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Abstract. We discuss the history of the study of thin (proton-
thickness) current sheets in space plasma, which in the magne-
tohydrodynamic (MHD) framework were regarded as singular
structures, i.e., infinitely thin MHD discontinuities. We discuss
the special role of the work of S.I. Syrovatskii and his group in
developing the theory and experimental studies of nonstation-
ary thin current sheets in application to solar flares. Multi-
satellite scientific missions (Interball, Cluster, and MMS)
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have allowed looking inside the ‘singularities’ and evaluating
the most complex processes of energy accumulation, transfor-
mation, and release within them. The accumulation of observa-
tional data from multisatellite space missions and the
development of theoretical models of thin sheets allows their
complex internal structure to be studied, including a hierarchi-
cal embedding of thinner current sheets inside thicker ones.
Even in a not very thin sheet, the plasma dynamics can no
longer be described within the MHD approximation and re-
quires the motion of electrons and ions to be described sepa-
rately, at least. Describing ions is especially challenging
because of their large Larmor radius (possibly exceeding the
sheet thickness). The so-called quasiadiabatic theory of the
motion of charged particles in the presence of sharp magnetic
gradients plays a major role here. We reveal the key role of thin
embedded structures as triggers of explosive magnetic recon-
nection and conversion of the free energy of magnetic fields into
the energy of waves and flows of accelerated particles. The
relevant issue of observing and interpreting the properties of
superthin (electron-scale) current sheets is covered in detail.
Such sheets can be both part of multilevel embedded structures
and multiple independent nonstationary formations related to
the magnetic energy dissipation processes in hot collisionless
* The review is based on a talk given at the Scientific Session of the Physical

Sciences Division of the Russian Academy of Sciences on 5 March 2025
(see Phys. Usp. 68 (8) 745 (2025); Usp. Fiz. Nauk 195 (8) 793 (2005)).
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magnetospheric plasmas. The rapid evolution and decay of
these sheets lead to the acceleration of electrons and the forma-
tion of new sheets, which also decay and give rise to new thin
current structures; therefore, reconnection does occur on the
electron scale, albeit in a nontrivial cascade mode. Several
decades have passed since Syrovatskii constructed the MHD
model of a dynamical current sheet, and the experience of
improving both experimental techniques and theoretical tools
that have allowed looking inside these amazing structures is
instructive.

Keywords: collisionless cosmic plasma, thin current sheets, metasta-
bility, magnetic reconnection, superthin electron sheets, electron
tearing mode, cascade reconnection

1. Introduction

1.1 Current sheets in space: stationary or dynamical?
Dilemma: neutral sheet or Petschek current

Since the 1960s, much attention of the scientific community of
space physicists has been focused on the heated debate
between proponents of stationary reconnection models [1-4]
and dynamical current sheets (CSs) [5-7]. During that time,
ground-based and satellite observations have revealed the
critical role of CSs in converting the magnetic energy stored in
them into the thermal and kinetic energy of plasma. The
processes of solar flares as well as various processes occurring
during geomagnetic disturbances had to be explained (here
and hereafter, we discuss the most studied and uniquely
interpretable manifestations of geomagnetic substorms, such
as auroras and precipitation of energetic particle flows in the
tail and the auroral region). The celebrated American scientist
Charles Kennell wrote an article [8] about the interpretation
of the obtained data from the standpoint of the resistivity of
collisionless plasma in space, called “What we have learned
from the magnetosphere.” There, he identified three new
physical phenomena that many space physicists had been
unaware of: collisionless shock waves, the interaction of
waves with particles, and reconnection. The specificity of
these problems in Kennell’s formulation was determined by
the fact that space plasma is, in principle, practically
collisionless and has no resistive dissipation, and therefore
the problem had to be solved in some very complicated way in
the absence of resistivity. In his studies [9, 10] and oral
statements, the classic MHD scientist Hannes Alfvén
expressed a negative attitude toward this problem, asserting
that no magnetic reconnection can occur and magnetic field

lines are also questionable; he ultimately rejected the for-
mulation of the problem of reconnection as incorrect.

At the same time, another group of scientists can be
singled out who adhered to the opposite standpoint and
expressed ideas about the possibility of reconnection of
magnetic field lines (see, e.g., [11]). By the 1960s, break-
through ideas [12, 13] were formulated to explain the
mechanism of instability of Earth’s magnetospheric tail and
the mechanism of excitation of magnetic storms and sub-
storms. It was precisely in the 1960s—1970s that the Soviet
scientist Sergei Ivanovich Syrovatskii also studied this topic
and produced a number of remarkable studies on the
dynamics of CSs [5-7, 14, 15]. The ideas that Syrovatskii
consistently developed amount to the formation of a nonsta-
tionary CS, which was necessary to explain solar flare
activity, the ejection of accelerated plasma, and the restruc-
turing of magnetic fields after flares in the photosphere and
corona.

In a parallel development, many scientists in the West also
began to take an active interest in reconnection processes. The
principal question was how to quickly ‘disrupt’ and reconnect
magnetic fields in a collisionless plasma by changing their
topology. It is known that disrupting magnetic field lines
requires a dissipative violation or a violation of the freezing-in
condition, which means that the plasma must be conductive
in the region of the magnetic field disruption. Different
models with various magnetic configurations were pro-
posed, and scientists took various physical factors into
account that could enhance the reconnection rate.

The simplest model of the stationary (forced) process of
reconnection (annihilation) of magnetic fields in space plasma
was proposed by Parker and Sweet [1-3]: plasma with a
frozen-in magnetic field By under the action of an electric
field E transferred field lines with a velocity u ~ E x By to a
special point X on both sides of which the magnetic fields By
were pointing in opposite directions. The basic scheme of the
Parker—Sweet model is shown in Fig. la. In a small
neighborhood of the diffusion region (we call it the X-line),
the freezing-in condition is violated, and the field lines break
and reconnect, which is accompanied by a change in their
topology. The energy stored in the magnetic field dissipates
on the scale / = L/+/Rey, where L is the sheet thickness and
Re;, is the magnetic Reynolds number. The reconnection rate
estimates in this model were small and did not agree with the
observed high rates of spontaneous reconnection in chromo-
spheric flares and powerful energy ejections.

Somewhat later, Petschek [4] proposed a more complex
stationary model of forced reconnection, in which two pairs

Figure 1. (a) Parker—Sweet and (b) Petschek models, represented in GSM coordinate system of magnetotail. X-axis is directed from Earth to Sun. Solid
black lines show magnetic field lines entering reconnection region with velocity u (blue arrows) and leaving it after reconnection with Alfvén velocity (red
arrows). Figure b shows direction of electric field £, in reconnection zone and zone thickness L.




August 2025

Thin and superthin current sheets: journey into the depths of Syrovatskii’s singularity 761

of stationary shock waves depart from the diffusion region
around the X-line, as shown in Fig. 1b. Both models in Fig. 1
are shown in the standard geocentric solar-magnetospheric
coordinate system (GSM), which is standardly used to
describe the geomagnetic field. In it, the X-axis is directed
from Earth to the Sun, the Y-axis from east to west, and
the Z-axis along the geomagnetic dipole. A more detailed
description of the coordinate system and its orientation
relative to Earth’s magnetosphere is given below. In Fig. 1,
differently directed magnetic fields with plasma drift toward
the X-line from above and from below. In the diffusion
region, the field unfreezes, which is followed by reconnec-
tion of the magnetic field lines. The annihilation of the
magnetic field is accompanied by energy dissipation into
kinetic and thermal energy of the plasma. Standing shock
waves ensure effective rotation, acceleration, and removal
of the plasma on both sides of the X-line with a much
higher velocity than in the Parker—Sweet model [1-3]. In
the Petschek model, the reconnection rate M can be
estimated as M = u/va, where u is the velocity of plasma
inflow into the discontinuity region and wva is the Alfvén
velocity. The Petschek model with a higher reconnection
rate turned out to be very attractive for explaining various
processes in cosmic plasma, specifically, the release of large
amounts of energy over short time intervals in cosmic
flares. However, it was found later that the reconnection
rates in the Petschek model are still insufficient to explain
the observed flares and other processes. This was especially
noticeable in numerical modeling of reconnection pro-
cesses in collisionless plasma, which has low resistivity.
To provide the required reconnection rate, anomalous
resistance, turbulence, and various kinetic effects had to
be taken into account [16, 17].

But it turned out that, in Petschek’s model of magnetic
reconnection, in a dissipative region of small size, the
reconnection rate was still not high enough to provide the
high rate observed in experiment. Petschek’s model began to
be modified in various ways, taking resistive mechanisms into
account to increase the rate [16-20]. Gradually, it became
clear that stationary models cannot in principle describe the
explosive processes of spontaneous magnetic reconnection
occurring in space plasma accompanied by pulsed energy
release processes. The processes occurring in space are
fundamentally nonstationary: following the formation and
evolution of a CS, a disruption phase inevitably occurs,
accompanied by magnetic reconnection, which can proceed
sufficiently close to Petschek’s description only in some very
idealized cases.

An alternative to Petschek’s standpoint on reconnection
processes was provided by Syrovatskii’s model [5-7, 14, 15]. It
was due to Syrovatskii’s school that the idea was introduced
into scientific circulation that the evolution of plasma flows in
highly conductive plasma within MHD must necessarily lead
to the formation of CSs in the form of nonstationary singular
current structures [19-21]. Syrovatskii was the first to
understand and describe the role of CSs in accumulating
magnetic energy. To explain the evolution of magnetic
loops in the solar corona, flare processes, and energy
release, he constructed a fairly simple analytic model in
the approximation of a strong magnetic field, where center
stage was taken by a variable-length CS in the form of a
flat discontinuity surface separating magnetic fields of
opposite directions. Using this simple model, the magnetic
energy stored by the sheet was calculated using the

(*)

Figure 2. Dungey model of magnetosphere evolution [12] during geomag-
netic disturbance. (a) Wide hollow arrows show motion of magnetic field
lines: reconnection on day side, their transfer to night side, and thinning of
CS tail with formation of X-line (CS is highlighted by green rectangle;
center of X-line is marked by red dot in Fig. b). Schematically shown are
(b) structure of X-line formed by magnetic field lines (B) at initial instant
(*) and (c) development of Syrovatskii’s CS (shown in red) at subsequent
instants of time (**). Figure also shows GSM coordinate system men-
tioned in text.

straightforward formula [20]
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where B is the magnetic field strength on both sides of the
sheet, hg is the gradient of the external magnetic field near the
zero line, r is the coordinate along the sheet, b is the half-width
of the current sheet, Jis the surface current in the sheet, /is the
characteristic size of the contour that closes the current in the
sheet, and ¢ is the speed of light. When the system
accumulates energy, the CS becomes thinner, and therefore
the current increases, causing the sheet to expand in the plane
of the current and the energy in it to grow.

Figure 2 schematically shows characteristic configura-
tions of the Syrovatskii model at two points in time: (*) at
the beginning of the emergence of an X-point, and (**) during
the development of the CS and its evolution.

In the Syrovatskii model, the reconnection process occurs
in a neutral CS and has a dynamical nonstationary nature. At
the initial time instant (*), shown in Fig. 2, a magnetic field
configuration with an X-point forms, similar to the one in the
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Petschek model. The plasma drift flow arising under the
action of the electric and magnetic fields is directed toward
the neutral line and has a cumulative nature, i.e., accumulates
in the vicinity of the line. The magnetic field flux frozen
into the plasma in the vicinity of the X-point does not have
enough time to unfreeze and reconnect and becomes denser,
and therefore magnetic energy accumulation begins in this
region, in accordance with (1) in [20]. As a consequence, the
CS narrows in the Z direction and lengthens along the
X coordinate (Fig. 2, instant (**)). According to Syrovat-
skii’s model, the CS elongation in the X direction occurs until
the sheet ruptures under the influence of the so-called tearing
instability, when the excess magnetic energy stored in the
sheet is transformed into the energy of acceleration and
heating of plasma particles. The powerful induction electric
fields that arise when the sheet ruptures have a pulsed nature.
Under their action, plasma particles can be rapidly acceler-
ated to high energies in a short time. As it turned out, just
Syrovatskii’s nonstationary model, despite its rather signifi-
cant simplifying assumptions, agrees well with the data from
observations of flares in the solar corona and direct measure-
ments by spacecraft of magnetic disturbances in the tail of
Earth’s magnetosphere [20, 22-25].

We note that the validity of this model was brilliantly
confirmed in laboratory experiments and studies begun in the
1970s by Syrovatskii at the Lebedev Physical Institute of the
Russian Academy of Sciences and continuing to this day in
the laboratory of the Prokhorov General Physics Institute of
the Russian Academy of Sciences (formerly a division of the
Lebedev Physical Institute) under the supervision of Anna
Frank [25]. A cumulative plasma flow leading to a configura-
tion with a neutral CS was reproduced in laboratory
conditions, and the mechanisms of instability development
and destruction of the CS, accompanied by strong pulsed
electric fields and acceleration of charged particles, were
studied in depth. To adapt the model to galactic and stellar
systems, modifications were proposed in which the reconnec-
tion rate was even faster than in the original formulation [21,
25-30].

1.2 Syrovatskii’s dynamical current sheet
as a solution to problem of solar flares
and reconnection processes in space
Despite the obvious advantage of Syrovatskii’s nonstationary
model, the dilemma of ‘a neutral sheet or the Petschek flow’
persisted in science for quite a long time. Only two decades
after the start of the discussion about the neutral sheet, an
eminent MHD expert, Biskamp, in his famous book Non-
linear Magnetohydrodynamics [31], compared in detail two
alternative scientific schools studying MHD reconnection
processes: the Western school of Petschek and the Eastern
school of Syrovatskii, noting that Syrovatskii’s theory gives a
qualitatively correct picture of the processes occurring in
space, although the model is over-idealized. A little later,
Biskamp showed the incorrectness of the boundary condi-
tions in Petschek’s model [32, 33]. This important statement
actually put an end to many years of debate about the
priorities of scientific approaches. The development of
Petschek’s model turned out to be a dead end, and
Syrovatskii’s was successful and applicable to the description
of natural phenomena.

Let us formulate the main achievements associated with
Syrovatskii’s model and its significance for modern space
research:

(1) Syrovatskii was the first to understand and describe
the role of CSs in collisionless plasma as an accumulator of
magnetic energy, which can be accumulated and then
spontaneously released;

(2) Syrovatskii’s model helped clarify the question of how
plasma flows in strong nonuniform magnetic fields contribute
to the formation of neutral (current) sheets and how magnetic
energy is concentrated in them, leading to instability;

(3) although formally the ideal MHD used in Syrovat-
skii’s model would have led to the formation of a singular
surface, he noted that the development of tearing instabilities
known at that time (collisionless or resistive) would ultimately
lead to spontaneous destruction of the CS and flare phenom-
ena, with the energy of the annihilating magnetic field
transformed into plasma energy;

(4) the processes of rapid restructuring of magnetic fields
in the regions of solar flares, the emergence of accelerated
particles and solar cosmic rays, and the generation of cosmic
rays in supernovae, galactic nuclei, and quasars were
explained [34].

Eventually, the importance of taking kinetic effects in
plasma into account became clear, which facilitated further
research into the inner structure and dynamics of thin CSs in
space [35], which were already regarded as infinitely thin
MHD discontinuities, or singularities, in the 1960s. At that
time, there was a joke among theorists developing plasma
models in various approximations “MHD against the kinetics
is like a carpenter against a cabinetmaker....”

To summarize the historical digression, we note that the
pressing question posed at the time about the need to resolve
the reconnection dilemma and to choose between a neutral
sheet [5, 6] or the Petschek flow [4] in the vicinity of the
diffusion region has been definitively resolved from the
standpoint of observations in situ by modern high-resolution
space missions in favor of research based on the ideas of
cumulative energy accumulation, nonstationary magnetic
reconnection in CSs, and the transformation of magnetic
energy into the kinetic and thermal energy of plasma
particles, developed by Syrovatskii and his students. These
ideas largely determined the development of not only
theoretical models but also general concepts about the most
complex processes in space occurring at different scales in the
Universe, from Earth’s magnetosphere and heliosphere to the
astrospheres of stars and galactic magnetic fields [16, 20, 21,
25,29, 30].

2. Structure and dynamical properties
of extremely thin current sheets in cosmic plasma

2.1 Ion current sheets: detection and properties

In 1962, based on experimental observations of the geomag-
netic field, Ness [36] described the shape of Earth’s magneto-
sphere as a magnetic dipole strongly compressed on the day
side and a nondipole magnetic structure strongly elongated
on the night side, resembling a comet tail streamlined by the
solar wind (SW). A schematic cross section of the magneto-
sphere is shown in Fig. 3. The magnetospheric structure
elongated on the night side of Earth is called the magneto-
tail. It stretches due to the quasiviscous interaction of the SW
flow with Earth’s dipole magnetic field, as shown in the
figure. The symmetry plane of the tail contains a flat CS,
where a current of density J, flows from the morning to the
evening side, self-consistently maintaining differently direc-
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Figure 3. Schematic representation of Earth’s magnetosphere and GSM
coordinate system used to describe it. Lower axis shows approximate
distances in tail, up to 100 Rg, where distant X-line is located. At distances
of approximately (12-15)Rg, magnetic reconnection can occur during
substorms with formation of a closed plasmoid. Typical for distances
longer than 100Rg are strong turbulence of electromagnetic field,
significant weakening of normal magnetic B. component, and its chaotic
oscillations. On distant neutral line, reverse process of disconnection of
SW from geomagnetic field occurs. Gray dashed line indicates magneto-
pause — boundary separating planet magnetosphere from SW. In equa-
torial plane of tail, arrows show directions of large-scale electric field and
current density.

ted magnetic fields in the northern and southern magneto-
sphere lobes (see, e.g., review [35]), and a large-scale electric
field E, is also observed. The CS thickness under quiet
conditions ranges from one to several Earth radii Rg
(Rg =~ 6400 km). The normal component of the magnetic
field, that is due to the elongated dipole field, exists in the
magnetotail CS up to distances of more than 100 Rg, which is
the region of the distant neutral line where the SW lines
thrown into the tail and reconnected by the geomagnetic field
are disconnected from the magnetosphere and are carried
away into the SW. In the region beyond the distant neutral
line, the normal magnetic component weakens and becomes
comparable to the fluctuation level [35, 37]. Figure 3 also
shows the GSM coordinate system whose X-axis is directed
from the center of Earth to the Sun, the Z-axis is along the
geomagnetic dipole to the north, and the Y-axis is from
morning to evening.

During geomagnetic disturbances at distances of the order
of (10-15)Rg, an X-line can form in the magnetotail, leading
to magnetic reconnection and the emergence of (one or more)
plasmoids, i.e., magnetic islands with plasma, also shown in
Fig. 3. After the discovery of the magnetotail, it remained

unclear for quite a long time (several decades) where exactly
and in what form the mechanisms that ensure the sponta-
neous development of energy release processes in the
magnetosphere and large-scale disturbances of the geomag-
netic field are realized. The development of theoretical models
and ideas about the dynamics of the magnetosphere during
interaction with the SW [12, 13, 38] allowed estimating the
amount of energy coming from it into the magnetosphere
before geomagnetic disturbances (of the order of 10** erg),
and the study of specific mechanisms of dissipation of the
magnetospheric energy and its transformation into thermal
and kinetic energy of plasma flows began [39—41].

In the 1990s, two main scenarios of energy accumulation
and release were considered and discussed in studying
geomagnetic disturbances: (1) direct energy release and
(2) indirect energy release after injection into the magneto-
sphere [42—44]. Direct energy release begins almost immedi-
ately after the start of its accumulation in the magnetosphere.
Indirect release occurs after some delay (the so-called sub-
storm growth or preparation phase), which lasts from 30 min
to 2 h, and sometimes more. Note that the energy release
occurs quickly, taking a much shorter time than the
accumulation phase. Accordingly, the process of explosive
onset of a substorm in the magnetosphere is called the
explosive phase. Once again, we note that, by magneto-
spheric disturbances, we primarily mean magnetospheric
substorms, which are relatively weak geomagnetic distur-
bances and hence are the easiest to interpret. Magnetic
storms release much more energy, and the energy release
process can have very complex dynamics, which would be
difficult to explain. However, we note that the mechanisms
underlying substorm/storm activations and energy dissipa-
tion have a common nature: energy accumulation —
magnetic reconnection — energy transformation — subse-
quent dissipation of energy. Schematically, two scenarios of
the process of energy accumulation and release as a function
of time are shown in Fig. 4 a, b.

According to observational data, the second scenario of
energy transformation (Fig. 4b) is realized in the magneto-
sphere more often than the first. The second scenario allows
an analogy with solar flares to be drawn. It first corresponds
to the energy accumulation period [45]. At the initial stage, a
small dissipation can occur, but later a sharp explosive release
of energy occurs, both in solar flares and in the geomagnetic

I/Vinput Woulput

Woulpul

I/Vinput

Tonset t

Tonset 4

Figure 4. Two scenarios of accumulation of energy Winpy: in magnetosphere and release of energy Woypu in Earth’s magnetosphere: (a) direct and
(b) indirect. In second scenario, dissipative energy Waissip is released during energy input into magnetosphere, and (explosive) onset of the substorm can

occur at instant fonsee much later than energy Winpu enters system.
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tail during magnetic substorms. Similar phenomena of energy
accumulation and spontaneous explosive release were also
registered in laboratory experiments. The primary objective
was to understand the nature of this metastability and explain
it. However, this turned out to be impossible in the MHD
framework. The question of what kind of magnetospheric
structure in a collisionless plasma can accumulate such large
amounts of energy and then spontaneously and quickly
release them arose before researchers with all its urgency.

In the 1990s, along with theoretical approaches, space
observations began to actively develop. In particular, the
domestic multisatellite project Interball was launched and
operated in 1995-2000 [46]. Interball consisted of two satellite
pairs positioned quite far from each other, in the outer and
polar regions of the magnetosphere. With their help, new
interesting results were obtained concerning plasma convec-
tion and substorm dynamics in Earth’s magnetosphere [47].
As early as the late 1980s and early 1990s, thin CSs (TCSs)
were discovered in the near part of Earth’s magnetotail: they
were flat, practically one-dimensional, current structures
about one to several proton gyroradii in thickness [52-61].
For example, data from two closely located ISEE1 and ISEE2
spacecraft allowed detecting a TCS with a thickness of 0.2Rg
(where Rg ~ 6400 km is Earth’s radius) located inside a wider
plasma sheet of the tail with a thickness of several Rg [57, 59].
Such current structures were typically detected in the
magnetotail in the preparatory phase of a substorm and also
in its distant part at distances longer than (100-150)Rg from
Earth [62]. Sometimes, the TCS thicknesses were even less
than a proton gyroradius. These discoveries aroused great
interest within the international scientific community and
largely determined the launch of multisatellite missions in the
2000s [48, 63], whose purpose was to study local and global
dynamical processes in Earth’s magnetosphere.

Several multisatellite projects have played an important
role. The first was the Cluster project. This mission, launched
by the European Space Agency in 2000, made a major
breakthrough in satellite-based CS research. The Cluster
mission consisted of four satellites with an identical set of
scientific instruments [48]. Near the orbital apogee, the
satellites formed a tetrahedral configuration, which was
maintained with fairly good accuracy. Thanks to four-point
measurements of the magnetic field in three orthogonal
planes, it was possible for the first time to calculate the
magnetic field curl and determine the electric current density
vector. Sufficiently fast CS crossings by the Cluster quartet
allowed measuring the spatial profile of the current density in
the direction normal to the sheet and studying its shape. The
spatial separation of the satellites varied from several
hundred to approximately 10,000 km, making it possible to
record and study ion-scale CSs (e.g., [49, 50]). However, the
distances separating the Cluster satellites did not allow
observing CSs with thicknesses of less than a proton
gyroradius, much less studying their spatial structure. In
2007, a mission of five THEMIS spacecraft (a NASA
project) was launched to study manifestations of magneto-
spheric substorms, including the study of CSs, in different
regions of the magnetosphere and at different distances from
Earth. Later, this mission continued its research under the
name ARTEMIS, and it helped to obtain interesting results
on plasma-magnetic processes at the level of Moon’s orbit.
Somewhat later, in 2015, an American project similar to
Cluster, Magnetospheric Multiscale (MMS), was launched,
ideologically repeating the Cluster satellite configuration, but

with tens of times smaller distances between the satellites. The
MMS satellites for the first time observed and studied
superthin CSs (STCSs) in detail, only a few gyroradii of
thermal electrons in thickness, and even less in some cases
[51]. We discuss the results of these studies in Section 4.

Importantly, multiscale configurations with embedded
TCSs were observed not only in Earth’s magnetotail [52-61]
but also at the magnetopause, at the bow shock, in the SW
[64—66], and in the magnetospheres of other Solar system
planets: Mercury, Mars, and Jupiter [67-70]. In [71, 72], the
different forms of observed TCS profiles were classified. It
was noted in [73, 74] that TCSs are characterized by notice-
able negative diamagnetic ‘wings’ of the current density at the
sheet edges, caused by diamagnetic drift currents of quasi-
trapped plasma near the particle demagnetization region. The
markers of drift currents were local maxima on the magnetic
field profiles (overshoots), framing the main current max-
imum in the CS center. CSs with asymmetric profiles have
also been detected [71], possibly related to the asymmetry of
plasma sources and/or asymmetry of plasma particle scatter-
ing in TCSs in the presence of the shear magnetic component
B, (see, e.g., [35, 75-77] and the references therein). It has
been shown that TCSs are characterized not only by bell-
shaped or peaked current density profiles but also by two- and
three-peaked distributions [71, 35]. Space missions have
shown the existence of bifurcated (splitted) TCSs, asym-
metric and multiscale sheets with an intense TCS near the
neutral plane, embedded in a thicker sheet with a lower
current density [61, 71, 72]. All observations pointed to the
universal nature of the physical mechanisms responsible for
the self-consistent formation of TCSs.

Figure 5 (adapted from [71, 72]) schematically shows the
characteristic generalized current density profiles with one,
two, and three maxima observed by the Cluster satellites in
Earth’s magnetotail during magnetic substorms. An explana-
tion for the observed diversity of fine current structures was
proposed within the framework of many developing analytic
and numerical models (see, for example, the review [35]).
However, the most systematic approach to explaining the
diversity of the magnetic field and current density profiles was
developed within the kinetic model of an ion CS, inside which
an even thinner electron sheet is embedded [78, 79]. The
results of this model were supplemented and confirmed by
numerical modeling [77, 80]. The concepts that were shaped
about the structure of fine current structures became the first
successful incursions of theoretical thought into tangential
discontinuities, which the TCSs were believed to be from the
standpoint of the MHD theory then dominant in space
physics [31-33, 81-83]. Modifications of the analytic model
taking magnetic shear components of different origins into
account allowed even deeper insights, with the magnetic shear
taken into account, into the internal structure of thin sheets,
which were considered rotational discontinuities in MHD
theory [76, 77, 84].

Thus, with the development of theoretical concepts
based on observational data, TCSs in space plasma ceased
to look like infinitely thin discontinuities to researchers, but
‘acquired’ a finite thickness. One- and two-dimensional
models of TCSs began to be actively developed [35, 78, 79,
85-88]. In particular, to study the stability of CSs, researchers
used Harris’s simple and convenient analytic model [89], to
which they non-self-consistently added a spatially constant
normal magnetic component B. [45, 90]. However, as we
show in more detail in Section 3.4, such a model is
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Figure 5. Varieties of observed current density profiles recorded by Cluster satellites in tail of Earth’s magnetosphere: (a) with one maximum, (b) with two
maximums, (c) asymmetric (adapted from [71]), and (d) with three maximums (adapted from [72]). Red curves in (a)—(c) show current density profiles

averaged over observational data.

unsuitable for describing the stability of TCSs (see reviews
[91, 92]); the range of its application gradually narrowed,
mainly to problems of particle tracing in a given field (see,
e.g., [93)).

In the early 2000s, self-consistent analytic models of TCSs
were constructed [78, 79, 94, 95], and numerical self-
consistent models were developed [77, 80]. Due to new
observational data in the magnetotail, the Tsyganenko-89
empirical model, which was widely used in space physics but
which had not previously allowed the magnetosphere on the
night side far from Earth to be described, was modified by
taking the CS of the magnetotail into account, which
significantly expanded the scope of its application [96]. The
role of TCSs as energy reservoirs capable of storing and
releasing SW energy became clear [35, 63, 91, 92, 97, 98]. We
note that almost all TCSs detected in the magnetotail were
observed at the stage of substorm preparation; their config-
urations necessarily included a magnetic field component
normal to the sheet, which is characteristic of the tail. Such
CSs were supported by plasma flowing in from both sides
with pronounced ion flow anisotropy (see, e.g., [72], detailed
reviews [35, 67, 91], and the references therein).

The main properties of TCSs according to observations
by the Cluster satellites [24, 26, 49, 71, 72] are given below (for
clarity, the main points are highlighted in bold).

(1) A TCS has a small thickness L ~ p;, ~ 250-1000 km
(where p; is the ion gyroradius) and a high current density of
~ 10 nA m~2. The field lines are very elongated: the ratio of
the normal magnetic component to the tangential one is
approximately 1/10.

(2) The dominant current carriers, due to the significant
temperature difference 7;/ 7. > 5, are usually ions [55-57] in
unclosed orbits [55, 99, 100], while, in the widespread sheet
model [89], ions and electrons make comparable contribu-
tions to the current density.

(3) The current density profile is embedded inside a thicker
plasma density profile [22, 59].

(4) The plasma flows feeding a TCS can have flow
anisotropy, ranging from strong to moderate and weak. The
internal structure of the TCSs and hence the observed profiles
of characteristic quantities depend on this value [35, 101].

(5) Measurements by the Cluster satellites [24, 49, 63, 102]
in the near-Earth magnetotail region (~ (15-20) Rg) recorded
both non-splitted and splitted (bifurcated) current density
profiles (with one, two, and three current density maxima in
the center of the sheet) [71, 72]. This distinguishes this type of
CS from the model in [89], where protons and electrons
together maintain the same bell-shaped plasma density
profile with one maximum, coinciding in spatial scale with
the current density distribution.

(6) During TCS observations, symmetric and asymmetric
current density profiles relative to the neutral plane z = 0 can
be encountered. The causes for this asymmetry have not yet
been precisely determined [71, 103], although the model can
provide a tentative answer to this question [104-106].

(7) A TCS exhibits metastability: it can be stable for a long
time (from 15 min to 2 h) during the initial phase of a
substorm, but various instabilities can develop in it later,
leading to vertical oscillations (flapping) of the sheet, the
occurrence of turbulence and, ultimately, to a rupture of the
sheet and pinching of current filaments with the formation of
magnetic islands. These phenomena invariably accompany
magnetospheric disturbances and magnetic substorms and
storms [91, 92, 98, 107-109].

2.2 Nature of metastability. Clash of ideas requiring
construction of new class of thin current sheet models

It was noted in Section 2.1 that the formation of a TCS can be
accompanied by its subsequent evolution and, ultimately, the
development of a tearing mode in it, which can spontaneously
develop and destroy the sheet. As shown in [35, 45, 91, 97,
110], the destruction of the sheet and magnetic reconnection
in it are the most important processes initiating the explosive
phase of a magnetospheric substorm. During the explosive
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phase, the magnetic field energy accumulated in the tail is
converted into the kinetic and thermal energy of plasma flows
(see, e.g., [111-114]). Interestingly, in a TCS, the ions are
demagnetized and move along characteristic quasiadiabatic
trajectories, while the electrons, on the contrary, are magnet-
ized. Below, we show that this difference in the dynamics of
current-carrying particles is an important factor determining
the metastability of the sheet.

The first CS models in the tail traditionally used the one-
dimensional Harris current equilibrium model [89], which is
mathematically simple and convenient for analytic calcula-
tions: the only tangential component of the magnetic field
B..(z) changes sign, vanishing in the TCS neutral plane. Thus,
in the GSM coordinate system (see Fig. 3), the profile of
the magnetic tangential component is given by B,(z) =
By tanh (z/L) (where L is the CS thickness and By is
the magnetic field at its edges), and the current and plasma
density profiles are described by the respective expressions
Jy(2)=jo/cosh? (z/L) and ne ;(z) = nge ;/cosh* (z/L) (where
Jo and ny. ; are the current density and the density of protons
(1) or electrons (e) in the center of the sheet).

The most suitable candidate to play the role of a substorm
trigger is arguably the tearing mode, which results in the sheet
being torn and broken into current filaments, and a chain
of magnetic islands forming in the magnetosphere tail (see
Figs 2 and 3). However, at the beginning of the studies of
geomagnetic disturbances, the main issue in considering
the tearing instability was that the mechanisms of violating
the freezing-in condition in collisionless plasma were practi-
cally unknown, and without taking them into account the
processes of spontaneous or forced reconnection were
impossible.

Landau damping of the tearing wave on electrons was
proposed as the dissipative mechanism [115, 116]. In 1974, a
similar concept was refined in [90], where the weak normal
component of the magnetic field B., present in the tail, was
taken into account. It turned out that an arbitrarily small
normal component of the magnetic field B, entirely destroys
the Landau damping on electrons, but has little effect on the
ion mode. It was also found that the magnetic component B.,
which magnetizes electrons [97], contributes to the so-called
electron compressibility effect, which strongly stabilizes the
instability in the system [117] because the excess free energy
accumulated in the TCS is spent on compression/rarefaction
of the magnetized electron component when a tearing wave
passes through the system. This effect is very strong: it makes
the CS almost totally stable against discontinuous distur-
bances in the magnetotail [131]. Thus, the idea of the electron
tearing mode as a trigger for reconnection in the CS shifted
toward the ion tearing mode.

The concept of total tail stability derived in this way,
however, contradicted experimental observations. In the
course of heated debates on this topic, it was shown in 1976
[97] that the discovered electron compressibility effect leaves
narrow gaps in the parameter space where instability
development is possible. The result obtained was in good
agreement with the scenario of a magnetospheric substorm in
the case of a metastable CS, in which the instability develops
during the energy accumulation phase, leading to a rupture.

Subsequent refinements revealed that the electron com-
pressibility effect can be strong in some configurations (see,
e.g., reviews [35, 45, 91]), and the efforts of theoreticians were
aimed at overcoming the electron compressibility effect for
two more decades. For this, various mechanisms were

invoked, such as turbulence, pitch-angle diffusion of elec-
trons on whistlers [110, 118, 119], stochastic effects [120, 121],
wave disturbances [122, 123], taking the population of passing
electrons in the CS into account [124, 125], combined
instability [126], and many others. None of the proposed
models could offer a physically understandable scenario for
the process of accumulation and release of energy in the
magnetospheric tail that would be consistent with observa-
tional data [127-130].

In [131], when discussing whether ion tearing exists at all,
the authors asserted that studies of ion tearing instability had
reached a dead end. Studies [90, 117] actually completed the
long-term discussion by concluding that the Harris model [89]
used for theoretical analysis, with the nonzero normal
component taken into account, was not suitable for describ-
ing the metastable CS of the magnetotail. Indeed, the non-
self-consistent inclusion of the normal component of the
magnetic field in the Harris model completely destroys this
equilibrium and the magnetic topology in it [45]. The isotropy
condition for the pressure tensor is also inapplicable to the
description of thin current structures with a thickness of the
order of the proton gyroradius [101]. It became clear that a
suitable description of CSs with thicknesses of the order of
proton gyroradii L ~ p; required creating a new kinetic (or
hybrid) model, and pressure anisotropy had to be taken into
account for equilibrium balance. At the same time, the
question arose about the type of motion characteristic of
plasma populations forming TCSs. In the next section, we
consider the basic ideas about the structure of TCSs and the
dynamics of particles in them.

The final answer turned out to be simpler than expected,
and a hint arrived from an in situ experiment. The current
profiles in current structures obtained by the Cluster satellite
system [24] did not resemble simple Harris bell-shaped
distributions [89, 132-135], but were narrow nested struc-
tures. Such sheets have much higher free energy than Harris
sheets do, and this can be enough to overcome the stabilizing
effect of electron compressibility. In Section 3, we detail both
the TCS structure and the mechanisms of instability develop-
ment in such CSs.

3. Inside the singularity: ion scale
and creation of universal analytic theory
of thin current sheets

3.1 Peculiarities of particle dynamics in magnetotail
current sheet during geomagnetic disturbances

According to the generally accepted models of magneto-
spheric convection and the interaction of Earth’s magneto-
sphere with the SW (see [12, 13] as well as Fig. 2), confirmed
by observational data, in quiet geomagnetic conditions, that
the magnetotail CS is a virtually isotropic plasma configura-
tion such that the transverse (along z) scales of magnetic field
variation are much larger than the proton gyroradius scales.
Therefore, all plasma particles can be considered magnetized
in quiet geomagnetic periods. Their drift currents form and
self-consistently support the tail CS. The arrival of the
southern IMF leads to active reconnection of magnetic field
lines at the day magnetopause and the influx of SW energy
into the magnetosphere. The increase in the magnetic flux in
the magnetotail compresses the CS over a large area,
approximately to the ionic thickness with the formation of a
TCS, after which it can lose stability. Spontaneous develop-
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ment of tearing instability leads to multiscale nonstationary
processes of explosive magnetic reconnection in the tail, to the
formation of magnetic islands (or ropes), and to increased
plasma convection. The trigger for all these processes is the
rupture of the thinned CS, which in the course of the
compression process acquires totally new properties com-
pared to the undisturbed state.

Because the TCS structure changes dramatically after
compression, we briefly characterize the dynamics of
charged particles in it, which should show the reasons for
the formation of a spatial hierarchy of embedded like a
matryoshka doll CSs inside the plasma sheet, that is the
widest structure in comparison with TCS. Embedding and
the possible presence of several peaks and depressions on
plasma and current densities profiles are characteristic
properties of a TCS, which are manifested not only in Earth’s
magnetosphere but also in planetary magnetospheres, the
SW, and turbulent plasmas in space. Because the kinetic
model is applicable to the description of the TCS structure,
we start by considering the characteristic features of the
motion of individual protons and electrons, which differ
from the classical dynamics of particles whose motion is
completely magnetized (i.e., completely controlled by the
magnetic field). Such is, for example, the motion of plasma
particles in the inner regions of the magnetosphere. To
describe the unmagnetized motion of particles, when all the
standard concepts associated with the guiding center approx-
imation become inapplicable, a new quasiadiabatic theory
[120] of particle motion was created (see review [135]) based
on the approximate conservation of the action invariant I,
first proposed by Sonnerup [134].

The motion of charged particles in a magnetic configura-
tion with curved magnetic field lines is controlled by the
adiabaticity parameter x = \/R./p;, where R is the mini-
mum curvature radius of the field lines and p; is the
maximum Larmor radius of the particle [35, 120, 135].
Particles with k¥ > 1 are magnetized, and their motion is
completely controlled by the magnitude and direction of the
magnetic field. Particles with x < 1 are not completely
controlled by it, their dynamics can be chaotic in the region
K less or about 1, and becomes quasi-adiabatic at k < 1 [120,
135], which we discuss in more detail below.

The table illustrates the main characteristics of particle
velocities and the pressures they support in the regions with
x > 1 and x < 1. The left column characterizes the region
x > 1, where the guiding center approximation can be used to

describe the particle motion: charged particles slide along
magnetic field lines and simultaneously perform gyrorotation
due to the Lorentz force. Their total velocity can be
decomposed in a cylindrical coordinate system into compo-
nents perpendicular and parallel to the magnetic field and the
rotation phase ¢. If there is no energy dissipation in the
system, then the transverse and longitudinal invariants of
motion, i.e., the magnetic moment u and the longitudinal
invariant J, are approximately conserved during the motion
of such particles. The pressure tensor of magnetized plasma
has a diagonal form, and the characteristic form of the tension
balance is shown in the lower left column of the table. Because
particles can scatter in plasma due to pitch-angle diffusion,
the longitudinal velocity can transform and pass into the
transverse velocity, which is also shown in the bottom row of
the left column. We note that pitch-angle scattering does not
change the general diagonal form of the stress tensor in the
considered region of the adiabaticity parameter variation.

A different picture is observed for high-energy plasma
particles, whose motion is weakly controlled by the magnetic
field, with the adiabaticity parameter k < 1. In the magneto-
tail TCS, the region of minimum curvature of magnetic field
lines and maximum Larmor radii of particles falls on the
neutral sheet, where the tangential component of the
magnetic field reverses direction, By(zx~0) — 0. As a
consequence, upon entering the neutral sheet, the adiabati-
city parameter decreases to values k < 1. Depending on the
particle energies, their gyrorotation can be superseded by
chaotic dynamics, which is described within the framework of
the quasiadiabatic theory [135]). Figure 6a shows three main
characteristic trajectories of demagnetized protons in the
vicinity of the TCS: transient, quasitrapped, and completely
trapped [135-137].

At the sheet edges, the ion and electron fluxes are
characterized by a flux anisotropy ¢ = v/vp, where vr and
vp are the thermal and drift velocities of the plasma particles.
Higher-energy protons entering the neutral sheet can become
transient [99, 100] and leave the CS after crossing it once. At
the boundary of the neutral sheet, called the separatrix, they
are demagnetized, and describe a semicircle in the field B.,
simultaneously performing fast vertical oscillations. Their
trajectories in this region are called meandering, or serpen-
tine. Having described a semicircle, the passing protons are
magnetized again and leave the sheet. During the mean-
dering motion, they carry elementary currents in the y
direction and thus contribute to the total current. The main

Table. Comparison of main characteristics of charged particle motion and stress tensor in plasma for different values of adiabaticity parameter x.

Adiabaticity parameter K> 1

K<l

Approximation Guiding center

Quasiadiabatic

Particle velocity
and coordinate system

v— (v,v),0)
Cylindrical coordinate system

v — (vo, %, By)
Spherical coordinate system

Motion W, 1
invariants p=—F =~ const I = " %p: dz = const [99]
1 [ 1|
J=— (i) v dI = const I, =— +px dx = const [91, 120, 135]
2 | 2n
Tension d 1 pt 0 0 d 1 Pxx  Pxy  Pxz
v . v . xx  Dxy Dxz
balance pg =clixB=V[ 0 p. 0 P = ixXB=V{ P Py P
dr ¢ dr ¢
0 0 P Pzx Pzy Dz
1., dp..
— Bl. = hind
p|— Py A i < B, dz
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Figure 6. (a) Three possible types of trajectories in a TCS: open (/),
quasiclosed (2), and completely captured (3) orbits (shown in GSM
coordinate system). Plane of sheet is indicated by thin dotted line. Thick
dashed red line denotes separatrices on which particle motion type changes
from not crossing neutral sheet (z = 0) to crossing it. Blue line shows
magnetic field line B. (b) Elements of quasiadiabatic orbits in neutral
region: red dashed line corresponds to flyby orbit, and blue solid line, to
captured or quasitrapped one. Current density profiles supported by
particles are shown on right by respective dashed red and solid blue lines.
Looping trajectories of quasitrapped particles in center of sheet have
negative y velocities, and hence current density supported by them is
negative in this region and positive at edges of sheet.

characteristic trajectories of the protons are shown in Fig. 6
together with the plasma density and current profiles they
create.

Lower-energy quasitrapped ions are also demagnetized
upon entering the sheet and describe a semicircle in the field
B.. At the exit from the TCS, they are captured by the
magnetic field, drift in the negative y direction, and return to
the CS (an example of such an orbit, also called a ‘cucumber’
orbit, is shown in Fig. 6a). The number of ‘returns’ is finite
and depends on the ratio of the frequencies of fast and slow
motions, but at some points in time protons can disperse with
respect to the pitch angle, fly out of the TCS, and escape. Due
to the closed trajectories, quasitrapped particles do not carry
a current, although they can redistribute the profile of the
main positive current. Due to their special dynamics, a
negative local current can be observed in the neutral sheet in
the symmetry plane of the sheet [132], which can be seen in
Fig. 6.

The third type of orbit shown in Fig. 6 belongs to
completely trapped particles not connected with the plasma
flow entering the sheet. They are the lowest-energy particles,
which move along quasiclosed (or completely closed) figure-
eight or ring-shape orbits. They never cross the separatrix,
and the total current carried by them is zero, as with
quasitrapped particles. However, if the density of these
particles is sufficiently high, they can participate in the

redistribution of the total current, and their local currents,
opposite to the main one, can be quite large.

Returning to the table, we focus attention on the right
column, where the characteristics of the motion of particles
with k¥ < 1 are shown from top to bottom. We note that the
velocity of a particle during meandering motion can be
represented in a spherical coordinate system in terms of the
total velocity vy and the direction angles «y and f,. Magnetic
moments of such particles are not conserved, but the
quasiadiabatic invariant of motion I, which is an analogue
of the magnetic moment, is approximately conserved:

L= fi;pzdzzconst, (1)

Here, p. is the particle generalized momentum [120, 133-135].
In the neutral region of the TCS, the degrees of freedom along
x and z ‘decouple’: slow rotation along the x coordinate is
superimposed on fast oscillations along z, which can be seen
in Fig. 6. When crossing the separatrices of motion, charged
particles can experience small jumps of the quasiadiabatic
invariant of motion AZ.. In the magnetotail, these jumps were
estimated in [120] as

AIZEZF%K\/I—I;/3 In 2| cos Ogep| , (2)

where « is the adiabaticity parameter and 0y, is the particle
phase when crossing the separatrix. For k¥ < 1, the jumps are
much smaller than the invariant I, itself: AL, < I, [35, 120,
135].

If a particle is quasitrapped and oscillates multiple times
around the CS, then its longitudinal invariant I, can also be
conserved [88]. The motion of transient and quasitrapped
particles with the approximate conservation of the invariant
I in (1) was called quasiadiabatic. The tension tensor in a
plasma with such particles is not gyrotropic, as in magnetized
plasma, but anisotropic [101], as can be seen from a
comparison of the left and right columns of the table.

It follows from the foregoing that the parameter x plays a
key role in the particle dynamics. For protons with k¥ < 1, the
jumps in the invariants of motion upon entering the sheet are
small compared to the values of the invariants themselves
(AL < I,). Suchions mostly interact with the CS once and are
transient; they are also the main current carriers in the
y direction. In [120], their quasiadiabatic motion was first
considered in detail and applied to the tail of Earth’s
magnetosphere. Based on this consideration, the TCS theory
[78, 79, 94, 95] was developed and studied, using the
approximate conservation of motion invariants. For ions
with k <1, the jumps of the motion invariants Al, at
separatrix crossings can be significantly larger, and therefore
their motion is considered chaotic, quasitrapped. For k ~ 1-3
and especially for x > 3 [120, 136, 137], the Larmor radii of
the particles become significantly smaller than the magnetic
inhomogeneity scale in the neutral sheet, and hence the
motion of the particles is practically magnetized, and the
guiding center approximation is applicable to their descrip-
tion [35].

3.2 Model of thin current sheets

as new class of magnetoplasma equilibria.

Estimation of characteristic thickness

After the discovery of the magnetotail, it was believed for a
long time that a thick CS exists at low latitudes in the
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equatorial region (with a characteristic scale much larger than
the thermal ion gyroradii), supported by drift currents of
magnetized plasma [138—-140]. In analytic models describing
such a ‘thick’ CS, the equilibrium between the magnetic field
and plasma is maintained by plasma pressure gradients. Such
models are usually two-dimensional [141]. In 1965, Speiser
published a pioneering paper [99], where he suggested that the
CS in the magnetotail is not always thick and can also be thin,
and for the first time suggested that protons near the neutral
plane can change their type of motion, switching to mean-
dering (serpentine) trajectories. Later, Eastwood in [100]
conducted numerical modeling using particle tracing in a
magnetic field, which allowed estimating the thickness of a
relatively thin sheet in the magnetotail during geomagnetic
disturbances based on the type of meandering proton
trajectories. The first analytic estimates of the TCS thickness
were made in [142, 143], where the thickness L; of a thin ion
sheet turned out to be comparable to or even smaller than the
proton drift Larmor radius p;, and approximately equal to
L ~ pipe*® = p;re!/? (where & = vr/up is the flux para-
meter, and p;r = p;pé is the proton thermal gyroradius; see
Section 3.1). This estimate agrees well with observations in
the case of strong plasma anisotropy, where ¢ = vr/vp < 1.
In the limiting case of superstrong flux anisotropy and the
condition v /vp < B./By [135, 144], the jumps of the particle
invariants turn out to be large (A, ~ I, oreven Al > I.), and
the sheet thickness depends on the ratio of the normal and
tangential magnetic components: L; = py(B: /Bx)4/ 3. In the
other limiting case vr/vp > 1, the thickness of the weakly
anisotropic TCS is of the order of the particle thermal
gyroradius, L ~ p [101].

The new view of particle dynamics was taken into account
in the first approaches to construct TCS models, first non-
self-consistent [145, 162], and later, self-consistent numerical
and analytic TCS models [146, 147], which appeared as
models of CS tail compression under the action of a large-
scale electric field. Efforts to build a TCS model culminated in
the creation of a one-dimensional equilibrium model where
electrostatic effects were disregarded (electrons were consid-
ered a neutralizing background) [94, 95], while ionic aniso-
tropy of pressures in the TCS and quasiadiabatic dynamics
were taken into account. In fact, a new class of one-
dimensional TCS models was constructed, where the tension
of magnetic field lines in the x direction is balanced by the
inertia force of ions crossing the CS plane. The one-
dimensionality of the sheet means that it is flat and therefore
thin, such that it can be considered a structure lying entirely in
the {x,y} plane, and all significant characteristics depend
only on the z coordinate transverse to the sheet. The entire
TCS is supported by interpenetrating fluxes of transient ions
with strong longitudinal anisotropy. In the neutral plane, the
ions are demagnetized and move along serpentine looping
trajectories [35]. In such a sheet, the pressure tensor, which
balances the CS and maintains its stationary state, is
anisotropic [80, 101, 105, 132].

Historically, a self-consistent model without taking
electrostatic effects into account was first proposed in [94,
95] in 2000 and was further developed in 2004, when
electrostatic fields required to maintain plasma quasineu-
trality during the interaction of electron and ion popula-
tions were taken into account [78]. It turns out that the
spatial structure of the CS in the simplest approximation
can be regarded as a practically one-dimensional magne-
toplasma structure, whose equilibrium is ensured by the

0 z 0 z

Figure 7. Schematic representation of structure of embedded TCS:
(a) profiles of total current density (black line), current density of ions
(blue dashed line), and electron density (red line). (b) Profiles of self-
consistent tangential magnetic field supported by electrons and ions
(shown with respective solid red and dashed blue lines) and total magnetic
field (black solid curve). (Adapted from [78].)

balance between the magnetic tension and the inertia force
of ions crossing the CS. The general structure of the TCS is
shown schematically in Fig. 7; in Fig. 7a, we can see
profiles of the total current density (black solid curve),
the electron current density (red curve), and the proton
current density (blue dashed line) as functions of the
Z coordinate transverse to the sheet. The corresponding
profiles of the tangential magnetic field supported by all
particles and individual plasma populations are shown in
Fig. 7b. Two scales of currents can be clearly distinguished
in the figures: a narrow electron current and a wider one,
the proton current. This is one of the main characteristics
of TCSs, called embedding, when a narrow electron
current of magnetized electrons is embedded inside a
thicker ion CS supported by demagnetized ions in
quasiadiabatic orbits. As a distinctive feature of this type
of CS, the dynamics of different plasma populations can
differ significantly inside them.

Thus, compared to old isotropic models of the magneto-
tail CS, the TCS model was a new type of plasma equilibrium
supported by demagnetized quasiadiabatic protons and
magnetized electrons. We show in what follows that equili-
brium CSs with anisotropic flows at the sheet edges
fundamentally differ in their properties from the equilibria
types described in [89, 138, 139, 148].

Let us consider how the main structure of the TCS is
formed. It is assumed in the model that the CS thickness
(along the Z coordinate) is much smaller than its length along
the X and Y coordinates, and hence the CS is practically
uniform in the Earth—Sun and morning—evening directions in
the mentioned solar-magnetospheric GSM coordinate system
(recall that the X-axis is directed from Earth to the Sun, the
Z-axis, from south to north along the geomagnetic dipole,
and the Y-axis, from east to west). By switching to the de
Hoffman-Teller system, the model can be considered quasis-
tationary and the convection electric field £, as well as
particle acceleration processes associated with the presence
of this field, can be ignored.

The value of the ion parameter x in the tail is sufficiently
small for the ion dynamics in the CS to be considered
quasiadiabatic [120]. Transient ions are regarded as the
main current carriers. The magnetic field has two compo-
nents, normal and tangential: B = {B\(z),0, B.}, where
B. = const. For such a magnetic field configuration, the
Vlasov—Maxwell system of equations rotB = (4n/c)J,
df/ dz = 0 reduces to a one-dimensional system of equations
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for B,(z), depending only on the z coordinate,

dB, 4n 3 .
i —Y{ejvyfp(z,v)d v—&—]ey(z)}, )
B.(xL) =By, B,=0, B.=const,

where f,(z,v) is the proton distribution function at the CS
edges, cis the speed of light, B,y = |By(z) — oo|, and j, is the
electron drift current.

The quasiadiabaticity condition implies that the following
integrals of motion are conserved when a transient particle
moves in the TCS magnetic field configuration: total energy
Wy = mv?/2 +eqp, generalized momentum Py =muvy —
(e/c)Ay(x,z), and quasiadiabatic invariant I = § p.dz,
which can be transformed into the form [35, 95]

o= ( +02 +2e(0(2) - 0(=")

z 2
€ " "
{vy—l—mcjz B(z")dz } )

with the integration limits determined from the condition that
the expression under the square root in the integrand vanish
(or v, = 0).

The ion distribution function, chosen as a shifted
Maxwellian distribution outside the CS (z — to0) [143,
149], has the form

1/2
dz’, (4)

!

— o
So(v) = (n1/201)* (1 + erf (vp /vr))
V| — U 2—}—’03
x exp{_%}‘ 7

Here, v and v, are the projections of the ion velocity along
and across the magnetic field direction, vp is the average
velocity of the plasma flow from the source located at infinity,
and ovr is the thermal velocity. To relate the proton
distribution function to its asymptotic form outside the
sheet, we can use the relation I. = (2mc/e)u between
invariant of motion I, and the magnetic moment
p=mv? /2B, of the particle [94]. We can then go to the
distribution function of passing protons, written in terms of
integrals of motion as f,,(v) — f(W), I.), i.e.,

ni
(m1/2ur)* (1 +erf (e71))

« exp{_[@/%_%zz—UD>2+%IZ}UT2}, (6)

where wy = eBy/mc is the ion gyrofrequency outside the CS,
with I. < mvd /wy.

This form allows generalizing to the entire CS space. For
quasitrapped particles with the invariants of motion
I, > mvoz /o, the Maxwell thermal distribution can be
rewritten similarly:

f(W()vIZ) =

no
eXpy ———>5——
(n1/2v1)* (1 + erf (vp /vr)) p{ vf

f irap =

Both functions match together at the value of the invariant
I = mvoz /.

3.3 Taking electrostatic effects into account

Let us consider in more detail how electrostatic effects are
taken into account in the model of fine equilibrium of
anisotropic magnetoplasma [78] and how interaction
between electron and ion populations is realized. Because
electrons are considered magnetized, they can be treated in
the so-called semifluid approximation with an anisotropic
pressure tensor (a detailed derivation of the equations can be
found in [78] and [35]). It is also assumed that the electron
motion along the field lines is fast enough to maintain
Boltzmann equilibrium in the presence of an electrostatic
potential and the mirror force —uVB. The quasineutrality
condition n; ~ n. is taken into account, and the nonzero
component of the ambipolar electric field E. # 0 is also
taken into account (it is assumed that £, = 0).

In the semifluid approximation, the electron motion in the
direction perpendicular to the magnetic field can be described
as a fluid, and, in the parallel direction, in the guiding center
approximation,

dve, [ve x BJ Vipe
’"ew—‘e@*f T ®)
dv, \%
el _ [1Pe
e dr = —€EH - N — ,UVHB, (9)

where (—e) is the electron charge. The last term in (9) is the
repulsive diamagnetic force acting on electrons with the
magnetic moment u, p. = p19d;; + (py — pL)hihy is the elec-
tron pressure tensor with the unit vector h = B/B along the
magnetic field direction, and B = /BZ+ B2 is the total
magnetic field. From (9), disregarding the inertia of the fast
motion of electrons in the parallel direction and making the
substitution £ = —V¢, we deduce the equation

,LLV”B(S)

e

1
Vo(s) = o Vpe +

;@00 (10)

where s is a curvilinear coordinate along the field line and the
quasineutrality condition n.(r, (&) = ni(r,p(&)) =n is
satisfied. For isothermal electrons, Eqn (10) takes the form
of a Boltzmann distribution:

n;j(os) ~ exp e(e(s) — o) ;eu(B(s) - By)

(11)

To calculate the current density in the direction perpendicular
to the magnetic field, we can use the equation for drift
electron currents:

E x h]

. c
joo = —enec +E[h><leeL]
B

+%(_peu = pe)[hx (V)R] b= (12)

The first and second terms in (12) describe the drift motion
of magnetized electrons under the action of crossed
electromagnetic fields and magnetization currents asso-
ciated with the plasma density gradient across the sheet
[35]. The last term in (12) describes the curvature current of
electrons in the region of the maximum curvature of the
field lines.

Let us introduce normalized variables: z coordinate
Z =zmg/ £i4/ 31;]), particle velocity w = v/ (vDisiZ/ 3), magnetic
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Figure 8. Self-consistent profiles of main normalized characteristics of embedded CS as a function of transverse coordinate z (calculations adapted from
[78]), calculated for & = 1 (for all plots): (a) current density J;(z), (b) plasma density n'(z), (c) tangential magnetic component by(z), and (d) ambipolar
electric field E/(z) = —0¢/0z. Calculations were done with flux anisotropy parameter ¢ = vr;/vp; = 1 for dimensionless component of normal magnetic

field b, = B:/BO = 0.05 (red curves) and b, = 0.3 (blue curves).

field b=B/By (where By = B\(L;) and L; is the TCS
boundary), current density J/(Z) = jysfz/ 3 /(engup;), plasma
density n’ = n/n(L;), and electric field E! = cE./(s; /3BovDi).
This allows the TCS to be described using a relatively small set
of free parameters, among which the main ones are the flux
ion anisotropy & = vri/vp;i (Where vt and wp; are the
respective thermal and flux velocities of ions) and the
magnitude of the normalized component b, = B./B, of the
normal magnetic field. For normal magnetotail conditions,
the ion flux parameter ¢; is less than or of the order of unity,
and hence Z is actually normalized to the ion gyroradius at
the edges of the ion CS.

The joint solution of the Vlasov—Maxwell system of
equations for ions and the simplified MHD equations for
electrons, Eqns (4)—(12), allowed obtaining self-consistent
solutions of the equilibrium problem, completely consistent
with the observational data of the magnetotail CS [77, 78, 80].
Figure 8 shows the calculated self-consistent normalized
profiles of the main TCS characteristics as functions of the
z coordinate transverse to the sheet. Figure 8a shows the
distribution of the current density in the TCS, Fig. 8b, the
plasma density, Fig. 8c, the tangential magnetic component
of the magnetic field b, (z), and Fig. 8d, the ambipolar electric
field E.. The calculations were performed for two values of
the normal magnetic component of the magnetic field in the
TCS, B./By = 0.05 and 0.3, and are shown by the respective
red and blue lines (the calculations are adapted from [78]). A
comparison of the profiles in Fig. 8a and b demonstrate the
CS embedding inside the plasma sheet: the ion current density
profiles at the sheet edges fall to zero, and the plasma density
at the sheet edges reaches a constant level. In Figs 8a and c, the
electron and ion scales characteristic of the regions of electron

and ion dominance can be distinguished clearly. They
correspond to different values of the derivatives of the
current density and magnetic field in the regions z =~ 0 and
z & L;; therefore, we can say that the narrow electron sheet is
embedded inside the thicker ion sheet. It is also evident from
Fig. 8a, c that the intensities of the electron and ion currents
depend significantly on the normal magnetic component b.:
the larger it is, the smaller the current densities of both
embedded sheets supported by quasiadiabatic particles and
magnetized electrons become [78, 150]. This is explained by
the fact that the particles are increasingly magnetized in the
region of a strong magnetic field. Figure 8d shows the
distribution of the ambipolar electric field E. in the TCS,
which helps maintain the nested TCS structure as a single
whole in the neutral region.

With plasma components such as heavy ions and
quasitrapped particles [73, 74, 79] as well as magnetic shear
(external or self-consistent [76, 77]) and asymmetric plasma
sources [75] in the TCS taken into account, this completely
new type of Vlasov equilibrium with multiple nested CSs of
different scales could be studied. Due to this property, it [35,
79] was called the Russian-doll model.

A nontrivial problem of obtaining an analytic estimate of
the thickness of the embedded electron sheet was associated
with embedded models of thin ion-scale sheets. In the hybrid
model of embedded TCSs [35, 78], electrons were initially
considered a completely magnetized population of particles.
This was due to the data from the Cluster satellites available
at that time, which, as noted in Section 2.1, mainly allowed
distinguishing ion scales, while the embedded electron CSs
could be identified by indirect signatures. Although the
normal component of the magnetic field B. in the TCS is
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small, estimates of the electron adiabaticity parameter in [55,
56] indicated that, in contrast to the small ion parameter, the
electron adiabaticity parameter is x. > 1, and hence the
electron dynamics in the TCS is controlled by the magnetic
field. Therefore, it could naturally be assumed that the
electrons are mostly magnetized and distributed in accord-
ance with the Boltzmann law [78], which means that both the
MHD approach and the guiding center approximation can be
used to describe their dynamics. However, in these two
approaches, it is impossible to estimate the thickness of the
embedded electron sheet supported by magnetized particles
due to the lack of the analysis of the motion transverse to the
magnetic field. For a long time, despite the active develop-
ment of the hybrid TCS model, scaling of electron sheets was
absent. Estimates of the thickness of the electron sheet
embedded inside the ion sheet were obtained in [151, 152]
two decades later. In these studies, not only was the scale of
the electron CSs estimated, but also their close relation to the
outer ion sheets was shown.

In[151, 152], a simple analytic TCS model was used, with
B = B,(z)e, + Bye, + B.e.. In [151], the shear magnetic
component B, was not taken into account (B, = 0). Later,
in [152], its influence was studied, and the anisotropy of the
electron component was also taken into account by introdu-
cing f, = 4n(p —pei)/B? as a free parameter (where
B(z) = (BX(z) + B>+ B2)"?, and pej and pe; are longitudi-
nal and transverse components of the electron pressure
tensor). Recall that configurations with B, # 0 are called
shear. In them, the planes containing magnetic field lines are
tilted to the normal to the neutral plane. The problem was to
find a self-consistent profile of the tangential component
B, (z). The input parameters of the model, in addition to the
value of the normal component B. and the electron aniso-
tropy f,, are the plasma density n(z) and the respective
temperatures of electrons and protons, 7. and 7;j. These
parameters uniquely determined the ion inertial length
0j = c/wpi (Where wy; is the ion plasma frequency) and the
ion Larmor radius p;, in the neutral sheet field B..

Taking into account the magnetic shear, i.e., actually the
tilt angle « of magnetic field lines to the normal in the
equatorial plane (« = arctan(B,/B.)), allowed the fre-
quency of large-scale rotation of protons in the plane z =0
to be estimated as

€4 /B}? =+ Bn2 Bn 1

=— wy
mc By " coso’

-QLmin = (13)
where wy = eBy/mc, By = B(Li), and L; is the ion sheet
thickness. Knowing the gyrofrequency at the TCS edges,
®pmax = eB(L;)/mc, the adiabaticity parameter of protons
can be determined as

= QLmin o bn i _ &
@ B max Cosa Po BO

(14)

To find the scale of the electron current, the Ampere equation
was used:

4
rotB = (j +1.). (15)

Here, j; is the current density supported by quasiadiabatic
ions, and j, is the current density supported by electron drifts
in the neutral region. Drift electron currents are considered in

the guiding center approximation:
¢ c

jo.=——1h — - h x (hV)h
Jer B(Z)[ XVLPCL]+B(Z) (e = per)[h x (WV)h], 16)

B
h=—.
|B|
In the magnetic configuration with shear, the estimate of
electron current (16) takes the form

. B. 0B, B.
s cpe o S B= \[BXe) + BI 4 B2 (17)

This relation ultimately allowed estimating the y component
of the electron current:

Jei BZ0B, |1

oy = =cA _—
Ty = Cosa Pe B4 5z costu

(18)

The anisotropy parameter f3, is included in the hose stability

condition in the form

p.B’
47

De|| = Pel = (19)

and lies in the range 0 < f, < 1, while the hose instability
boundary is determined by the condition 5, = 1. Eventually,
Eqn (15) can be simplified and transformed into the form

dB, _4n (B B} -
Y cosla B2)

dz v
After introducing the dimensionless variables Z = z /4 (where
A=02/pi, 0 = ¢/wpi, Pin = v1i/ Rz, Qzi = eB./mjc, vri =
\/2kT;/m; is the thermal velocity of an ion, and m; is its mass)
and b(Z) = By/By <1, by =By/B.> 1, integration of
Eqn (20) gives the following estimates for the scaling of
the magnetic field in the shear configuration in the region
of electron current dominance (at small 2): b(Z) ~
[32/(b¢ cos? w)]'/ for strong electron anisotropy and h(Z) ~
Z/bo(1 — B,) for moderate and weak anisotropy of electron
pressure. The scale of the ion sheet is determined by the
asymptotic value of the magnetic field By = B,(z — Li),
where L; is the ion sheet thickness (L; = §;).

Thus, final estimates of the electron sheet thicknesses are
obtained in two limit cases of electron anisotropy. In the
strong anisotropy limit, the electron sheet scaling has the
form [152]

A

~ b
3cosa

(20)

L. p.=1, (21)
and in the case of moderate and weak anisotropy f, < 1, we
obtain

1 — ﬁa y)

CoS o

Le~ (22)
for the electron sheet itself: L.~ A/cosa (where A=
¢? /wpipiy 1s the ion inertial length, ¢ is the speed of light, wy;
is the ion plasma frequency, p;, = vri/Qin is the Larmor
radius of proton rotation in the field B., v; is the thermal
ion velocity, and €, is the proton rotation frequency in the
field B.) in the case when the characteristic scale of electron
motion itself is absent. It can be shown that, at the limit
applicability of the description of electrons in the guiding
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center approximation (k. = 1), the characteristic thickness of
the electron sheet L. becomes exactly equal to the electron
Larmor radius [152].

The analysis performed illustrates complex nonlinear
relations between the electron and ion CSs embedded in
each other, forming a common current structure.

3.4 Developing the theory.

Properties of thin current sheets and kinetic models
Further development of the analytic model in [78, 79, 132,
152] and the transition to its two-dimensional structure were
implemented in [88], which allowed estimating the TCS
structure over a large length of the tail, depending on the
magnitude of the normal magnetic component B, changing
with distance. It turns out that, as the normal component
toward Earth increases, the density of the plasma captured by
the magnetic field increases, which does not support the
current in the tail but leads to the splitting of the current
density profiles and the formation of various configurations
with two current density maxima and with negative minima
on the sides [132]. In this case, the electron current is most
deeply inserted inside the CS and creates a narrow peak of the
current density in the central part of the sheet. The remaining
features of the profiles are due to the dynamics of particles
trapped and quasitrapped in the sheet. The TCS model
allowed studying and explaining the formation mechanisms
of three types of CSs (with one, two, and three maxima) and
the asymmetric structures [24, 35, 72], i.e., all the main
features of the observed TCSs listed in Section 2.1.

It can be added that the development of the kinetic
approach to modeling thin sheets has allowed not only
explaining the main features of their configurations observed
in situ [35, 61, 91, 92] but also predicting new properties of
their structure and dynamics that could not be explained
based on observational data alone.

(1) The TCS has the ion thickness (from hundreds to
several thousand kilometers for 10-keV magnetotail protons),
but, in its very center, there can be a embedded electron sheet
an order of magnitude thinner, with a thickness of several ten
kilometers (the electron energies in the tail are significantly
lower than the proton energies). The current in the TCS is
maintained by plasma flows into the sheet; the sheet as a
whole is nested inside a much wider plasma layer.

(2) The dynamics of protons in the TCS is quasiadiabatic,
as shown in [120]. Quasiadiabatic dynamics determines the
internal structure of the CS. This implies demagnetization of
ions upon entering the CS and their serpentine motion along a
semicircle in the neutral plane, which the particle alternately
crosses, moving between the northern and southern hemi-
spheres (such a trajectory is also called meandering).

(3) Because the gyroradii of electrons are significantly
smaller than the proton sheet thickness, it was concluded that
electrons are completely magnetized inside the CS [78, 151,
152]. This indicated the need to take the ambipolar electric
field E. into account, which arises due to the different
dynamics of plasma particles. Due to the presence of the
ambipolar field, the electron population depended quite
strongly on the properties of the proton population, for
example, on the thickness of the surrounding ion CS.

(4) Tons are the main current-carrying particles and, as
estimated in [79], support more than 70% of the total current
(heavy oxygen ions can join the proton population in the
magnetotail). The current density profile created by demag-
netized quasiadiabatic ions is determined by their dynamics

(meandering motion in the neutral region) and, in general, the
ratio between the populations of transient and quasitrapped
particles. Taking them into account allows predicting the
formation of multipeak current density profiles [35].

(5) The asymmetry of the CS can be determined, in
particular, by the following factors: the asymmetry of plasma
sources [75], the influence of the shear magnetic component
present in the TCS, and, possibly, the seasonal change in the
tilt of Earth’s magnetic dipole [76, 77].

(6) The integral electron current, whose amplitude can
under certain conditions be much greater than that of the
proton current, is no more than 30% of the total current in the
system [79]. The electron current supported by the curvature
currents of electrons is very narrow, its magnitude being
inversely proportional to the curvature radius of the magnetic
field lines in the vicinity of the neutral plane z = 0. At a small
thickness, even a strong electron current can make a small
contribution to the total current.

(7) The TCS is characterized by a embedded structure,
with a narrow electron current embedded inside a wider
proton current, and the entire CS as a whole embedded
inside a much wider plasma sheet. The embedding property
is an important and distinctive property of CSs. Due to it, an
ambipolar electric field maintained in the system supports the
TCS as a whole, while the condition of hose stability of the
sheet is satisfied [149].

(8) The TCS is metastable, meaning that it is stable at the
beginning of substorm development, but can spontaneously
be destroyed under the influence of the emerging tearing
instability [98], giving rise to various substorm disturbances in
the magnetosphere.

‘As knowledge about the formation and dynamical
properties of TCSs was being developed based on observa-
tions in the magnetosphere, a hotly debated question, rooted
in principles, arose about their role in the development of
magnetospheric disturbances [35, 45, 135]. As modern
observations and modeling results show, just the TCSs are
the key structures that shape the geomagnetic response to the
interaction of the magnetosphere with the SW. The main
scenario for the formation of TCSs in the magnetosphere
during fairly frequent magnetic substorms is as follows: the
heliospheric CS is strongly folded [153, 154]. In the areas
(sectors) between its folds, the interplanetary magnetic field
(IMF) can have a pronounced northern or southern direction.
Earth, moving in the plane of the ecliptic, periodically crosses
the boundaries between the folds (sectors), and the direction
of the IMF reverses. Magnetic substorms always begin with
the arrival of the southern IMF, which on the daytime
magnetopause reconnects with the oppositely directed geo-
magnetic field, and then the reconnected magnetic flux is
transferred to the tail. Under the influence of the growing
magnetic field, over a period from 0.5 to 2 hours, the
magnetotail CS thins from the initial thickness of several Rg
to several hundred or thousand kilometers. A TCS extended
along the tail forms [35] and accumulates excess free energy
[45, 135]. In the process of evolution, tearing instability can
develop in the TCS, such that the flat current disintegrates
into one or several current ropes (so-called plasmoids). Drift
motion of plasmoids detached from the geomagnetic field
contribute to their movement into the tail and then beyond
the magnetosphere. At the same time, waves of magnetic field
dipolarization moving toward Earth arise [155, 156], restor-
ing the original shape of the magnetosphere. Streams of
particles accelerated by reconnection are released into the
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atmosphere in the region of the auroral oval [157, 158].
The substorm ceases when the main part of the energy that
entered Earth’s magnetic field from the outside dissipates
from the magnetosphere together with plasmoids and
accelerated plasma streams. The energy transformation
cycle is completed by restoring the magnetosphere to its
original state [159], to be repeated the next time the excess
energy from the SW is introduced into it.

3.5 Ion tearing instability as a mechanism of energy
release and magnetic reconnection

in metastable thin current sheets

The study of the stability of the quasiadiabatic model of a
multiscale embedded TCS actually put an end to the
preceding scientific discussions about the absolute stability
of the magnetotail CS [45, 92, 98]. The stability under the ion
tearing mode was estimated in the framework of linear
stability theory. The energy principle was used, according to
which the energy balance in a perturbed system during the
development of the tearing mode can be represented as [92,
98]

OW = Wy + Wiree — W . (23)
The first term on the right-hand side of (23) reflects the
energy expenditure on the creation of the perturbed
magnetic field leading to reconnection, the second is the
free energy of the sheet providing the attraction of parallel
current filaments to each other, and the third is the energy
expenditure on the compression/rarefaction of the electron
component of the plasma (the effect of electron compres-
sibility) in the presence of the normal component B.. The
term Wi actually determines the free energy stored in the
TCS, which provides the development of the tearing
disturbance. Estimates give Wee. < 0, while the other two
terms must be positive: Wy, W, > 0. A detailed derivation
and description of the energy functional can be found in
[45, 92, 98].

The energy functional 3 W reflects the energy difference
between the disturbed and undisturbed states of the CS. If
dW < 0, then the energy of the disturbed state is lower than in
the undisturbed state, and hence the transition to a lower-
energy level is advantageous for the system, and the
development of the tearing mode is possible; otherwise, if
OW > 0, the sheet is completely stable. It was shown in [98]
that the free energy in the TCS is several times higher than
that of the Harris CS, and hence the development of the
tearing mode is possible for certain parameters of the
system. CSs with a small normal magnetic component
B, ~ {0.1-0.2} By (where B, is the tangential field at the
TCS edges) turn out to be unstable, which accords with the
observed values in the magnetospheric tail [92].

The study of stability for different parameters demon-
strated the key role of embedded CSs in the development of
magnetic disturbances. In [98], a study of a hybrid TCS model
for stability with respect to the tearing mode revealed a
bounded region in the phase space of the system where the
TCS is unstable. Outside this region is the region of complete
stability. Later, the CS metastability mechanism in the tail of
Earth’s magnetosphere was studied in detail in [160]. It was
shown that, if the CS characteristics during the thinning of the
tail CS in a magnetospheric substorm are represented by
points in the parametric space, then these points move in the
parameter region toward the instability region. Arriving at

the instability region predicted in the framework of the model
developed above, the CSs are destroyed [160].

The simulation results also show that the development of
the ion tearing mode significantly depends on the electron
temperature T, (it increases with increasing 7.) and on the
thickness of the outer ion sheet (the thinner it is, the stronger
the instability). In general, it was shown that, in the TCS,
which has a well-defined nested structure, the development of
instability is provided by the development of the ion tearing
mode, while the characteristics of the narrower electron
current can indirectly affect the spatiotemporal dynamics of
the sheet disruption and the onset of reconnection in it [45].

4. Inside the singularity:
electron scale and superthin sheets

4.1 High-resolution observations: superthin electron sheets

in space. MMS mission

Asnoted in Section 3, multisatellite studies of magnetoplasma
structures by the Cluster and THEMIS missions stimulated
the next step in the development of satellite observations: the
launch of the MMS mission, which repeated the Cluster
concept in terms of the tetrahedral four-satellite configura-
tion, but with inter-satellite distances tens and hundreds of
times smaller [161]. For example, in the geomagnetic tail CS,
the distance between the satellites of the MMS tetrahedron
near the orbital apogee is ~ 20 km, which is approximately
equal to several electron gyroradii (p.). The Cluster mission
was actually devoted to the study of the ion kinetics in TCSs
at the magnetoplasma boundaries and in magnetic reconnec-
tion, but the MMS mission was tasked with studying the role
of electron physics in the formation and dynamics of these
structures.

Due to the high temporal resolution of magnetic field
measurements and 3D electron velocity distribution functions
in the tail of Earth’s magnetosphere and in the magnetopause
CS, in the magnetosheath, and at the front of the bow shock,
it was for the first time possible to observe intense superthin
CSs with a thickness of the order of several p, and with a
current density tens and sometimes hundreds of times greater
than the current density in the ion TCS [162—166]. It has been
shown that intense STCSs are generated mainly by electrons,
whose flow velocity is at least several times higher than the
corresponding flow velocity of ions.

Figure 9 shows an example of STCS observations by
the MMS satellites on July 6, 2017 during the propagation
of a fast plasma stream (FPS) moving away from Earth at a
speed reaching 1000 km s~! [167]. An FPS directed away
from Earth indicates the presence of an active X-line
between the MMS satellites and Earth [49]. At the time of
the STCS observation, the MMS satellite quartet had the
coordinates [—24,0.5,4.7]Rg in the GSE coordinate system
and was located near the neutral plane of the plasma layer
(PL) of the geomagnetic tail. The current density in the STCS,
measured as rot B from four-point magnetic field measure-
ments, was Jz ~ 80 nA m~2. The STCS thickness was
L ~ 45 km ~ 4p,. To analyze the STCS structure, it is more
convenient to use the local LMN coordinate system: its
N-axis is oriented along the direction of the minimum
variation of the magnetic field through the sheet, determined
by the minimum variance analysis method [168]; the L-axis
coincides with the direction of the maximum variation, and
the M-axis complements the right triple of orthogonal
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Figure 9. STCS observation by MMS satellites on 6.07.2017. From top
down: (a) time profile of spatial variation of off-diagonal component of
pressure tensor PN of current-carrying electron population, normalized
to diagonal component PNy, observed by four MMS satellites; (b) time
profile of current density Jp (red line) and electron current density J.
calculated in barycenter of MMS satellite quartet (green line); (c) time
profiles of density (blue line) and flux velocity of current-carrying
electrons along current direction in sheet (red line). STCS observation
interval is shown with shades of gray. (Adapted from [167].)

vectors. In the case of a 1D CS, the M-axis coincides with the
direction of the current in the sheet. It can be seen from Fig. 9b
that the time profile of the current density Jz (shown with the
red line) almost exactly coincides with the time profile of the
current density J, created by electrons with energies greater
than 1.2 keV (shown with the green line) in the barycenter of
the MMS quartet. This means that the current in the STCS is
generated almost entirely by the superthermal electron
population.

The current-carrying electron population is demagnet-
ized, as evidenced by the presence of a significant bipolar
variation in the off-diagonal component of the pressure
tensor Pnp observed by all four MMS satellites when
crossing the STCS (Fig. 9a). The intense current in the
STCS is then almost entirely provided by the gradient of this
off-diagonal component of the pressure tensor of the current-
carrying electron population along the normal to the STCS
[167]. Thus, the formation of an STCS with a sheet thickness
of the order of or less than several gyroradii of thermal
electrons occurs similarly to the formation of ion TCSs with
a thickness of the order of a proton gyroradius [101]. Namely,
the intense current in the STCS is created by the demagnetized
population of electrons in the Speiser orbits [99], and the
tension balance in the sheet is maintained by the gradient of
the off-diagonal terms of the pressure tensor of the current-
carrying electron population.

Importantly, the time profile of the component of the
current-carrying electron population flow velocity along the

direction of the current in the STCS, V,, almost completely
coincides with the current density profile in the sheet, J3,
while the time profile of the current-carrying electron density
does not coincide with the profile of Jp (Fig. 9¢). This
indicates that the intense current in the STCS is provided by
the high flow velocity of the current-carrying electron
population, and not by an increase in its density in the center
of the sheet, as was assumed in the Harris CS model.

This feature of electron STCSs was later confirmed by
statistical studies. In [169], MMS observations in the PL of
the tail were analyzed as regards the propagation of 41 FPSs
directed toward Earth and 37 FPSs moving away from Earth.
During the FPS intervals, many (more than 1000) intense
STCSs with a current density Jz > 30 nA m~2 were observed
in the PL, which is several times greater than the current
density in the unperturbed CS of the tail. In all cases, the
leading contribution to the current was made by the electron
population. The variation in the electron flow velocity along
the current direction in the STCS, normalized to the
maximum value of the modulus of this component in a given
STCS, AV;/|V sl max> Was much greater than the correspond-
ing variation in the electron density normalized to the
maximum electron density in a given STCS: Ane/(ne) .5
(Fig. 10a, b). Therefore, the current in the STCS is caused by
a significant increase in the electron flow velocity, rather than
by an increase in their concentration. This property was
previously deduced from a simulation of intense current
structures generated in cold turbulent plasma [170]. It was
shown in the simulation that intense current structures are
mainly longitudinal and the high current density in them is
caused by a significant increase in the electron flow velocity,
which makes it much greater than the ion flow velocity,
Ve/Vi > 1. In this case, the change in concentration on the
scale of the sheet did not exceed 10%. In a hot plasma, the
STCSs in PLs are almost always produced by high-speed
super-Alfvén electron beams whose velocity along the current
direction is several or sometimes tens of times greater than the
absolute value of the corresponding component of the ion
flow velocity.

Regardless of the direction of the FPS, STCSs were
observed at arbitrary distances from the neutral plane of the
PL, which indicates that these current structures are not
necessarily part of the transverse CS tail, but can represent
independent structures self-organizing in the turbulent
plasma of the PL, disturbed by the propagation of the FPS.
Indeed, in the absence of an FPS, intense STCSs are hardly
observed in the PL. Only one case of observing an intense
STCS in the absence of the FPS is known in the literature
[162].

In most intense STCSs observed in a PL, the electric
current is directed along the external magnetic field. Such
STCSs are generated by accelerated electron beams of
superthermal energies moving along the magnetic field lines.
It was previously reported that STCSs created by longitudinal
electron beams are observed only in the boundary plasma
layer [72, 162]; however, as our statistical studies show, such
STCSs can also be observed near the neutral plane. Topolog-
ically, this means that the PL contains secondary sources of
electron beam acceleration generating such STCSs, which can
be located at some, possibly significant, radial distance from
the primary X-line generating the large-scale FPS. This
scenario is illustrated in Fig. 11.

A number of studies reported the observation of a high
power density of energy conversion not in the primary X-line
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Figure 10. Relative variations in characteristics of electron fluxes: electron densities as function of flux velocity modulus along current direction, observed
in each STCS from database published in [169] for FPS intervals directed (a) toward Earth and (b) away from Earth; dependences of maximum modulus
of JE' parameter, observed in each FPS interval, on velocity modulus of a given FPS for fluxes directed (c) toward Earth and (d) away from Earth.

(Adapted from [169].)

Secondary
microreconnections

Figure 11. Illustration of scenario of generation of multiple accelerated
longitudinal electron beams (shown by crimson arrows) generating a
longitudinal STCS in PL of geomagnetic tail during propagation of FPS
(shown by black arrows) from primary X-line. Electron beams are
accelerated in secondary sources (shown by red asterisks), possibly
microreconnections formed at boundaries of magnetic islands carried by
FPS from primary X-line. Transverse CS of tail is shown in blue shading.
Trajectory of MMS satellites in plasma rest frame is shown by blue dotted
line. Magnetic field lines are shown by black lines. (Adapted from [169].)

but at some distance from it, in O-line magnetic structures
[166, 171, 172]. Secondary sources of electron acceleration
can be secondary microreconnections or, as they are also
called in the literature, electron reconnections. Secondary
microreconnections received this name because these pro-
cesses occur without the observed participation of ions [173—
177].

Indeed, many STCSs exhibit characteristics typical of
classical diffusion regions required for reconnection (see,
e.g., [26, 178]): violation of the frozen-in electron population

associated with strong nonideal electric fields E’ that can
reach tens of mV m~!; a high electric current density J
concentrated in a thin sheet of thickness ~ d. (where d, is
the electron inertial length); and a high power density of the
released energy JE’, reaching hundreds and sometimes
several thousand pW m~—3 [179]. However, the question of
the further development of electron reconnection remains
open. In a number of studies, it was assumed that secondary
electron reconnection is the initial (or transient) stage of
development of a new X-line on the ion kinetic scale [180].
In modeling, such a process was successfully reproduced
when a strong external driver was applied to the secondary
electron diffusion region associated with STCSs in the form of
an increase in the magnetic flux in the tail lobes or strong
fluctuations in the flow velocity of the FPS accelerated in the
primary X-line [181-183]. However, direct satellite observa-
tions of such a process have not yet been made.

In this regard, the question of the mechanisms of
formation and evolution of STCSs remains open. It is only
known that most intense STCSs are formed by electron
longitudinal beams, and less often, by electron flows moving
perpendicular to the external magnetic field; the current-
carrying electron population is superthermal and super-
Alfvén and has a velocity significantly exceeding the ion
flow velocity. According to our statistical studies, the
duration of an STCS observation is no more than 1 s, i.e.,
satellites observe STCSs at some phase of their evolution, and
it is practically impossible to trace the further development of
the sheet. Theory shows that fast electron tearing instability
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can develop in such superthin sheets [184]. Observations of
bursts of strong electric fields, in some cases reaching tens of
mV m~! inside and at the edges of STCSs, also indicate their
possible nonstationarity. It can be assumed that the external
driver, which is most likely the FPS and the associated
enhancement of the convection electric field Ec = —V; x B
(where V; is the ion flow velocity), causes the development of
fast electromagnetic fluctuations in the PL, which, in turn,
contribute to the acceleration of the electron beams forming
the STCS. Electron beams can also be accelerated in
nonstationary magnetic structures frozen into the FPS, such
as magnetic islands and dipolarization and antidipolarization
fronts, and as a result of secondary microreconnections
associated with these magnetic structures. The further
evolution and subsequent decay of an STCS again cause the
generation of induced electric fields that accelerate a new
electron beam, which forms a new STCS in another region in
the PL. This process has a cascade nature and generally
explains the formation of multiple intense STCSs with
different spatial orientations observed in the PL at arbitrary
distances from the neutral plane during the propagation of
the FPS [169].

4.2 Multiscale model of superthin electron sheet

with magnetized and demagnetized particles

Research into CSs in Earth’s magnetosphere has long been
based on the assumption that electrons remain magnetized

and their contribution to the current is due to pressure
anisotropy. However, with the advent of high-precision data
from the MMS mission, it became clear that the anisotropy of
the electron pressure in the observed STCSs is small, while the
pressure tensor is nongyrotropic, indicating a significantly
nonadiabatic motion of electrons [167, 185]. This discovery
required the development of a new combined model where the
electron dynamics is divided into two components: magnet-
ized (described in the guiding center approximation) and
demagnetized (described in the quasiadiabatic approxima-
tion, similarly to ions) [186]. The development of such a
model became possible due to the existing detailed theory of
nonadiabatic particle motion, which takes approximate
invariants other than the magnetic moment into account
[35, 120].

The key parameter of the model was the weighing
coefficient y = nP¢(00)/ng, which characterizes the fraction
of demagnetized electrons (De) in the total population. This
quantity depends on the adiabaticity parameter K. ~
B,/Bo\/L/p, [120]. 1t is assumed that y decreases mono-
tonically with increasing k.: from y =~ 1 at k. < 0.5 (fully
demagnetized electrons) to y = 0 at k. > 2 (fully magnetized
electrons), taking an intermediate value y = 0.5 at ke = 1, as
shown in Fig. 12. It should be recognized that particles near
the narrow region k. = 1 exhibit strong chaotic motion [120,
187], which is not fully covered by our models (u, ~ const or
I® = const). However, as calculations show [120, 188], the
contribution of chaotic particles to the currents is negligibly
small, which justifies the approximation used in the model.

The main result of the new one-dimensional self-consis-
tent model [186] was proof that the presence of demagnetized
electrons enhances the peak current density in the neutral
plane by 3 to 5 times and reduces the effective sheet thickness
to several electron gyroradii (L. ~ (2-5)p.). As a typical
example, we consider a configuration with a 50% demagne-
tized electron population at B,/By = 0.1. Analysis of the CS
profiles in Fig. 13 for demagnetized protons (Di) and
electrons (De) with the velocity anisotropy 815i1e =
upi,e/vti.e = | and for magnetized electrons (Me) with the
weak pressure anisotropy Ame = fio(Pje —pie)/B?=0.1
suggests the following conclusions:

(1) Plasma density: demagnetized electrons (De) demon-
strate rarefaction of their density near the neutral plane with a
sharp compaction in the center and contribute to the
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Figure 14. Comparative characteristics of tearing modes. (a) Marginal wave numbers k. p; as functions of ratio B, /By. (b) Growth rates y/w.; depending
on kyp;. Parameters are ep;j . = 1 and Ane = 0.1. Solid lines correspond to STCS with demagnetized electrons (y = y(B,); see Fig. 12), and dashed lines,

without them (y = 0).

compression of the total plasma density (Di). Magnetized
electrons (Me) maintain plasma quasineutrality (nPf =
nDe + nMe).

(2) Current density: the current of demagnetized electrons
dominates (~ 80%), forming a superthin sheet (L. ~ 5p,)
embedded in the ion CS. The contribution of magnetized
electrons is insignificant (~ 5%).

(3) Magnetic field: the intense electron current creates
extreme magnetic field gradients (VB ~ By/p.) at the CS
center, determining the steepness of the B, (z) profile, while
the ions form a large-scale structure. The relative contribu-
tion of electrons is BP**M¢(00) /By ~ 6%.

These results are in good agreement with MMS observa-
tions, where currents of ~ 50—-100 nA m~2 were recorded at
thicknesses of ~ 20-50 km (~ (1-5)p,) even in the presence of
weak electron anisotropy (pje ~ pe)-

4.3 Electron tearing mode. Role of multiscale

and embedding in development of cascade reconnection
processes in cosmic plasma. Contribution of proton

and electron populations to processes of magnetic island
fragmentation and energy dissipation

Observations of STCSs have revived interest in the classic
problem of their stability. While previous studies have mainly
focused on the stability of TCSs and the development of ion
tearing modes in them, the presence of partially demagnetized
electrons in STCSs opens up new possibilities for studying
electron tearing modes, characterized by significantly smaller
time and space scales than ionic modes have [184].

Figure 14 demonstrates the difference in the behavior of
marginal wave numbers and tearing mode growth rates
depending on the presence of demagnetized electrons (De) in
the sheet. As the B,/B, ratio decreases, the fraction of
demagnetized electrons y increases, which leads to two
important effects:

e thinning of the STCS and accumulation of free energy
Wiree ~ L_z;

e reduction in the stabilizing contribution of magnetized
electrons (W, ~ n™M¢/B2).

These factors contribute to the development of a fast
electron tearing mode at short wavelengths. It is noteworthy
that the instability increments in STCSs with demagnetized
electrons are two orders of magnitude higher than in sheets
without such a population (Fig. 14b). The time scales of such

processes amount to seconds, while the characteristic times of
ion instabilities development are minutes or even tens of
minutes, which is comparable to the duration of large-scale
substorms.

Figure 14a shows that the STCS instability region shifts
toward larger wave numbers (short wavelengths). This
indicates the formation of increasingly small-scale, rapidly
evolving structures (magnetic islands), which fundamentally
changes the traditional ideas about the CS dynamics. Such
observations became possible due to modern high-precision
MMS measurements, which act as a kind of magnifying glass
for studying microphysical processes in plasma.

In what follows, we consider an example of an observa-
tion by MMS satellites of the evolution of an STCS associated
with the development of the electron tearing mode (Fig. 16a).
This STCS was observed on July 6, 2017 at 16:01:21-
16:01:32 UT near the neutral plane of the PL tail inside the
magnetic island transferred to the observation point by an
FPS moving toward Earth from the active primary X-line
[167]. Figure 15 shows the time profiles of three components
of the magnetic field (Fig. 15a), the current density calculated
from magnetic measurements (Fig. 15b), and the flow velocity
of ions and electrons (Fig. 15¢ and d, respectively).

During this interval, several bursts with amplitudes
> 30 nA m~? are observed in the current density, associated
with the intersections of intense STCSs by the MMS satellites.
To discuss the STCS evolution, we consider two bursts
observed at times III and IV (marked with vertical dashed
lines in Fig. 15) and also analyze the prehistory of plasma
processes observed at times before the onset of the STCS
evolution (times I and II) and in the post-tearing period
(time V).

The left-hand side of Fig. 16b schematically shows the
evolution of a magnetic island and the intense STCS
associated with it. This magnetic island was one of the many
magnetic islands transported by the FPS from the primary
X-line to the observation point [167]. Its uniqueness lay in the
fact that the MMS satellites, while inside the island, remained
near the neutral plane of the PL for almost 10 s. This allowed
tracing the evolution of the electron velocity distribution
function in the STCS and the change in the thickness and
density of the current in the STCS [184].

At time I, the MMS quartet was in the southern part of the
PL outside the neutral plane, on the boundary of a large-scale
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Figure 15. Example of STCS evolution observed by MMS-1 satellite near neutral plane of PL, which resulted in development of electron tearing
mode. From top down: time profile of (a) three components of magnetic field, (b) current density, (c) flow velocity of ions and (d) electrons.

(Adapted from [184].)

magnetic island, as evidenced by the observation of two
counter electron beams moving along the magnetic field
lines with nearly identical velocities and intensities (see the
electron distribution functions corresponding to time I on the
right side of Fig. 16b). After ~ 2 s, at time II, the MMS
satellites suddenly started observing a strongly accelerated
electron beam moving toward Earth with a parallel velocity
significantly exceeding that of the corresponding counter-
directed beam (see the distribution functions at time II in
Fig. 16b), but no changes occurred in the flow velocity of the
ion FPS (Fig. 15¢). This indicates the formation of an
additional source of electron acceleration at a somewhat
longer distance from Earth than the position of MMS
satellites. It can be assumed that such an additional source
of electron beam acceleration was secondary electron recon-
nection, which could occur as a result of the development of
the electron tearing mode. This could in turn lead to the
fragmentation of a large-scale island into smaller ones (see the
illustration for instant II in the left part of Fig. 16b). The
accelerated electron beam generated an STCS with a strong
current J, ~ —40 nA m~2 (Fig. 15b, d).

Next, the MMS quartet moved toward the neutral plane
and entered a smaller-scale magnetic island, presumably
formed as a result of fragmentation of the initial large-scale
island (instant I11). The presence of such an island is indicated
by the observation of a negative variation in the B. field,
marking the leading edge of the island moving toward Earth
(Fig. 15a). Near the neutral plane, the MMS observed an
STCS with the current directed along the magnetic field due
to the presence of the shear magnetic field component. This
current, with a density exceeding 30 nA m~2 (Fig. 15b), was
generated by a longitudinal electron beam that moved
antiparallel to the magnetic field without a counter-directed
beam (see the distribution function for instant IITin Fig. 16b).
Approximately at instant I11, the electron tearing mode began

to develop. By instant IV, which is only 2.7 s away from
instant III, there was a rapid thinning and increase in the
current density in the STCS by a factor of 1.8 compared to the
current density observed at instant III (Fig. 15b). An
intensification of the current-carrying electron beam was
simultaneously observed in the electron velocity distribution
function (see Fig. 16).

The STCS thinning led to a rapid increase in the relative
concentration of demagnetized electrons in the sheet. In
the STCS observed at instant III, the electron population
with energies > 700 eV was demagnetized (k. < 1). This
demagnetized population constituted about 30% of the total
electron concentration in the STCS. However, after the STCS
thinning at instant IV, the low-energy boundary of the
demagnetized electron population decreased to ~ 200 eV,
resulting in a sharp increase in the fraction of demagnetized
electrons in the sheet (to ~ 80%). Simultaneously, the
fraction of Speiser [99] electrons, which make the main
contribution to the current, increased to ~ 45% of the entire
electron population. In the electron distribution functions
observed at instants III and IV, the low-energy boundary of
the demagnetized population is shown by a black circle. Thus,
by instant IV, the concentration of demagnetized electrons
increased, and the stabilizing effect of magnetized electrons
decreased due to a decrease in their concentration. Such an
STCS becomes unstable under the excitation of the electron
tearing mode, whose development leads to the fragmentation
of the magnetic island containing the STCS into smaller
islands. The observation of a positive variation in the B,
field indicates the intersection of the rear boundary of the
small-scale island (Fig. 15a). Assuming an exponential
instability growth (j~ exp(¢#/T)) and taking the current
density gain I' = 1.8 into account, the instability develop-
ment time can be estimated as 7 ~ A¢/InT" ~ 4.5s. The radial
size of the ‘newborn’ small-scale island (along x) is of the
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Figure 16. (a) Schematic of magnetic configuration of tail with magnetic islands formed as a result of development of electron tearing mode. (b) Scenario
of evolution (fragmentation) of magnetic island as a result of development of electron tearing mode in STCS inside island. In left part of the figure, STCS
is shown as a red rectangle. Evolution stages are presented for five time points, marked by vertical dashed lines in Fig. 15. Right part of figure shows
corresponding 2D electron velocity distribution functions measured by MMS-1 satellite at indicated time points. Color scale on right corresponds to
measurements of spectral density of electron velocity distribution. (Adapted from [184].)

order of L ~ Y2 v (1)At ~ 4000-5500 km, where v, is the
x component of the ion flow velocity, and ¢, and ¢, are the
instants of observation of the island boundaries (observation
of bipolar B. variations). A change in the magnetic config-
uration associated with island fragmentation can cause the
generation of induction electric fields, which in turn accel-
erates the new electron beam. Unfortunately, MMS observa-
tions do not allow observing all the relations in this chain of
events. At instant V, the satellites were still near the neutral
plane in the region between the ‘newborn’ islands, where the

secondary reconnection process had apparently already been
completed. In this region, the intense STCS had already
decayed, resulting in strong thermalization and isotropiza-
tion of the electron distribution function (see the electron
distribution function observed at instant V in Fig. 16b).
Indeed, after 16:01:30 UT, no current density bursts with an
amplitude exceeding 30 nA m~2 were observed. Instead, a
quasistationary current with a density J, ~ 10 nA m2,
typical of an ion-scale TCS, was present near the neutral
plane (Fig. 15b).
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Thus, the MMS observations are in qualitative agreement
with the model of the electron tearing mode evolution. The
observed characteristic time of STCS evolution with a half-
thickness of ~ 20-50 km agrees with the theoretical estimate
of the characteristic time of the fast electron tearing mode
evolution (~ 4.5 s) in a magnetic island with a radial size of
~4000-5500 km. For example, for the magnetic field
B ~ 20 nT in the tail lobes (w¢ ~ 1.92 rad s~!) and the ion
temperature 7; = 5 keV (where vr; = 980 km s~! is the ion
thermal velocity), the electron tearing increment is y /¢ = 0.7
and the characteristic instability development time is 21t /y ~
4.7 s. For kyp; =0.6-0.8, the wavelength is 1 =2n/k, =
4010-5350 km, which agrees with the observed size of the
magnetic island in the x direction. During the instability
development time, the induced electric field Ej, = —y4;, =
6.9 mV m~! (with 4;, ~ 0.5Byp; exp (y + ikyx), where By is
the absolute value of the magnetic field at the CS edges)
can increase exponentially and reach the observed values of
~ 10-20 mV m~'. Thus, the growth rate of the fast electron
tearing mode is large enough to destabilize the STCS on a
time scale of a few seconds, while the development time of
the ion tearing mode for the same local parameters is
several minutes.

We note that the observations by the MMS mission on
July 6, 2017 demonstrated the development of the electron
tearing mode accompanied by the generation of induction
electric fields and fragmentation of magnetic islands. This
process has a cascade nature: large-scale structures are
fragmented into smaller ones, which leads to additional
heating of electrons and dissipation of magnetic energy, as
shown in Fig. 16. In turn, the induction electric fields arising
as a result of changes in the magnetic configuration are
capable of accelerating new electron beams. For example, an
induction electric field with the observed strength of ~ 20 mV,
arising as a result of the decay of an STCS with a thickness of
50-100 km, is capable of accelerating electrons to super-
thermal energies (~ 1-2 keV). Such energies correspond to
those of the current-carrying electron component in the
STCS.

These observations confirm that the rapidly changing
phenomena occurring on small scales are quite consistent
with Syrovatskii’s concept of dynamical CSs [14-16] and
demonstrate a similarity with the mechanism of heating the
solar corona through a cascade of small-scale reconnections,
emphasizing the key role of electron processes in such
phenomena.

To conclude this section, we present the results of a brief
statistical analysis of STCS parameters. Figure 17 shows the
results of a statistical study of the parameters of the observed
STCSs: the dependences of the maximum values of the
current density and the thickness of the sheets on the relative
value of the shear component of the magnetic field (Bnm/By).
The shear component (By in the local LMN coordinate
system) is understood as the component of the magnetic
field directed parallel or antiparallel to the direction of the
current density in the sheet. The red dots mark instances of
anomalously strong electric fields (= 12mV m~!), an order of
magnitude higher than typical values in the magnetosphere
(usually, fractions of a mV m~!). For quasistationary CSs,
there is an increase in the thickness and a decrease in the
current density with increasing magnetic shear in the sheet
[76, 77]. But such a dependence is not observed for many
STCSs. In particular, a significant number of STCSs from our
database have a fairly high current density and small
thickness at high By/By values. Most of these STCSs were
observed to have strong electric fields, indicating that the
sheet is nonstationary. Our studies convincingly prove the
vortex nature of these fields. These observations allow us to
draw fundamentally important conclusions about the nature
of STCSs:

e the sheets demonstrate a dynamical character, con-
stantly evolving in the birth—decay cycle;

e the process is cascade in nature: the decaying sheets
initiate the formation of new structures;

e the accompanying process bursts of vortex fields
effectively accelerate electrons;

e the ion component remains practically unaffected due to
its inertial nature.

The obtained results are remarkably similar to the
theoretical work of Syrovatskii, who predicted the funda-
mental nonstationarity of reconnection processes in real
plasma and the cascade nature of energy conversion.

5. Conclusions

The competition between two scientific schools, the Western
school of Petschek and the Eastern school of Syrovatskii,
which unfolded in the 1970s, opened up new perspectives
for space scientists in the study of dynamical processes in
space. Due to spacecraft and multisatellite missions such as
ISEE-1-3, AMPTE, Interball, Cluster, MMS, and THEMIS,
extremely thin CSs were discovered and studied; these
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structures had long (for decades) been considered infinitely
thin MHD discontinuities where magnetic reconnection
processes occur.

It turns out that such structures have a finite thickness and
can be studied using high-resolution multisatellite measure-
ments with spacecraft located at distances of the order of ion
or electron scales, from 10 to several thousand kilometers.
From a theoretical standpoint, such CSs can be studied
exclusively in the framework of kinetic or hybrid models.
The MHD approximation is inapplicable to them. A break-
through event in space physics was the discovery of ion-scale
TCSs in the 1990s, which later began to be found everywhere
in near-Earth space: on shock waves, at the magnetopause, in
Earth’s magnetotail, in polar cusps, and in the magneto-
spheres of other planets. TCSs can be classified as a class of
surface boundary structures separating regions containing
plasma with different properties and/or magnetic fields with
different directions. The struggle of scientists to ‘unfreeze’ the
ion tearing mode in Earth’s magnetotail ultimately ran into
the problem of a lack of a suitable thin CS model that would
take the small but finite normal magnetic component in the
tail into account. Such a model has been constructed and
studied, and the ion tearing problem was thus solved [35, 45,
64, 67, 78]. It turns out that the characteristic property of
TCSs in the tail was nesting, pressure anisotropy maintaining
the balance, and the overall strong influence of the outer
proton sheet on the electron CS nested inside it, which
ultimately leads to metastability of the entire current
configuration, when its stability is spontaneously interrupted
by explosive destruction, energy release, and magnetic
reconnection.

But progress in space science did not stop there. The new
MMS space mission allowed discovering and describing
STCSs, several ten kilometers thick, supported only by the
electron population. Reconnection processes in them
occurred continuously, mainly on the electron scale. Similar
structures were observed throughout almost the entire
thickness of the plasma sheet in the tail, mainly in the
turbulence zone created by fast plasma flows.

Summarizing these observations, we can propose the
following scenario of energy transformation in the plasma
sheet of the geomagnetic tail. The primary macroreconnec-
tion accelerates the large-scale fast ion flow and generates
magnetic structures of ion kinetic scales — dipolarization and
antidipolarization fronts and magnetic islands [189-192],
which move in the plasma sheet together with the fast flow.
The fast ion flow thus transfers energy from the region of
‘global’ reconnection to distant parts of the plasma sheet. The
fast flow moving with the flow velocity V; is associated with
an increase in the convection electric field E = —[V; x B,
which is arguably a trigger for the rapid evolution of magnetic
structures carried by the flow, accompanied by the generation
of fairly strong induction electric fields. Such fields are
capable of accelerating clectron beams to superthermal
energies. The emergence of this secondary accelerated
electron population results in the emergence of STCSs,
which are dynamical structures that eventually decay as a
result of the development of the electron tearing mode,
leading to secondary microreconnections. As a result of
STCS decays, induction electric fields are generated again,
accelerating new electron beams to energies of the order of
several keV. The newly born electron beams, in turn, generate
new STCSs, and this process continues wherever the primary
fast ion flow propagates.

The accumulation of a vast amount of observational data
on the structure and dynamics of STCSs gradually led to the
need to organize the obtained data on superthin electron
sheets and to try to understand which models can be used to
describe individual groups of sheets from this entire rich
spectrum of superthin current structures. In this review, we
have attempted to formulate our standpoint on the accumu-
lated array of data on thin and superthin sheets, which
consists of dividing them into quasistationary and nonsta-
tionary structures, which allows them to be described in terms
of the corresponding models of different classes with
fundamentally different dynamically and spatial-structural
characteristics.

In general, modern space observations agree with the
dynamical nature of reconnection processes and the absence
of stationary solutions predicted by Syrovatskii. Everything
flows in nature, everything changes, and Syrovatskii’s ideas
live and develop.

The work of L.M. Zelenyi, E.E. Grigorenko, O.0O. Tsareva,
and M.V. Leonenko was carried out in the framework of the
state program PLASMA. The work of H.V. Malova and
V.Yu. Popov was supported by state programs of Lomono-
sov Moscow State University and PLASMA.
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