b).

In contrast to ions, electrons observed in the BPS have an
isotropic distribution function, similar to that in the PS.
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Figure 30. Example of two trajectories of nonadiabatic ions on their resonance interaction with a CS in Earth’s magnetotail. The ions enter the CS from
the source in the magnetosphere mantle. (a) Ion acceleration in a resonance source with the odd number N = 7. (b) The same, but for the even number

N = 4[167).

Isotropic electron distribution functions observed in the BPS
simultaneously with accelerated collimated ion beams indi-
cate that the sources of resonance ion acceleration in the CS
are in the region where the field lines are already closed and
the magnetic field has a small but nonzero B, [161, 169]. In
other words, the resonance acceleration of ions in the CS is
not linked to the process of magnetic reconnection and can
occur far enough from the X-line. For beamlet acceleration,
only the nonadiabaticity condition (x < 1) and resonance
condition (29) must be satisfied.

The BPS is of immense significance for magnetospheric
physics because the velocity distribution functions of charged
particles observed there reflect the processes of energy
transformation occurring in the distant regions of the CS.
Additionally, the BPS region serves as a ‘transport channel’
carrying plasma energy and momentum from distant regions
of the CS toward Earth. In particular, accelerated beams of
charged particles precipitate in the high-latitude auroral
region [170-172] and can contribute to the intensification of
auroras.

Although the appearance of a resonant acceleration
region hinges on fairly ‘fine’ kinetic effects of particle
interaction with the CS, this phenomenon is sufficiently
stable in practice. Numerous satellite-based observations
indicate that the lifetime of beamlets in the tail BPS can be
several dozen minutes, i.e., their acceleration bears a quasista-
tionary character [162, 169, 173]. It is shown in [174] that the
sources of resonance ion acceleration in the CS are indeed
rather stable to magnetic field perturbations: the resonance
conditions are preserved even for high-amplitude fluctuations
with AB/B ~ 1.0.

Simulation of the nonadiabatic interaction of ions with a
CS in a broad vicinity of the far X-line is considered in [161]
based on a large-scale kinetic model. It is found that
resonance interaction condition (29) holds only in localized
regions of the CS located at various distances from Earth (x).
The energies AW of beamlets generated in resonance sources
located at various radial distances from Earth differ, accord-
ing to Eqn (26), due to the radial dependence of the magnetic
field component B.(x) in the CS. Propagating to Earth,
beamlets accelerated in different resonance sources are
displaced toward the CS neutral plane (along the z direction)
owing to the drift in crossed electric (E,) and magnetic (By)

fields. As a result, the intersection of beamlets with different
energies is possible at some point (x, z) in the BPS (Fig. 32).
This phenomenon is indeed repeatedly observed in the tail
BPS [175].

One such example is given in Fig. 32a. The energy—time
spectrogram of protons measured by CIS/CODIF (Cluster
Ton Spectrometry/COmposition and DIstribution Function
analyzer) [176] installed on the Cluster-4 satellite clearly
reveals two beamlets propagating to Earth along magnetic
field lines, with energies of approximately 5 and 30 keV,
which are observed for approximately 2.5 min. Two isolated
maxima correspond to these beamlets in the velocity space
(see one-dimensional cross sections of proton distribution
functions along the magnetic field direction). Such a ‘multi-
plet’ structure in the BPS, consisting of two or possibly several
beamlets with essentially distinct energies, can only be formed
due to the simultaneous action of several resonance accelera-
tion sources in the CS.

Thus, the region of the CS where the magnetic field
component perpendicular to the sheet (B.) is small enough
to satisfy the nonadiabaticity condition x < 1 is inhomoge-
neous if judged by the kinetic features of trajectories of
nonadiabatic ions, and consists of spatially localized regions
of strong scattering and heating of ions and regions of
resonance ion acceleration from where the collimated beam-
lets are injected into the BPS, practically without scattering. If
the region of nonadiabatic ion dynamics in the CS is
sufficiently large, several localized resonance acceleration
regions that are isolated from each other can simultaneously
function there.

For at least two isolated sources of resonance ion
acceleration to exist, the characteristic spatial scale L of the
magnetic field gradient AB.(x) in the CS where these sources
are located must exceed the maximal Larmor radius py; of
ions accelerated in the source with the normal magnetic field
component B.,

AB.\ !
B, 7 > pum -

In Earth’s magnetotail, the condition for ions to be
nonadiabatic is usually satisfied together with condition (30)
in the presence of a ‘long tail’, where the magnetic X-line is

(30)
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Figure 31. (Color online.) Schematic of ion acceleration in a resonance source R located in the tail CS far from the X-line. Cold ions entering the CS from
the mantle (indicated by blue arrows) are accelerated in the source R and injected into the BPS, forming a beamlet collimated over energies and pitch
angles (red curve), which moves toward Earth along the field lines. The magnetic separatrix is shown by the thick black line. (b—¢) An example of beamlet
observation by the Geotail satellite (12.12.1994): (b) Two-dimensional ion velocity distribution function (C is the number of readings for the single
spectrum measurement time; the horizontal dotted line indicates that the parallel beamlet velocity does not vary over the measurement time); (c) two-
dimensional electron velocity distribution functions in the plane (¥, ¥)|); and (d) their one-dimensional sections along the magnetic field (PhD stands for
phase distribution); (e) energy—time ion spectrogram [169] with the beamlet observation period indicated by vertical dashed lines.

formed in its far domain (at radial distances greater than
600,000 km from Earth) [169, 177] (Fig. 33a). Such a magnetic
configuration is commonly encountered during quiet or
weakly perturbed geomagnetic periods.

With the decrease in L, neighboring resonance sources of
beamlet acceleration come closer to each other, and if
condition (30) is violated, the neighboring resonance accel-
eration sources coalesce (Fig. 33b). If L is reduced even
further, all resonances coalesce and form one common
source of ion acceleration in which a beam that is broad
over parallel velocities is formed because of the strong
gradient of B.(x). The presence of a strong gradient in B.(x)

is characteristic of a CS in the vicinity of a near X-line
(Fig. 33c), which is typically formed during perturbed
geomagnetic conditions [178, 179].

Thus, the change in the large-scale configuration of the
magnetotail (the transition from a configuration with a far
X-line to the magnetic topology with a near X-line) is
reflected in the kinetic features of the dynamics of ions and
their acceleration in the CS: the resonance regime of
acceleration in multiple localized sources of the CS is
transformed into the well-known regime of acceleration of
an energetic ion beam, which is broad over parallel velocities,
in the vicinity of magnetic reconnection.
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Figure 32. (Color online.) Observational example showing the intersection

Resonances

of two beamlets in the tail BPS by Cluster satellites (01.09.2003). (a) 2D proton

velocity distribution functions in the plane (¥, ¥}); (b) their 1D along-field cross sections measured by the CIS/CODIF instrument [176] of Cluster-4 at
the time moments indicated by the red arrows (C is the number of readings for the duration of a single energy spectrum measurement); (c) energy—time
spectrogram of protons [175]; (d) schematic of the intersection in the tail BPS of two beamlets accelerated in two isolated resonance sources R1 and R2

located in the far tail CS region with closed field lines.

5. Conclusion

We have discussed the main recent advances in the theory and
observational studies of relatively thin current sheets in a
magnetospheric plasma [19, 20-22, 43, 65, 69, 104, 112]. In
reality, TCSs represent universal structures with different
localizations sharing a number of properties, such as a
multi-scale, multi-component, and metastable character
independent of their localization, which can be the solar
corona, magnetotails of planets in the Solar System, or
astrophysical plasmas [6-10, 19, 32-35]. TCSs are invariably
formed on the boundaries between plasmas and magnetic
fields with different properties, being responsible for dynami-
cal diversity and variability of magnetoplasma structures in
space driven by instabilities evolving in them and magnetic
reconnection, accompanied, in turn, by plasma turbulence,
transport, and the heating of plasma particles.

We note that studies of TCSs in cosmic plasmas in many
respects rely on the first studies by Syrovatskii on MHD

modeling of the reconnecting current sheet in the solar corona
[12-16]. These studies were foundational for clarifying the
nature of flare activity on the Sun and offered an explanation
of the observed behavior. Ginzburg, although not directly
dealing with the problem of solar flares, was fully aware of its
importance and fostered research on magnetic reconnections
[11]1in a CS in the theoretical department of FIAN, which he
headed for almost two decades.

Knowledge on the nature of boundary current structures
has deepened profoundly over recent decades. Multi-satellite
missions such as Cluster helped to explore the fine structure of
TCSs in Earth’s magnetotail [20-22]. In parallel with
observational studies, the theory of TCSs was further
advanced in the 2000s [19, 80-84, 88-98]. A new hybrid
model of thin current equilibria was proposed, contributing
to detailed studies of the fine structure of TCSs, particle
dynamics in them, and estimates of instability regions in the
parameter space. A solution was proposed to the CS absolute
stability paradox, which contradicted the available views on
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Figure 33. (Color online.) Schematics of the mechanism leading to
coalescence of resonance acceleration sources in a magnetotail CS.
(a) The tail magnetic configuration with the reconnection region
(possibly stochastic) located in the far CS. In an extended domain L with
a weak magnetic field gradient BZ(ABZ/L)’l > py located on the Earth
side of the reconnection region, several isolated resonance acceleration
sources function simultaneously. (b) The approach of the magnetic X-line
to Earth and increase in the field gradient B.(AB./ L)’] ~ pyp trigger the
coalescence of neighboring resonance acceleration sources (shown by red
rectangles). (c) The tail magnetic configuration with a near X-line is
associated with a strong field gradient B.(AB./L)™" < py. All beamlet
resonance acceleration sources merge into a single one close to the X-line,
accelerating a powerful ion beam with a distribution function that is broad
over parallel velocities.

the development of explosive instability as a trigger of global
perturbations in Earth’s magnetosphere, magnetic sub-
storms. With the help of the hybrid model, an explanation
was found for the metastable behavior of TCSs, when the
instability and reconnection processes occur spontaneously in
a relatively stable quasi-equilibrium background [30]. The
development of the theory of TCSs helped to relate the main
characteristics of the internal TCS structure to the laws of
particle dynamics in this structure and kinetic plasma proper-
ties. In this review, we tried to present this aspect of TCS
structure research, and in particular to show that the
mechanisms of intriguing phenomena such as accelerated
beamlets, complex nonmonotonic profiles of the current
density and magnetic field in TCSs, and self-organization of
the magnetic shear component in them are consequence of the
CS kinetic features related to the complex nonlinear dynamics
of charged particles.
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I V Mingalev for the fruitful discussions and shared figures.
The work by HV M was supported by the RFBR grants 14-
02-01269 and 14-02-00769, and also by the P-9 program of the
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Presidium of RAS (I.P7); the work by V Yu P was supported
by the RFBR grants 16-02-00479 and 14-05-91000 ANF-a;
and the work by L M Z was supported by the RFBR grant 16-
52-16009 NTsNIL _a.

6. Appendix. Details of the model
of one-dimensional current sheets
and systems of equations of current equilibria

We consider equations of a simple one-dimensional model
of TCSs, which deals with three components of the
magnetic field B = {B,(z), B,, B.} depending only on the
transverse z coordinate. The tangent component of the
magnetic field B,(z) changes sign in the equatorial plane
z = 0. The spatial scale of inhomogeneities in the shear B,
and normal B. components of the magnetic field can
frequently be global in the magnetotail. Plasma equilibrium
in the TCS can be maintained through the balance between
the tension of magnetic field lines and finite inertia of ions
[88-90]. The following general assumptions, relying on
observational data for the magnetotail, are taken in
constructing the model.

(1) The current layer is maintained by mutually permeat-
ing plasma flows coming from the northern and southern
plasma sources (magnetospheric mantle). A schematic of the
CS and directions of flows of plasma particles injected into it
are depicted in Fig. 34.

(2) The magnitude of the tangent magnetic field B, on the
CS boundaries varies sufficiently slowly along the magneto-
tail; it can therefore be taken as constant at the sheet
boundary in the model, B,(L) = const. The normal mag-
netic field component in the tail is assumed to be uniform in
space and small compared to the tangent component:
B./B(L) =~ 0.1. In the configuration with an external shear
magnetic field, its magnitude B)F is assumed to be smaller than
B, (L) at the outer sheet boundaries; as a result, the magnetic
field in the neutral plane is insufficiently strong to fully
magnetize the ions.

(3) The TCS is considered in the de Hoffmann-Teller
coordinate system [89] moving uniformly toward Earth at
the speed V4 = cE,/B., in which the electric field in the
magnetotail E, (in the dawn-dusk direction) is equal to
Zero.

(4) The proton population consists of two main types of
particles: Speiser particles, i.e., protons in open orbits, and
quasi-trapped ions moving along quasi-closed orbits (fully

Injected ions

N

Figure 34. Schematic of the TCS model. Mutually penetrative plasma
streams come to the CS neutral plane from plasma sources at infinity.
Shown are the magnetic field lines, the decomposition of the magnetic field
vector into tangent and normal components, and the trajectories of two
protons coming from the northern and southern sources.
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trapped particles are not taken into account); motion of
both types of particles approximately preserves the quasi-
adiabatic integrals of motion I, = (211)71 $ p-dz [36, 167,
181]. Quasi-trapped ions cannot carry the current entirely
across the sheet, but can redistribute it locally such that the
CS broadens, and the plasma profile evolves two crests,
with a local current minimum in the neutral plane. The
Speiser ions are considered to be the main carriers of the
proton current.

(5) The TCS is ‘thick’ compared to the electron
gyroradius, and hence the guiding center approximation
can be used to describe the electron dynamics. It is assumed
that electrons propagate along magnetic field lines suffi-
ciently fast to ensure quasineutrality, such that their
distribution can be taken as the Boltzmann one [90]. Drift
motion of electrons is the fastest in the neutral plane
because of the curvature drift (in the region with the
minimal curvature of magnetic field lines).

(6) The system obeys the quasineutrality condition
n; =~ n., which allows taking -electrostatic effects into
account. The large-scale electric field E) is eliminated from
consideration by using the de Hoffmann-Teller coordinate
system moving toward Earth at the speed vgyt = cE,/B.. The
component of the ambipolar electrostatic field E.(z), appear-
ing because of the difference in dynamics of electrons and ions
[90], is taken into account.

One of the most important questions for the solution of
the Vlasov—Maxwell system of equations is the distribution
function for the transient plasma particles. We let f; and f>
denote the distribution functions of particles coming from the
northern and southern hemispheres and r; and r, the particle
reflection coefficients. Then the distribution of Speiser ions in
the hemispheres becomes

fla UH<0>

ﬁ>°:{r]/a+(1—r2)fz, o >0, G
B i+ -rn)fi, v <0,
Jfrc0 = {f27 vy > 0. (32)

The ion distribution functions at the CS boundaries are taken
as shifted Maxwellian distributions,

fian) = T
: 3
(\/E’UT]’Z) (1 —l—erf&fé)
+ * o}
X exp _l vD;’z) Ul dv. (33)

UT1,2

We here set & » = vp1.2/vr1,2, Where vry > and vp; 2 are the
respective thermal and flow plasma velocities in the north-
ern and southern hemispheres; the plus and minus signs
correspond to flows along negative (v < 0) and positive
(v > 0) directions along the x coordinate. For simplicity, it
can be assumed that the plasma sources are identical, i.e.,
npp = No2 = Np, Upl = Up2 = VUp, UT] = U2 =UT, €12 =68,
and the coefficients 1 and r, are different. The refraction
coefficients are 1 — r; and 1 — r,. The coefficients r; and r;
are external to the model: their magnitudes can be taken
from the results of tracing a proton beam in a model with
field reversal by determining the population-mean coeffi-
cient of reflection from the CS [96]. The construction of the
system of equations for thin current equilibrium is described
in detail in Ref. [90]. Here, we present the main hybrid

system of stationary Vlasov—Maxwell equations (with
electrons and ions respectively considered within the semi-
hydrodynamic and kinetic approaches) in the form

dfl,Z("? Z)
dz

df = 4Tn “ vy (fr0(¥,2) + foco (¥, 2)

=0,

+ firap (v, Z)) d*v Jrje(z)] , (34)

where By is the magnetic field outside the CS, ¢ is the
electrostatic potential, and J. is the electron current density.
The distribution function of quasi-trapped plasma firap (¥, z)
can be taken independent of the source position, in the form
of the thermal Maxwellian distribution

n V3 +v2
VERE 0 exp (— D 5 0). (35)
(TE / UT) [1 + erf(vD/vT)] Ut

firap -

This function must match the distribution functions of
Speiser ions (33) for the quasi-adiabatic invariant value
I. = mvd /o, that separates the transient (1, < mvd/wg) and
quasi-trapped (1. > mvg /wy) particles in the phase space of
invariants I, [97, 167]. The effect of the quasi-trapped plasma
was studied in [92, 93] by introducing a weight coefficient
before the function fi,p, in Eqn (34). The third and fourth
equations in (34) are boundary conditions for the magnetic
and electrostatic potentials.

With the integrals of motion taken into account, the
quasi-adiabatic invariant I, takes the form

m m 2e
L=—¢uvd=— 2 2 w2 2 ds
g 2ni[)v_dz 2th£\/v m(p vy — Uy dz

Outside the TCS, it can be written as

- @Jﬂ [v2+ 2 (0(z)— (=) — (v - mic By(z — z/))2

n J., m

o [ 2172
- (vy +m—CJ ,B,\»(Z”)dz”> } dz.

The integration limits over z in Eqn (36) are the vanishing
points of the integrand:

(36)

e (™! " " 2 | 2e
- B(z")dz" =v, £ v —I—E((p(z) —¢(z0,1))

. 24 12
_ |:UX+% By(Z_ZO,l):| } .

An additional condition must also be imposed: if a solution
zp < 0 is obtained, it must be replaced with zero (zp = 0) in
Eqn (34).

Using the relation between the magnetic moment of the
particle 4 = mv? /(2B,) and the adiabatic invariant I, outside
the TCS, u = (e/2mc)I,, the source distribution function can
be written in terms of the invariants of motion {v,l.}
(vo = /2Wy/m, where Wj is the total energy of particles)
and extrapolated over the entire space with the help of the

(37)
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Liouville theorem [89]:
no

fi2(V) = (TCUT)3(1 +erfe!)

1 / 2 2
xexp{vz[< vozf%lzfn—j(p:l:v])> +6;:]:}}.
T

(38)

A similar approach is used to transform the distribution
function of quasi-trapped plasma (35). The second equation
in (34) can be transformed into the form

o a3, 3.2)

+ f2c0 (Wo(v), L(v, z)) —I—ftrap} v —|—je(z)} .

(39)

Electrons in the TCS, in contrast to ions, are fully magnetized
and can therefore contribute to the current across the tail
through their drift.

We now outline the basic derivation of the corresponding
equations of the semi-hydrodynamic approximation. In the
general form, the equation of motion of an electron in the
hydrodynamic approximation with the mirror force taken
into account is

du, 1 div P,
me E: 7@<E+E[ue X B]> 7T7

where m, and e are the mass and charge of the electron, u, and
ne are the electron hydrodynamic velocity and concentration,
B = |B|, uis the mean magnetic moment of electrons, and P,
is the electron pressure tensor. We consider electrons to be a
fluid with the gyrotropic pressure tensor

lA)e = PeLi + (PeH

1B, (40)

—pel)b®b, (41)

where I is the unit tensor and b ® b is the diadic tensor formed

by a unit vector along the magnetic field b = B/B[102]. Then
divPe = Vi per + (pej — per)(b, V) b

+ (pe| — per) bdivb + (b, Vp) b

and from the equation of motion, using the equality

divb = —(b,VB)/B, we arrive at the equation of motion
along the magnetic field lines

(42)

du Vip 1
e d;H —eE) — H o (Peu —per)V(InB) — uV B,
(43)
where E| = —V|®(z) and &(z) is the electrostatic potential.

According to the drift theory in the case under consideration,
the current density of magnetized electrons in the direction
orthogonal to the magnetic field is written in the zeroth
approximation as

Exb

c
—enec——l——[bXVLpeJ

(b,V)b].

jeL =

+= (Pen (44)

Del) [

Assuming the equilibration process to be isothermal, we use
the equation of state
(45)

Pe| =neTe),  per =neTer .

Neglecting electron inertia, Eqns (42) and (43) can be written
as

TeHVH (ln ne) = EVH@ + (TeH — Tel) VH (ln B) — ,uVHB (46)

Integrating Eqn (46) from z to +oo with the quasineutrality
condition

(47)

the condition at infinity in Eqn (8), and the assumption
1 = const leads to the equality

P(2)) + (Te) —

— u(Bo — B(2)),

Toln —— = e(® — T..)In

n B
ne(2) B(z)
(48)

which can be rewritten in a form analogous to the Boltzmann
distribution for isothermal electrons:

ne(2) _ <@) 1-Tey /Ty oxp [e(@(z)— @) —

Ty By

#(B(z) - Bo)

T

(49)

Thus, in the model, electrons are assumed to be a fluid in
the direction parallel to the magnetic field, but are treated in
the guiding center approximation in the perpendicular
direction. We refer to such an approach as ‘semihydrody-
namic’. Under the assumptions made, the electrons satisfy the
Boltzmann approximation. To account for them, three
additional input parameters must be introduced: 7.y, Ty,
and p.

We note that the distribution functions in the right-hand
side of Eqn (39) depend only on the particle integrals of
motion, and the electron current is obtained in the Boltzmann
approximation [90] (34)—(49) with regard for the anisotropy
of the electron pressure. Recalling that B = —rot A, where A
is the vector potential, Eqn (39) can be rewritten as the Grad-
Shafranov equation —rot A = (4n/c)j(A), a peculiar feature
of which is the presence of nonlocal (integral) constraints
related to the quasi-adiabatic invariants of motion.

Introducing the dimensionless variables (x,y,z) =
(x*,p*,z%)wo/e*>vp, where x*, y*, and z* are dimensional
coordinates (in this review, the dimensionless coordinate z is
sometimes denoted as (), by, - = By, -/By, and n=1ii/ny
(where wo = eBO / (mc? is the proton gyrofrequency,
By = (B, + B, + B%) /2 is the full magnetic field at the
TCS boundary, Jy is the current density through the sheet,
¢ = vr/up, and vr and vp are the thermal and drift velocities
of plasma at the TCS boundaries), we see that system of
equations (34)—(49) depends on several free parameters [90],
in particular, on the flow asymmetry ¢ and the normal
magnetic field component b,. Some parameters can be
determined from the boundary conditions, which for the
TCS can be conveniently specified far from the neutral
plane. It has been shown that the boundary conditions for
system of equations (34) for a TCS imply the marginal
firehose condition [88, 89, 101, 182]

Bj

4r’ (50)

Plo —Pro =

where pjo and pyo are the parallel and perpendicular
components of the plasma pressure tensor outside the TCS.
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Figure 35. Test of the marginal firehose condition for a TCS [88]: the solid
line plots the analytical dependence of the ratio of the Alfvén velocity to
drift velocity va/up on the parameter ¢ =vr/vp, and the triangles
correspond to numerical computations.

As shown in Refs [88, 101, 182], this condition is a direct
consequence of the balance of forces acting along the
magnetotail symmetry axis x. Furthermore, it is shown in
Ref. [101] that for the Maxwellian distribution of form (33),
condition (50) reduces to

VA &
AN
Up \/ —i_lJrerfs*1

where vy = By/+v/4nnom is the Alfvén velocity (or the speed of
magnetoacoustic waves). Accordingly, the fulfillment of
relations (50) and (51) can serve as a test for the correctness
of a self-consistent numerical solution. In Fig. 35, we compare
results of a numerical solution of Eqns (34)—(44) and the
values of expression (51) and present a test of marginal
firehose condition (50). As follows from the figure, theore-
tical and numerical results agree well with each other: the
condition of marginal firehose stability in a one-dimensional
equilibrium TCS, needed for equilibrium, is observed with
high accuracy, which was confirmed later in Refs [88, 157].

expe 2
12

(51)
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