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Introduction

The Earth, planets and other bodies of the solar system are surrounded
by the collisionless hot plasma of the solar wind and are constantly exposed
to it. The nature of the interaction depends on whether the celestial body has
an internal magnetic field or the presence of an atmosphere. If the solar wind
is deflected by the internal magnetic field at a great distance from the planet,
then a cavity in the solar wind is formed, called the magnetosphere. Almost all
planets of the solar system have similar large-scale magnetospheres, with the
Earth’s magnetosphere being the most studied object. Under the influence of
the solar wind, the magnetosphere is compressed on the day side; on the night
side, a magnetotail is formed, which contains strongly elongated magnetic field
lines separated by the current sheet. A characteristic feature of magnetospheres
of this type is extremely diverse internal dynamics, which manifests itself in the
processes of slow accumulation of magnetic energy and its rapid release, which
is accompanied by the generation of accelerated particles, plasma heating and
disturbances in the entire magnetosphere-ionosphere-atmosphere configuration.
A wide range of phenomena occurring in the near-Earth space under the
influence of heliophysical factors is called “space weather”. The study of the
effects of space weather on technical systems and human health, as well as its
forecast, is an urgent fundamental and practical task.

Large-scale plasma processes are accompanied by a change in the
topology of the magnetic field under the influence of magnetic reconnection,
which actually sets the rate of energy transformation and also controls the
amount of magnetic flux entering from the solar wind into the magnetosphere.
Understanding the magnetosphere as a whole requires a detailed analysis of the
main parameters of magnetic reconnection, namely: its rate, the spatial scale of
the diffusion region, the structure of the vicinity of magnetic reconnection in the
presence of other species, as well as obtaining estimates of its energy efficiency,
which in the case of a collisionless plasma is most fully revealed by means of
numerical simulations.

The Moon and asteroids represent an interaction of a qualitatively different
kind. The absence of an atmosphere and a global magnetic field causes the solar
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wind and high-energy particles to fall directly onto the surface of the Moon.
However, the so-called lunar magnetic anomalies, where small-scale areas of
residual magnetization of the crust are present, can provide protection from
energetic particles. The relevance of research in this direction is due to the
increased interest in the exploration of the Moon at present by Russia, China,
the USA, the EU and India, as well as future prospects of establishing a manned
lunar station there. This task requires predicting radiation risks on the lunar
surface, therefore it is necessary to create an accurate picture of the lunar
magnetic field, as well as to study the structure of plasma flows under the
influence of local magnetic fields.

The structures formed during the interaction of the solar wind with comets
are even more different from “ordinary” magnetospheres. The comet’s nucleus
is a lump of loose mixture of ices (both water ice and dry ice), rocks, and some
more complex compounds. Away from the Sun, the comet’s nucleus behaves
like an asteroid, but as it approaches the Sun, the substance of the comet’s
nucleus evaporates in the process of degassing, forming a coma. The size of
this atmosphere can be many orders of magnitude larger than the size of the
comet’s nucleus, while the comet’s weak gravity is not able to prevent the
escape of cometary matter into space. The main interaction occurs due to the
gradual ionization of neutral gas and the introduction of heavy ions of cometary
origin into the solar wind. Previous approaches to the numerical modeling of the
cometary atmosphere were based on the fluid approach, but it has now become
clear that this approach is not capable of adequately explaining the experimental
satellite data, especially in the weak comet regime.

The existing term “space weather” refers mainly to the physics of solar­
terrestrial relations. The manned exploration of the heliosphere requires the
creation of high-precision models of the interaction of various bodies with the
solar wind, the estimation of the intensity of energetic particle fluxes, and the
prediction of plasma dynamics for various parameters of the solar wind. Taking
into account the insufficiency of experimental data (which is especially typical
for observations of the near Lunar space and comets), numerical simulation
appears to be the main available research tool.

The experiment is the starting point in the study, its foundation, on which
further theoretical and computational constructions are built. The permanent
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increase in the accuracy of measurements (spacecraft, optical, laboratory), as
well as the quality of experimental data, requires the creation of more and
more accurate models to interpret the nature of the occurring phenomena.
Over the past decades, a number of satellite missions have been focused at
studying the dynamics of energy conversion and related processes in near­
Earth space, for example: Cluster (European satellites launched in 2000), MMS
(satellites launched in 2015 specifically to study magnetic reconnection and its
consequences). Satellite observations provide data only at one (or several) points,
which, unfortunately, provides indirect information about physical processes
throughout space in a dynamic, moving environment. It is theoretical and
numerical models based on experimental data that are capable of constructing
a quantitative self-consistent model of the process that complements and
interprets observations.

The complexity of the problems posed is such that the only comprehensive
research tool for studying multiscale processes in a wide range of parameters
is numerical simulation. Computational complexity balances between the
desired resolution and the size of the computational domain, on the one
hand, and the available computational resources, on the other. For some
numerical calculations, ordinary workstations are sufficient. However, for many
computational problems at the forefront of science, this approach is not
applicable due to, for example, the requirements for the amount of RAM. The
use of supercomputers is typical in such cases.

Modern numerical computing code is a complex software product. The
development of such a product is a long and difficult task. To use the available
supercomputer resources, a parallel algorithm is needed that effectively splits
the computational problem into threads that run on separate processors (cores).
The computational code processes the result of the calculations, organizes
the exchange of data between the threads and stores the result in disk.
Creating, debugging, testing and adapting such a product for a specific physical
problem takes years and requires the cooperation of a large group consisting of
programmers, mathematicians, physicists and end users. Each created code is
a unique computing tool with its own features and optimizations. In addition
to the calculation module itself, post-processing and visualization methods play
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an important role, which is critical when interpreting the results of large three­
dimensional calculations.

There are several approaches to describing plasma dynamics.
Magnetohydrodynamics (MHD) equations are the equations of conservation
of mass, momentum, and energy of a fluid medium. In this approximation,
plasma is considered as a conducting gas interacting with a magnetic field.
At each point, there is a local thermodynamic equilibrium, and the plasma
state is described uniquely by such a set of parameters as density, temperature,
velocity, and magnetic field. This approach is used to model objects that
are large compared to the characteristic plasma scales (for example, the ion
gyroradius). At present, there are a number of global dynamic MHD models of
the Earth’s magnetosphere and other heliospheric objects that are successfully
used both to study fundamental phenomena and to predict space weather.
A qualitatively different approach is required when describing processes in
which distribution functions are formed in plasma that are far from local
thermodynamic equilibrium. In such processes, the distribution function can
take a rather complicated form, and to adequately reproduce the plasma
dynamics, one must either use the macroparticle method or fully resolve the
velocity space.

The dissertation aimed at numerical modeling of processes in the
collisionless plasma of magnetosphere and heliosphere by the Particle-in-Cell
(PIC) method. For calculations, the parallel open-source code iPIC3D [1] is
used, in its basic version presented on https://github.com/CmPA/iPic3D.
The semi-implicit moment method is implemented in the code. The Applicant
took an active part in its support and development. Computations on the
topic of the dissertation were carried out using both Russian computing
resources (supercomputer “Lomonosov” of the Research and Development
Center of Moscow State University) and European and American machines
(supercomputers Curie, Beskow, Pleiades and others). The high efficiency of
the code has been tested in calculations using up to 10,000 cores. The research
is mainly theoretical; however, spacecraft observations were directly applied
to some selected simulations. The dissertation results are reliable due to the
correct formulation of numerical experiments, confirmed by direct comparison
with spacecraft measurements and approbation in leading scientific journals.

https://github.com/CmPA/iPic3D
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Aims and Tasks of the Study

The purpose of this work is to study the effects of magnetic reconnection
as the most important element of magnetospheric activity, as well as to create
models for the interaction of the solar wind and evaluate the effects of space
weather in the vicinity of the Moon and comets. The Applicant is developing
numerical simulation of kinetic processes in the plasma of the solar
system using supercomputer research methods. Numerical simulations
of the plasma environment of the Moon and weak comets are innovative, since
computing resources sufficient for three-dimensional plasma modeling in a fully
kinetic approximation became available in the last decade only .

To achieve this goal, the following technical tasks were set and solved by
the Applicant:

1. Create a set of two- and three-dimensional numerical models of
collisionless magnetic reconnection to study the features of the process at
different parameters of the inflowing plasma (density, temperature, composition)
and to reveal new patterns of the process. A large set of models makes it possible
to thoroughly study such subtle effects as the rate of magnetic reconnection, the
structure of the diffusion region, and the balance of forces in the vicinity of the
neutral line.

2. Study the influence of the effects of wave activity on the process of
magnetic reconnection; carry out a self-consistent accounting of the energy of
the wave-particle interaction in the vicinity of the fronts and separatrices. The
main technical challenge here is in-depth post-processing and visualization of
the results of three-dimensional calculations. Compare the obtained model to
the satellite data.

3. Create a numerical model of lunar mini-magnetospheres, study the mini­
magnetosphere structure, the pattern of particle precipitation and the dynamics
of ion reflection. Adapt the computational method to solve this problem. Develop
new versions of the iPIC3D code, in which the following external magnetic
fields are implemented: a magnetic dipole, a magnetic quadrupole, an empirical
magnetic field of the Moon [2]. Taking into account the small scale of magnetic
anomalies, the approbation of calculations on the in-situ spacecraft data is
more qualitative than quantitative. However, 3D modeling makes it possible to
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obtain the distribution of particle precipitation on the surface, which is directly
comparable to the optical observations.

4. Investigate the characteristic kinetic features of the plasma environment
of a weak comet. Adapt the code to numerical simulation of the solar
wind interaction with comet 67P/Churyumov-Gerasimenko. The choice of this
particular comet is based on the availability of experimental observations by
the Rosetta spacecraft in its vicinity. In addition, the comet was in a weak
outgassing regime at a distance of 3-4 astronomical units from the Sun at the
beginning of the Rosetta mission, which suggests the need for a kinetic approach
to modeling.

5. Implement MHD solver in the iPIC3D code to study large-scale
oscillations of the magnetic tail current sheet (“flapping” instability). Provide
the possibility of specifying complex initial conditions for assessing the effect
of tail bending on the breakup of a magnetospheric substorm. The use of such
a code instead of side parallel MHD codes is justified by the fact that in order
to study slow dynamics, it is necessary to accurately estimate the numerical
effects of the scheme and the influence of boundary conditions.
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A Brief Review of the Current State of Research and Description of the
Results Obtained by the Applicant

1. Numerical simulations of magnetic reconnection and
presentation of the EDR model structure

Magnetic reconnection is a universal plasma process that plays an
important role in the interaction of the solar wind and the magnetosphere,
initiation of coronal mass ejections, solar flares in astrophysical and laboratory
plasma. The very first models of magnetic reconnection were depeloped in the
middle of the 20th century [3], [4]. In the Sweet-Parker model, a theoretical
study was made of the rate of transformation of the accumulated magnetic
energy into the energy of accelerated plasma flows in a current sheet with
uniform conductivity. A theoretical scaling was presented, which, however, gave
characteristic reconnection rates several orders of magnitude lower than those
observed. The characteristic times of solar flare development predicted by the
Sweet-Parker model turned out to be about 107 s, instead of the observed 10-100
s. The Petschek model [5] postulates the existence of shock waves on which the
inflowing plasma is accelerated. The microscopic Sweet-Parker current sheet in
this model is present in the vicinity of the neutral line and is necessary to change
the topology of the magnetic field lines. The main process of transformation
of magnetic energy in this case occurs on shock waves. A big advantage
of the Petschek model is the weak (logarithmic) dependence on the plasma
resistance. The Sweet-Parker and Petschek models were the first quantitative
models of magnetic reconnection. Their basic elements formed the basis of many
further works, which take into account electronic and ionic kinetics. A detailed
discussion of the limits of applicability of the MHD approximation in plasma is
given, for example, in the book [6].

Classical resistivity due to binary collisions between plasma particles
provides dissipation in the Sweet-Parker model and violates the condition of the
magnetic field being frozen into the plasma in the diffusion region. Using the
analysis of the generalized Ohm’s law, in early works on magnetic reconnection
in a collisionless plasma [7] it was shown that the role of the classical resistivity
can be performed by the electron inertia, if the expression ∇ · P𝑒 introduces
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contribution to the force balance near the neutral line (there are off-diagonal
components in the electron pressure tensor P𝑒). Despite the fact that the first
models of magnetic reconnection in the MHD approximation appeared as early
as the middle of the 20th century, it was only in the 21st century that it
was possible to extend the research for a collisionless kinetic plasma. GEM
reconnection challenge [8] gave momentum to the study of various aspects of
the process. Using various approaches to the description of plasma dynamics
(both the fluid approximation and the fully kinetic approach), it was shown
that the presence of the Hall effect is the main factor supporting the process of
fast magnetic reconnection. With the development of simulation software, and
also due to the better availability of computing resources, accurate quantitative
descriptions of the diffusion regions of magnetic reconnection in the kinetic
regime have appeared. The structures of the electron distribution functions
inside the diffusion region were studied [9], [10], the characteristic scales of ion
and electron diffusion regions [8] were determined. The spatial distribution of the
electron pressure P𝑒 is well structured in the vicinity of magnetic reconnection.
In the inflow region there is a parallel electric field [11], [12] with a potential drop
of up to 1 KeV. The electrons are pre-accelerated before entering the diffusion
region, and the P𝑒 pressure exhibits strong anisotropy parallel to the magnetic
field.

Earlier papers [13], [14] proposed an algorithm for partitioning the
distribution function in the vicinity of the diffusion region into separate
populations. These populations are significantly different: the velocity of the
incoming particles is directed mainly along the normal to the current sheet,
while the accelerated particles move in the direction of the current. The study
of the trajectories of individual particles made it possible to take a fresh look at
the structure of an accelerated population of electrons. It was found that in the
space of velocities a sequence of structures in the shape of the letter “C” (patterns
C-shaped) is formed. Further numerical studies [15], [16], [17] and observations
(e.g. [18]) showed that such structures are commonly found in regions with
a localized perpendicular electric field. Structures of this type are usually
called “crescents” and are currently considered the most important indicator
of electron demagnetization near the diffusion region. Successful experimental
studies of the Earth’s magnetosphere by satellites have revealed the need for
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an in-depth theoretical interpretation of the obtained observational results. To
quickly classify different regions in a large amount of data, a number of features
have been developed based on the anisotropy and non-gyrotropy of the electron
pressure [19—21] and the structure of the ion distribution function [A35].

The Applicant proposed a simple model of the off-diagonal component
of the electron pressure: P𝑒𝑦𝑧 = 𝑛𝑚𝑒𝑉𝑒𝑦𝑉𝑒𝑧, which is true inside the electron
diffusion region. A scaling of the electron diffusion region was obtained as a
function of plasma properties in inflow regions [14]. The conductivity turns out
to be of the order of Bohm diffusion, despite the collisionless plasma dynamics.
The most important results were obtained by the Applicant [A19] when solving
the problem of matching the known parallel anisotropy in the inflow region [11]
with the approximation P𝑒𝑦𝑧. The rotation of the electron pressure tensor into
a frame of reference related to the velocity of the electron component of the
plasma was considered. The work made it possible for the first time to prove
that the separation into external and internal parts is misleading and that the
electron diffusion region along the entire length from the neutral line to the
electron deceleration region is a single object in its structure. For this model,
the dependence ∼ 𝛽1/8 of the reconnection rate on the plasma 𝛽 in the inflow
region was demonstrated in [A27]. A qualitatively similar dependence with
external parameters appears in the calculation of the large-scale force balance
[22] for a wider range of 𝛽 parameters. Based on the research results, in a
large collaboration, a numerical model of the vicinity of the diffusion region
[A33], [A34] was created, based on the Grad-Shafranov equation. The model
was validated by numerical simulation of magnetic reconnection [A33] and also
tested on MMS satellite data [A34].

2. Dynamics of Reconnection (Dipolarization) Fronts and
Separatrices

Fast plasma flows are regularly observed in the Earth’s magnetotail,
associated with wave activity enhancements and fluctuations of plasma
parameters [23], [24], [25]. There are a large amount of works aimed at the
study of specific events, as well long-term data statistics. Close attention to
such phenomena is because it is through such non-stationary events that the
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transfer of most of the magnetic flux and plasma inside the magnetotail [26]
occurs from a macroscopic point of view. The fast flow and the surrounding
plasma are separated by a thin boundary, which in various sources is called
the dipolarization front or the magnetic reconnection front. The thickness of
the front is only a few hundred kilometers (of the order of the ion gyroradius),
while the length of the entire fast flow is about 60,000 km (∼ 10𝑅𝐸, Earth’s
radii) [27]. The front is not a static boundary on the microscale, but acts as
a powerful accelerator of ions and electrons [A9] and a source of waves in the
magnetosphere. Calculations and observations show that the main release of the
reconnection energy occurs not in the vicinity of the diffusion region, but in the
outflow region and at the fronts [A5], [A6], [A10], [A21].

Magnetic reconnection explains the structure and parameters of plasma
flows in the Earth’s magnetosphere [25]. In particular, the velocity of the fast
flow is of the order of the characteristic Alfvén velocity 𝑉𝐴; at the point of contact
of the fast flow with the surrounding plasma, reconnection fronts are formed,
which have the form of shock waves [28] in the MHD approximation; a local
peak of the magnetic field and density appears at the magnetic reconnection
front. Simultaneous observations of fast flows in the plasma sheet by several
satellites are presented in [26] (located both in the near tail and at a distance
of ∼ 55 𝑅𝐸 from the Earth). Observations of plasma flows both in the direction
from the Earth and towards the Earth at different distances correspond to the
magnetic reconnection model.

Sharp gradients of plasma parameters at the fronts of magnetic
reconnection contribute to the development of instabilities from micro- to
macroscales. Rayleigh-Taylor type instability develops in MHD and hybrid
approximations [29], [30], [31], [32]. In particle-in-cell simulations, a kinetic
interchange instability and an ion-ion mode appear at the reconnection front
[33], [34], [35], [36], as well as the lower hybrid drift instability (LHDI). A
lower hybrid-type instability at the reconnection front were first described in
3D simulation by the iPIC3D code in a series of papers by the Applicant and
co-authors [A2], [A5], [A8], [A12]. In [A8], [A21], [A38], kinetic simulations
were carried out by replicating the results of a 2D simulation in the third
dimension. The use of this technique made it possible to significantly reduce
the computational resources required for the calculation.
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Magnetic separatrices are virtual surfaces projected into a neutral
line, which separate the inflow and outflow regions. Magnetic reconnection
separatrices are highly dynamic [37], [38], while the crossing of separatrices
by satellites is a much more frequent event (than an exact fly through the
diffusion region). Numerical simulations of magnetic reconnection in two- and
three-dimensional approximations show that electron beams lead to excitation
of the Buneman instability and the electron Kelvin-Helmholtz mode. The
results of these calculations are presented in the works [A3], [A13] and in earlier
works of the Applicant [39], [40], [41], and are also confirmed in the data [A24],
[A30] , [A38]

3. Magnetic Reconnection with Cold Ions

The theoretical problem of kinetic magnetic reconnection in a
multicomponent and multitemperature plasma appeared while interpreting
spacecraft observations of the Earth’s magnetosphere. In the magnetosphere,
there is a population of cold ions of ionospheric origin with energies of several
eVs. The main difficulty in observing such a population is the presence of a
positive potential in satellites illuminated by the Sun. The sensitivity of the ion
spectrometer on the Cluster satellite to such cold ions (with energies from 7 eV)
was improved by turning on the ASPOC [42] instrument, which compensates
for the photoelectron current and reduces the floating potential of the satellite.

In [43], a rare crossing of the Earth’s magnetosphere in the Earth’s shadow
by the Geotail spacecraft was presented. The absence of a photoelectron current
leads to a short-term drop in the floating potential of the satellite to -300 V.
In such events, the ions are accelerated to the potential of the satellite before
entering the spectrometer, which makes it possible to observe even the lowest
temperature component. Among 97 eclipsing events (during which the current
sheet was crossed at distances of 9-19 𝑅𝐸), the cold population was observed
in 10% - 50% cases. In a number of events, the density of the cold component
is comparable to the density of hot ions in the current sheet, which affects
the magnetic reconnection. First, the presence of an additional background
component increases the total plasma density and leads to a decrease in the
magnetic reconnection velocity [44] due to a decrease in the characteristic
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plasma ejection velocity (Alfvén velocity), which is confirmed by numerical
simulations [45], [46] . This effect is especially pronounced at the magnetopause,
where heavy oxygen ions from the Earth’s plasmasphere enter the region of
asymmetric magnetic reconnection [47]. Second, the observations demonstrate
significant differences in the motion of identical ion components but having
different temperatures. It has been suggested that cold ions are completely
magnetized when crossing the vicinity of the neutral line [48]. As a consequence,
the cold ion current should partially reduce the electron Hall currents on the
separatrices [49], [50], which is shown in [51] through both observations and
numerical kinetic modeling.

In early observations of the low-temperature plasma component in the
magnetosphere, it was assumed that such ions have a relatively short gyroradius
and therefore remain magnetized when crossing separatrices. That is, it was
assumed that cold ions can pass through the region of magnetic reconnection
without significant acceleration [44].

Numerical simulations presented in this dissertation revealed a number of
new effects, created by cold ions in the vicinity of the neutral line [A20]. First,
cold ions are demagnetized and experience acceleration and heating when they
enter the outflow region. A separate diffusion region is formed in which the cold
ion component is demagnetized. The size of this region is much greater than the
gyroradius of cold ions, but smaller than the characteristic dimensions of the
demagnetization region of hot ions. Second, the rate of magnetic reconnection
and the structure of the Hall fields practically do not change with a change in the
temperature of the inflowing plasma and depend mainly on the magnitude of the
magnetic field and the total plasma density. This confirms that in the presence
of a poorly observed cold component, the rate of magnetic reconnection will be
lower than expected. Thirdly, heating is equally effective for both hot and cold
components.

The large-scale dynamics of magnetic reconnection with cold ions at the
magnetopause was studied in experimental papers [A14], [A15]. The existence
of a separate diffusion region of the plasma component, which is embedded in a
more extended diffusion region of the hot component, is confirmed. Observations
show that the inflowing cold ions are heated inside the diffusion region, but far
from the neutral line they travel into the outflow region without thermalization
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and move with the drift velocity E × B. In the computational work [A36], a
simple explanation was given: cold ions can enter the outflow region through
far separatrices, since acceleration requires the presence of both a Hall electric
field and a reconnection electric field. The combination of acceleration by the
reconnection electric field and the Hall (perpendicular) electric field forms
distribution functions of the crescent type on the [52], [53], [A42] separatrices,
which can be used as the main indication of the presence of cold ions in the
inflowing plasma. In addition to this result, [A36] demonstrated the dependence
of the magnetic reconnection efficiency on the plasma temperature due to the
temperature dependence of the plasma ejection velocity [54].

Cold plasma outflowing from the ionosphere moves parallel to the magnetic
field and have a significant speed. The influence of such a motion [55] consists in
the displacement of the X-line with the average velocity of the stream, ultimately
leading to the asymmetry of the outflow regions. It is noteworthy that, in the
case of a uniform plasma flow, the reconnection rate does not change; however, in
the presence of a velocity shift, it decreases. The limit value of this shift is about
2𝑉𝐴 [56]. When cold ions are accelerated by the reconnection electric field, the
inertial term in the equation of motion plays an important role [57]. A similar
result was obtained in [A36], which shows the collective acceleration of ions, but
not heating (i. e., diffusion of beams in velocity space). The calculations show
the formation of complex structures in the velocity space.

An unresolved issue in the process of magnetic reconnection is how
the thermal distribution is formed (and is it formed at all?). It is assumed
that the main role in this process is played by the wave-particle interaction,
which leads to the transformation of individual accelerated cold beams into a
Maxwellian type distribution. The MMS satellites confirm the presence of wave
activity in observations of accelerated cold beams in the vicinity of magnetic
reconnection [58], [59]. Waves in the lower hybrid range [60], [61], as well as
ion-acoustic waves [60], [62] are excited, leading to a gradual heating of the cold
ion population [63]. Nevertheless, the problem of thermalization mechanisms
has not yet been unambiguously solved either in calculations or with the help
of observational data.
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4. Solar Wind Interaction with Lunar Magnetic Anomalies

A promising direction of modeling studies is the creation of a complete
kinetic model of the entire magnetosphere. Since the end of the 20th century,
a number of early works have been made, which present the fully kinetic
approximation simulations [64], [65], [66], [67], [68]. First of all, the very
possibility of applying the particle method to the problem of numerical modeling
of the entire magnetosphere was demonstrated. The papers qualitatively
reproduce the main magnetospheric structures: a cavity is formed in the solar
wind and a standing shock wave is formed; there is a ring current in the
near magnetosphere; there is a current sheet in the magnetotail and individual
magnetic reconnection events occur. Typical for the particle method was the
use of highly artificial parameters, such as the ratio of the masses of electrons
to protons (1/16) and the magnitude of the solar wind speed to the speed of
light (∼ 1/2).

The global numerical study of the entire Earth’s magnetosphere by means
of kinetic methods requires huge computing power. Even now, despite the rapid
growth of available resources, kinetic global models of the magnetosphere [69] are
very rare and, as a rule, use numerical parameters that simplify the calculation.
Other ways to simplify calculations while maintaining scientific complexity are
to use a two-dimensional model (for example, [70]), or to limit the calculation
to a single region of the magnetosphere (shock wave, magnetosheath) [71], [72],
or in the reduction of the magnetic moment of the dipole [73].

The magnetosphere belongs to the category of “large” magnetospheres
if its characteristic size is on the order of or greater than 20 ion inertial
lengths [74], [75]. Using particle-in-cell kinetic modeling, [76] found that
smaller-scale magnetospheres demonstrate qualitative differences from “large”
magnetospheres. The shock wave disappears, but the mini-magnetosphere
becomes a source of a weak standing whistler wave (whistler). The magnetic
field of the source penetrates into the solar wind [77], [78]. In such regimes, the
ions are demagnetized on the scale of interaction between the plasma flow and
the magnetic field, and as a result the Hall effect [78] [77] and ion kinetic effects
[73], [76] dominate in the interaction dynamics.
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In 1959, the Soviet mission Luna-2 travel in the vicinity of the Moon
and did not detect the magnetic field. Further studies by the Explorer 35
missions in 1967 and Apollo 12 missions in 1969 were able to detect only
separate areas of an increased magnetic field (magnetic anomalies) near the
surface [79], [80]. Local fields are not dynamo-generated, but are due to the lunar
crust remanent magnetization. A three-dimensional picture of the distribution
of the magnetic field with high accuracy was created much later based on
the results of observations made by the Lunar Prospector (NASA, 1998-1999)
and Selena (JAXA, 2007-2009) satellites. The main measurements were carried
out at altitudes of 10-70 km. It is shown that the fields are irregular and
the characteristic sizes of magnetic anomalies do not exceed 200 km, which
corresponds to the kinetic scales of ions in the solar wind. Based on the
measurements, an empirical model of the Moon’s magnetic anomalies [81], [2]
was constructed. Thus, the disturbances in the solar wind created by the Moon’s
magnetic fields are mini-magnetospheres in terms of their scale.

Mini-magnetospheres are a more convenient target for particle-in-cell
studies compared to classical “large” magnetospheres, since the desired spatial
and temporal resolution is available even with limited computing resources.
It is extremely important that mini-magnetospheres can be considered an
intermediate object of study on the way to fully kinetic calculations of the
entire Earth’s magnetosphere, as well as the fact that fully three-dimensional
calculations are available for mini-magnetospheres.

Studies where the Applicant is co-authored [A4], [A11], [A17], [A18], [A23],
[A32], [A37], [A40] investigated various kinetic effects in plasma in the vicinity
of mini-magnetospheres and lunar magnetic anomalies. The Applicant improved
the iPIC3D code to the conditions of the problem, namely: the external field
of the magnetic dipole was added, the boundary conditions were adjusted and
the normalization scheme was proposed. In [A4], for the first time, a numerical
simulation of the magnetic anomaly in the Reiner Gamma region was carried
out by a fully kinetic method under the assumption that the magnetic dipole is
oriented parallel to the surface. It is found that under typical conditions of the
solar wind, a mini-magnetosphere with a height of ∼ 10 km is formed, into which
the solar plasma does not penetrate. The mini-magnetosphere is surrounded by a
region of strong electron current (“halo”), which, in turn, creates a normal electric



18

field through the Hall effect. However, the electron current does not completely
shield the solar wind from the magnetic field of the anomaly, as happens in
“large” magnetospheres. As a result of the superposition of the magnetic field
of the anomaly and the solar wind, magnetic nulls are formed without signs of
active magnetic reconnection [A16].

The ion deflection is determined mainly by the dynamic pressure of the
solar wind and weakly depends on the magnitude of the interplanetary magnetic
field [A11], [A17]. At low dynamic pressure, the magnetic field of the anomaly
protects the surface from the solar wind, which qualitatively corresponds to
the observations of energetic neutral atoms (ENA) made by the Chandrayaan-1
satellite [82]. The reflection also depends on the orientation of the magnetic
dipole relative to the surface and the direction of the solar wind [A17], [A18].
In the case when the magnetic moment is directed perpendicular to the surface,
a magnetic cusp region is formed, which effectively reflects the solar wind
electrons. In such a case, the electron distribution function contains individual
beams moving parallel to the magnetic field, which was also observed by the
Selena satellite [83].

Of great interest is the problem of the so-called "Lunar swirls". These
formations are regions with an increased albedo, which have an irregular
complex shape. Lunar swirls show a wide variety of shapes, from simple diffuse
bands (Descartes region) to well-structured formations (Reiner Gamma region).
A significant momentum to the development of these models was given when
a connection was discovered between lunar magnetic anomalies and lunar
swirls [84]. For a more realistic simulation of the dynamics of anomalies in the
kinetic calculation [A23], an empirical magnetic field model [2] was added to
the iPIC3D computational code. The morphology of the region with increased
albedo was reproduced with high accuracy for the first time. The alternation
of dark and bright lobes of the lunar vortex was explained by the complex
structure of the magnetic fields that form the mini-magnetosphere. The effect
is also preserved when the conditions in the solar wind are averaged over one
lunar day [A32], taking into account the different direction of the solar wind
velocity vector, as well as when heavier Helium ions are taken into account [A37].
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5. Weak Cometary Atmosphere: a Kinetic Model

Early comet missions (for example, the Vega, Giotto, Sakigake spacecraft
launched to Halley’s comet in 1986) made a single high-velocity flyby through
a coma, and therefore could not provide detailed information about dynamics
of the cometary atmosphere. In 2014-2016 ESA satellite "Rosetta"studied the
comet 67P/Churyumov-Gerasimenko, namely: the chemical composition of the
cometary atmosphere, plasma environment, dust and gas flows from the surface.
The satellite accompanied the comet for a long time at a close distance, which
made it possible to obtain a large amount of new unique data on the structure
and variations of the coma in various modes of cometary activity [85].

With the advent of modern high-performance supercomputers, large-scale
3D modeling has become possible to explain and predict the plasma environment
of comets. Since the 1990s, a three-dimensional approach has been developed
in the fluid approximation for the problem of the structure of cometary
atmospheres [86], [87], [88]. The calculations were also performed using the
hybrid description [89], [90], [91], which, however, could not explain the observed
energy spectra of electrons with satisfactory accuracy [92], [93].

The Applicant developed a three-dimensional fully kinetic model of
the interaction of the solar wind with the atmosphere of the weak comet
67P/Churyumov-Gerasimenko. One of the main parameters of cometary activity
is the outgassing rate, which determines the rate of evaporation of cometary
material and is expressed in the number of particles per second. At a heliocentric
distance of 3 Astronomical Units (AU), the outgassing rate of 67P was
approximately ∼ 1026 𝑠−1 [85]. At a distance of 4.5 AU the outgassing was
∼ 1025 𝑠−1, respectively, which is typical for the comet’s weak regime. These
parameters are used in the simulations. Noteworthy, at heliocentric distances
less than 3 AU, the cometary atmosphere becomes too dense so it is necessary
to take into account the effects of collisions between plasma components and
neutral gas [94].

The Applicant adapted the code to this problem, performed calculations
and constructed a mathematical model of the process. At each time step,
the solar wind is loaded with water ions 𝐻2𝑂

+ and electrons [A22], [A26].
Water ions are demagnetized on the scale of the interaction, so they are
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accelerated directly by the electric field of the solar wind. At the same time,
the electrons are magnetized and tied to the magnetic field lines. To satisfy the
quasi-neutrality condition, an ambipolar potential is formed, which captures
electrons of cometary origin and accelerates solar wind electrons parallel to the
magnetic field [A29]. In good agreement with the experiment [95], [93], there is
a separate very dynamic population of suprathermal electrons with energies of
20-100 eV [A31], [A39] moving parallel to the magnetic field.

6. Double-Gradient Instability (Flapping Instability)

Flapping is a large-scale perturbation of the magnetotail current sheet.
Observations of such waves by Cluster satellites were first described in [96], [97],
[98]. They are slow (an order of magnitude less than the typical Alfvén velocity
𝑉𝐴) waves propagating in the current sheet with a characteristic velocity of
20—60 km/s, an amplitude of 1—2 𝑅𝐸 and a quasi-period of 2—10 minutes .

Several theoretical approaches have been proposed to describe the
magnetotail flapping oscillations in the kinetic approximation. The drift kink
instability of the current sheet of the Harris type was discussed [99], [100]. Also
the influence of the background steady plasma and the more complex structure
of the current sheet is well understood [101], [102], [103], and the existence of a
faster ion-ion drift instability is shown. Flapping oscillations are also interpreted
as a Kelvin-Helmholtz instability caused by the current velocity gradient [104].
In these works, thin current sheets without a normal magnetic field component
were considered, which imposed restrictions on the applicability of the results
to the Earth’s magnetosphere.

In the MHD approximation, models have been developed that describe
the main properties of the flapping oscillation, taking into account the normal
component of the magnetic field. In the presence of a finite curvature of magnetic
field lines [105] ballooning instability is excited. In this case, the curvature radius
must be larger than the wave length of the flapping oscillations. [106] developed
the so-called double gradient model in the MHD approximation. A detailed
identification of [107] magnetotail oscillations was carried out using data from
several THEMIS satellites. It was shown that the nature of the observed rotation
of the velocity vector is in good agreement with the theoretical parameters,
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however, the existence of several possible sources of waves or the presence of
noise made it very difficult to identify the wave.

A three-dimensional numerical model of the double gradient instability
in the MHD approach was developed [A1]. The current sheet with the normal
component growing from the Earth was taken as the background. The theory
predicts the existence of unstable solutions in such a configuration, which was
also confirmed by calculations using a linearized model. In subsequent papers,
the results were generalized to more realistic current sheets [A7], [A28]. Variants
with a current sheet containing a guide magnetic field [A7] are considered and
it is found that even a small value (∼ 10% of the magnetic field in lobes)
suppresses a part of the spectrum with wavelengths smaller than the typical
thickness of the current sheet. In [A28], a bent current sheet was taken as the
initial state and it was shown that instability develops in such a sheet even
with the normal component 𝐵𝑧 decreasing into a tail. The bent current sheet
turns out to be more unstable with respect to the flapping instability, which
can be important for the breakup of a magnetospheric substorm.
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The Main Provisions That are Put for the Defense

New results are obtained for several problems relevant to space plasma
physics, for which a comprehensive study of the process is possible only through
numerical simulation and where the plasma dynamics is collisionless:

1. A model [13], [14] of the electron diffusion region was constructed,
which takes into account the anisotropy of the electron pressure in the inflow
region [A19]. It has been established that the rate of reconnection, the main
explosive process in space plasma, in the kinetic regime is not a constant of
the order of ∼ 0.1, but has a weak (but clearly noticeable) dependence on
external parameters [A24], [A27]. In a foreign cooperation, an analytical model
of the electron diffusion region [A33, A34], [108], [109] was created, which was
successfully tested on satellite data [A34].

2. Kinetic numerical simulations of magnetic reconnection in the presence
of cold ions were carried out for the first time. A model of the diffusion region in
a multitemperature plasma is developed, and the earlier assumption that cold
ions slow down the process of magnetic reconnection is rejected [A20], [A42],
[A36], [A41]. Cold ions are accelerated by the reconnection electric field [A20],
they experience energization at the separatrices [A14], [A15], [A36], and are also
heated by the waves [A15], [A41], [A42].

3. Dynamics of dipolarization (reconnection) fronts [110], [A2], [A3], [A5],
[A12], [A16] and magnetic reconnection separatrices [A13], [A24], [A30] is
investigated by means of PIC simulations and Cluster data. Electrons are heated
[A8] and experience diffusion [A38] due to the lower hybrid drift wave activity.
The mechanisms of energy conversion at the front [A5], [A9], [A13], [A21], [A25]
were studied. In cooperation with foreign colleagues, the calculation of the effects
of lower hybrid wave activity was tested on data from the MMS spacecraft [A38].

4. The interaction of the solar wind with the atmosphere of the weak
comet 67P/Churyumov-Gerasimenko at a distance of 3-4 astronomical units
from the Sun was studied. A numerical model of the plasma environment was
developed [A22], [A26], [A39] for the first time. The mechanism of acceleration
of suprathermal electrons by an ambipolar electric field was demonstrated [A29],
which made it possible to explain the observed fluxes of energetic electrons found
by the Rosetta satellite [A31], [A39], [93], [95].
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5. The precipitation of solar wind particles in the lunar regions of local
magnetic fields enhancements was studied by means of numerical simulation.
The existence of mini-magnetopheres of several kilometers in size (areas where
the solar wind does not penetrate) has been proven [A4], [A11], [A16], [A17],
[A18]. The formation of mini-magnetospheres and the reflection of ions from
them is confirmed in a laboratory experiment [A40]. For the first time, a
numerical model of the lunar magnetic anomaly Reiner Gamma was constructed
using the empirical magnetic field of the Moon [2] and the formation of a
lunar swirl on the surface due to the influence of cosmic weathering was proved
[A23], [A32], [A37]. Mini-magnetospheres provide protection from the constantly
flowing solar wind throughout the entire lunar day, including the periods of time
when the Moon passes through the Earth’s magnetosphere [A32]. The numerical
simulation results were tested with the Chandrayaan-1 spacecraft data [A23].

6. Three-dimensional MHD simulations were used to study the linear and
nonlinear stages of the double gradient instability (“flapping” instability) of the
Earth’s magnetotail [A1], which shapes the dynamics of the current sheet of
the Earth’s magnetosphere and affects the breakup process of a magnetospheric
substorm. The model is extended for the case of the presence of a guide field
[A7] and a bent initial current sheet of the magnetotail [A28]. It is shown that
the bending of the current sheet is a critical parameter of the magnetotail,
which possibly leads to the substorm breakup.
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