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The Numerical Modeling of Instability and Shock Waves
in Gas Cloud by means Supercomputers
Igor Kulikov1, Igor Chernykh1 and Alisa Gornova2
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2
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The research of the gas giant atmosphere behavior at their interaction with a stellar
wind is given in paper. The various case of interaction of atmosphere with the dense
gas current are considered. The numerical model on base of gravitational
hydrodynamics equations was used. For the solution of equations, the combination of
operator splitting approach, Godunov's and HLL methods, and the piecewise
parabolic method on local stencil is used. The computing experiments were made
with a use of the supercomputer equipped with Intel Xeon Phi accelerators.

This research was supported by the RFBR grants 18-01-00166 (high order parallel
numerical methods), 18-07-00757 (astrochemical kinetics simulation) and by the
ICMMG SB RAS (project 0315-2019-0009).
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The parallel & distributed code for numerical simulation of
relativistic magnetohydrodynamics simulation
Igor Kulikov, Igor Chernykh, Dmitry Karavaev, Anna Sapetina,
Vladimir Prigarin, Victor Protasov and Ivan Ulyanichev
Institute of Computational Mathematics and Mathematical Geophysics SB RAS
Novosibirsk, Russia
kulikov@ssd.sscc.ru
A new code for modeling relativistic magnetohydrodynamic flows is described in the
paper. The developed program code is based on a combination of adaptive nested
grids. Magnetic hydrodynamics of the process is simulated using nested grids.
Subgrid processes are simulated using regular grids. In the paper, we will outline the
main components of program code building. These steps are common to other
program codes for magnetized flows simulation.

This work was supported by Russian Science Foundation (project no. 18-11-00044).
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Influence of the distance between coils with current on the effect of
cascade plasma heating in flows injected from the QSPA
A.N. Kozlov 1,2
1
Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, Moscow
2
Lomonosov Moscow State University, Faculty of Mechanics and Mathematics
andrey-n-kozlov@mail.ru
New approach to solving the problem of the controlled thermonuclear fusion
(CTF) was proposed and formulated in [1] as a result of research carried out in the
framework of the model of radiation magnetic gas dynamics. New approach is based
on the revealed effect of the step-by-step or cascade increase in the plasma
temperature in the process of the heating and deceleration of high-speed flow in the
magnetic field of the set of ring current-carrying conductors located at a certain
distance from each other. The quasi-stationary plasma accelerator (QSPA) is
proposed to be used as an injector of high-speed flow for sufficiently dense plasma.
The conditions for the generation of deuterium-tritium plasma flows with
thermonuclear parameters and ion energy at the outlet from the QSPA at the level of
30 keV, which is necessary for the subsequent fusion reaction in the promising
thermonuclear installations, were determined and presented in [2]. Accordingly, the
new approach involves the joint use of the QSPA and a number of coils with a
current for sufficiently dense plasma, in contrast to the multi-mirror traps. The stepby-step cascade heating of dense plasma in flows with thermonuclear parameters
after passing a sufficiently long set of coils with a current should provide the
necessary high temperature. New approach to solving the CTF problem will allow
using various promising schemes of thermonuclear installations.
At the present time, the influence of various factors on the process of the
heating and deceleration of the flow in the magnetic field of ring current-carrying
conductors has been studied, including the distance between the ring conductors. It
was found that with a decrease in the distance between the coils with a current, the
cascade heating of the plasma in the injected high-speed flow does not occur.
Research was supported by the Russian Science Foundation (Grant 16-11-10278).
1. Kozlov A.N. The study of high-velocity flow injection into the set of magnetic
field coils coupled to plasma accelerator. // Plasma Physics and Controlled
Fusion. 2019, V. 61, No. 3, Ar. 035008. doi: 10.1088/1361-6587/aaf772
2. Kozlov A.N. The study of plasma flows in accelerators with thermonuclear
parameters. // Plasma Physics and Controlled Fusion. 2017, V. 59, No. 11, Ar.
115004. doi: 10.1088/1361-6587/aa86be
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The tungsten vapor propagation under pulsed heat load
Galina G. Lazareva1
RUDN University
lazareva-gg@rudn.ru
On the experimental stand Beam of Electrons for materials Test Applications
(BETA) created in the INP SB RAS, the results of heating the tungsten plate by the
action of a high-speed electron beam on it were obtained. The work is devoted to the
numerical implementation of the tungsten evaporation model. To calculate the
velocity and mass flow of a substance evaporating from the sample surface, the
system of equations of gas dynamics is solved numerically. The boundary conditions
describing the heating and evaporation of the material have a great influence on the
solution of the problem. The equations of gas dynamics are implemented using the
Belotserkovskii’s method. The temperature wave front for the 680 shot was obtained.
A comparison of the distribution of parameters of the tungsten vapor flow in the onedimensional setting and in the setting taking into account the radial power
distribution of the laser pulse is made. The aim of the study is to simulate the erosion
of the sample surface as a result of evaporation and penetration of heat flux into the
material.
This work is supported by the Ministry of Science and Higher Education of the
Russian Federation: agreement no. 075-03-2020-223/3 (FSSF-2020-0018).
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Usage of geodesic mesh for numerical modeling
of hydrodynamic processes in spherical systems
Igor Kulikov1, Eduard Vorobyov2, Igor Chernykh1 and Vardan Elbakyan3
1
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Novosibirsk, Russia
2
Institute of Astronomy, University of Vienna,
Vienna, Austria
3
Research Institute of Physics, Southern Federal Univeristy,
Rostov-on-Don, Russia
kulikov@ssd.sscc.ru
A new numerical method based on the mathematical apparatus of geodesic meshes is
proposed. This approach allows to simulate spherical objects without features that
occur when the spherical or cylindrical coordinates are used. The method for solving
hyperbolic equations is described in detail. The method was expanded to solve the
hydrodynamical equations and tested on the Sedov point explosion problem. The
numerical method and the approach to constructing grids developed in the article
made it possible to obtain a numerical solution that is invariant with respect to the
rotation in Cartesian coordinates, which in turn allows to use this approach quite
effectively for modeling arbitrary spherical astrophysical objects.

The reported study was funded by RFBR and FWF according to the research project
19-51-14002 (RFBR) and I 4311 (FWF).
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Birth of a hurricane: early detection of large-scale vortex instability
G. V. Levina
Space Research Institute RAS, Moscow, Russia
levina@iki.rssi.ru
A hurricane in the Americas or a typhoon in Southeast Asia and the Russian Far East
are local names for a natural phenomenon defined in meteorology by the term
tropical cyclone (TC). Tropical cyclones are known by violent winds, torrential rain,
high waves and, in some cases, very destructive storm surges and coastal flooding.
Therefore, TCs are one of the biggest threats to human life and property even in the
initial stages of their evolution. There are a few stages of tropical cyclone intensity:
tropical depression (TD), tropical storm (TS), and hurricane (H) from 1 to 5 category.
Though up to date, a universally accepted definition of tropical cyclogenesis does not
exist, most researchers believe that is a fact of formation of the tropical depression,
definition of which includes some subjective elements. Only from the moment of TD
formation begins warning the population of a possible danger. Unfortunately, one
knows enough cases when a TC was identified too late on the TS stage and
dangerously close to populated regions.
Giving our interpretation for tropical cyclogenesis as a large-scale instability based
on the vortex dynamo effect, we propose to detect the onset of instability by use of
cloud-resolving atmospheric modeling [1,2]. Our approach allows identifying the
exact timing when the cyclogenesis commences marked by the start of mutual
intensification of the tangential and transverse circulation in a forming vortex.
Cloud-resolving numerical analysis was carried out for several idealized scenarios of
TC formation. It has been found that the large-scale vortex instability begins a few
hours earlier than the TD is formed, and in some cases, even tens of hours before it.
1. Levina G.V. (2018). On the path from the turbulent vortex dynamo theory to
diagnosis of tropical cyclogenesis. Open Journal of Fluid Dynamics, 8, 86–114.
2. Levina G.V. (2019). A realization of the turbulent vortex dynamo in the
atmosphere: based on the 21st century’s knowledge. J. Phys.: Conf. Ser. 1336
012007

Third Virtual Workshop on Numerical Modeling in MHD and Plasma Physics:
Methods, Tools, and Outcomes. Honor of Academician Guri I. Marchuk 95th Birthday

October 12-16, 2020

A Theoretical Model of Powerful Tornadoes in the Atmosphere
M. B. Gavrikov1, A. A. Taiurskii1
1
Keldysh Institute of Applied Mathematics
mbgavrikov@yandex.ru, tayurskiy2001@mail.ru
A mathematical model is proposed for the description of a powerful tornado for
which the angular velocity of air flows near the Earth’s surface due to the Coriolis
force is much smaller than the angular velocity of air masses in the vortex ring
(generating the tornado) in the upper layers of the atmosphere. The ratio of the said
angular velocities is regarded as a small parameter with respect to which the
perturbation theory is constructed for solutions of the tornado equations obtained in
[1,2] and the present paper. It is shown that the chain of the equations obtained for
the expansion coefficients within this perturbation theory can be split, making it
possible to find all these coefficients and calculate, with any given accuracy, the air
velocity and the geometric funnel-shaped boundary of a powerful tornado. A solution
of the tornado equations is sought on the half-line with certain boundary conditions
involving the above small parameter. The estimates obtained show that all tornadoes
causing devastating damage (according to the Fujita scale) can be regarded as
powerful, and therefore, the results presented here provide a fairly complete practical
solution of the problem of calculating the parameters of tornadoes most dangerous
for humans, their prediction and prevention. With small modifications, these results
can also be used to calculate the parameters of powerful anticyclones.
References
1. Gavrikov M.B., A.A. Taiurskii A.A. Simple mathematical model of tornado.
Keldysh Institute Preprints. 2019. № 42. 34 p.
2. M.B. Gavrikov, A.A. Taiurskii. A Mathematical Model of Tornado // Journal
of Physics: Conference Series. 1336. 012001. 2019.
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Nonstationary nonradiating states of laser-plasma
S. V. Popruzhenko1,2, T.V. Liseykina3,4
1

Prokhorov General Physics Institute RAS, Moscow, Russia
National Research Nuclear University MEPhI, Moscow, Russia
3
Institute of Computational Mathematics & Mathematical Geophysics SD RAS, Novosibirsk, Russia
4
Nikol'sky Institute of Mathematics, RUDN, Moscow, Russia
sergey.popruzhenko@gmail.com
tatiana.liseykina@gmail.com
2

In this work we study dynamical configurations of plasma created through ionization of gas targets
of micrometer-scale size by intense two-color femtosecond laser pulse by means of 2D PIC
simulations. Strong non-stationary currents excited in this interaction lead to the emission of highpower terahertz (THz) waves. After a release of a single-cycle THz pulse, a plasma configuration is
formed which emitted nearly no radiation despite the fact that the charge and current distributions
remain essentially time-dependent. The nonradiating (NR) configuration is found similar to the
dynamic anapole state recently observed in nanophotonics [1].
It is known from classical electrodynamics that accelerated charged particles emit electromagnetic
radiation. This statement is not always true if a continuous distribution modeling charges and
currents in macroscopic systems is considered. In this case particular time-dependent space-limited
NR distributions of charges and currents may exist [2]. For a long time the practical realization of
such configurations was believed impossible, though in theory their number is infinitely large.
Recently, experimental evidence of the toroidal multipoles [3] – classical analogs of the quantum
anapole moment [4], allowing the construction of NR states – was observed when studying the
optical properties of metamaterials [5].
We examine the formation of NR states in a plasma, arising from the ionization of atomic gases by
intense laser pulse. The tunnel ionization in a field consisting of the fundamental frequency and a
relatively weak second harmonic leads to the excitation of a nonzero residual photocurrent, which
strongly emits in the THz range [6]. If the size of the gas target is comparable with the THz
wavelength, the coherent radiation emission gives rise to an anomalously large radiation friction
force, which shortens the THz pulse and results in the rearrangement of plasma oscillations, leading
to the formation of a dynamic NR configuration.
The work is supported by the Ministry of Science and Education of Russian Federation (agreement
N 075-03-2020-223/3 within FSSF-2020-0018).
[1] Y. Yang & S. Bozhevolnyi, Nanotechnology 30, 204001 (2019)
[2] P. Ehrenfest, Z. Physik 11, 708 (1910); G. A. Schott, Phil. Mag. S. 7 15, 752 (1933)
[3] V. M. Dubovik & A. A. Cheshkov, JETP 24, 924 (1967);
V. L. Ginzburg & V. N. Tsytovich, JETP 61, 48 (1985)
[4] Ia. B. Zel'dovich, Sov. Phys. JETP 6, 1184 (1958)
[5] T. Kaelberer et al., Science 330, 1510 (2010)
[6] K. Y. Kim et al., Opt. Exp. 15, 4577 (2007)
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Computing the aerodynamic drag of fractal aggregates in freemolecular and transition regimes
O.P. Stoyanovskaya
Lavrentiev Institute of Hydrodynamics SB RAS, Novosibirsk State University
o.p.sklyar@gmail.com
T.R. Kusnatdinov
Novosibirsk State University
t.kusnatdinov@g.nsu.ru
A.N. Suslenkova
Novosibirsk State University
a.suslenkova@g.nsu.ru
In simulations of gas and dust mixture dynamics different regimes of aerodynamic
drag are distinguished depending on particle sizes and dust to gas relative velocities.
In the Epstein or free-molecular regime, the drag force depends on the projected area
of the particle, and in the Stokes or transition regime, on its linear size.
Finding the linear size and the projected area of nonspherical particles is a non-trivial
task. To describe the mobility of some type of nonspherical particles - fluffy
aggregates, considered as a set of spheres - monomers, the value D called fractal
dimension is often used. For such aggregates with fixed fractal dimension several
authors (see details in the review [1]) suggested the approximations of the linear size
(called Smoluchowski radius RS) and projected area PA as a function of the number
of monomers in the aggregate N. These authors validated their approximations on
experimental data. On the other hand, the authors of [2, 3] generated several dozens
of artificial aggregates with fractal dimensions from 1.6 to 2.55 and N up to 48. Than
they used direct numerical simulation (DNS) to compute PA and RS for generated
aggregates. In the paper we constructed new functions PA(D,N) and RS(D,N)
interpolating available from the literature approximations of PA(D=D0,N) and
RS(D=D0,N) and minimizing the deviation from DNS data. These functions will be
used in global simulations of protoplanetary disc dynamics and planet formation.
The study was founded by Lavrentiev Institute of Hydrodynamics budget project.
1) C.
M.
Sorensen
(2011),
Aerosol
Science
and
Technology,
DOI:
10.1080/02786826.2011.560909
2) T. Thajudeen , R. Gopalakrishnan & C. J. Hogan Jr. (2012), Aerosol Science and
Technology, 46(11):1174-1186, https://doi.org/10.1080/02786826.2012.701353
3) R. Gopalakrishnan, C. J. Hogan, T. Thajudeen (2011), The Journal of Chemical Physics,
135(5): http://dx.doi.org/10.1063/1.3617251.
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3D numerical model of diamagnetic plasma confinement in an open
gasdynamic trap
G. Dudnikova1, A. Efimova1, K. Vshivkov2
1
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2
Institute of Laser Physics SB RAS
efimova@ssd.sscc.ru
Open magnetic traps are one of the directions in solving the problem of plasma
confinement and heating in laboratory experiments. CAT facility is an example of
such trap. The facility is constructed at the INP SB RAS, where it is planned to study
a new diamagnetic mode of working of the system. This mode is characterized by
close to unity values of the ratio of plasma pressure to magnetic field pressure. It is
make possible to create a compact thermonuclear reactor in principle. A 3D
numerical model of the diamagnetic regime of an open trap based on the kinetic
approximation for the ionic components of the plasma and the injected beam and the
hydrodynamic approximation for electrons (PIC-MHD) is presented. The particle-incell method is used to solve the Vlasov equation. Basic principles of diamagnetic
plasma confinement were verified based on the created model. Dependences of the
characteristics of the formed diamagnetic system on the parameters of the injected
ion beam, background plasma, and magnetic field configuration were obtained.
The research is carried out using the equipment of the shared research facilities of
HPC computing resources at Lomonosov Moscow State University and Siberian
Supercomputer Center of ICMMG SB RAS.
The present work was supported by the Russian Scientific Foundation grant 19-7120026.
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Application of 2D hybrid model for simulation of plasma confinement
in open magnetic trap
V.A. Vshivkov, M.A. Boronina, G.I. Dudnikova,
A.A. Efimova, E.A. Genrikh, A.M. Sudakov
Institute of Computational Mathematics and Mathematical Geophysics SB RAS
vsh@ssd.sscc.ru
Well-known advantages of open traps, connected with the high ratio of the
plasma pressure to the pressure of the confining magnetic field (parameter β), and
relative simplicity of the geometry make possible constructing a compact fusion
reactor on their basis. Diamagnetic confinement will allow significantly to improve
the parameters of the thermonuclear system. A numerical study of its properties such
as plasma confinement efficiency, the possibility of evolution of
magnetohydrodynamic and kinetic instabilities, and methods for their stabilization
are actual problems. In the problem under consideration the space-time motion scales
of the ion and electron components are highly different, and a need in application of a
hybrid numerical model, based on kinetic approach for the ion plasma component and
MHD approach for the magnetized electron component, arises.
For the solution of the problem a new hybrid model is created, it has following
features:
 Poisson equation for the angular component of the magnetic potential in order
to set the initial magnetic field is used;
 a special procedure for the beam injection is developed;
 the model background particles are divided into moving and motionless ones;
 a smoothing is introduced .
It is demonstrated, that this model reproduces the basic dependencies of the nonlinear physical processes, observed in the conditions of laboratory experiments.
The work is supported by the Russian Foundation for Basic Research grant 1829-21025.
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Ontological approach to formalization of knowledge in computational
plasma physics
A.V. Snytnikov, B.M.Glinskiy, G.B.Zagorulko, Yu.A.Zagorulko
Institute of Computational Mathematics and Mathematical Geophysics SB RAS
A.P. Ershov Institute of Informatics Systems SB RAS
snytav@gmail.com
Computational plasma physics is a wide area of research, which includes a certain set
of physical phenomena, mathematical equations, numerical methods, programming
strategies, and hardware architectures that directly follow each other. To design an
efficient code for solving a computational plasma physics problem, the researcher
should have a clear understanding of the relationships between the concepts of
physics, mathematics, computer science, and computer architecture. Ontology is one
of the effective ways to realize (provide) such an understanding. Authors propose an
approach to design an ontology which will show how physical phenomena determine
mathematical equations being used, how the equations define numerical methods, and
how methods enable programming strategies to form an architecture-efficient
implementation of problem solution.
This research was supported by the Russian Foundation for Basic Research [grants
No. 19-07-00085 and No. 19-07-00762].
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Numerical study of diamagnetic regime in open magnetic trap
M.A. Boronina1, G.I. Dudnikova1, A.A. Efimova1, E.A. Genrikh1,
V.A. Vshivkov1, I.S. Chernoshtanov2
1
The Institute of Computational Mathematics and Mathematical Geophysics SB
RAS, Novosibirsk,Russia.
2
The Institute of Nuclear Physics SB RAS, Novosibirsk, Russia.
boronina@ssd.sscc.ru, gdudnikova@gmail.com, efimova@ssd.sscc.ru,
genrikh@sscc.ru, vsh@ssd.sscc.ru, I.S.Chernoshtanov@inp.nsk.su
The new possibility in principle of confinement a high-pressure plasma in the
diamagnetic regime of an open magnetic trap was recently proposed [1]. In this
paper, the processes of the diamagnetic regime formation and the plasma
confinement were studied on the base of computer simulation. In the new numerical
code, anomalous coefficients associated with the electric conductivity and electron
thermal conductivity were taken into account. The hybrid 2D code is based on the
kinetic description for the plasma ion component and the MHD approximation for the
electron component [2]. The ion motion is calculated by the PIC-method; finitedifference schemes are used to calculate the fields and the electron motion.
Performed simulations demonstrate the plasma accumulation, the displacement
of the magnetic field from the region occupied by the plasma, and the formation of a
quasi-stationary field configuration in the regime with continuous ion injection into
the trap. The dependence of the cavity size on the parameters is presented. It is
shown, that the time of magnetic cavity formation and its radius are consistent with
estimates based on an analysis of the particles and energy balance in the system.
This work was supported by the Russian Science Foundation (project 19-7120026).
1. A.D. Beklemishev Physics of Plasmas 23, 082506 (2016)
2. V.A. Vshivkov, M.A. Boronina, E.A. Genrikh, G.I. Dudnikova, L.V.
Vshivkova, A.M. Sudakov. Journal of Physics: Conference Series 1336,
012020 (2019)
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THREE-DIMENSIONAL HYBRID NUMERICAL TOOL FOR
COLLISIONLESS PLASMA MODELING
A. Sladkov1, R. Smets2, A. Korzhimanov1
1. Institute of Applied Physics of the Russian Academy of Sciences (IAP RAS),
46 Ul’yanov Street, 603950, Nizhny Novgorod, Russia
2. Laboratoire de Physique des Plasmas (LPP), Ecole Polytechnique, Universite
Pierre et Marie Curie, route de Scalay, 91128 Palaiseau, France
asladkov@ipfran.ru
The work presents a three-dimensional parallelized numerical tool for collisionless
plasma modeling. The tool implements the hybrid approach and written in C++11
using libraries MPI and HDF5. Ions are treated kinetically and massless electrons are
described by six-component pressure tensor. Using a pinched Harris sheet we studied
how the time integration of electron pressure tensor can be considered in a hybrid
code where electrons are treated as a fluid. Aside from an existing implicit method to
integrate the fast electron cyclotron part of the tensor evolution equation, we propose
an explicit method based on subcycling. That saves 30% of computational time
comparing to previously used implicit method.
We outlined the requirement of an isotropization term replacing the divergence of
electron heat flux in order to restrain the growth of two tensor components being
numerically unstable. While this term is sensitive to handle, several approximation
have been proposed to model it correctly. For the first time using hybrid modeling we
observe bifurcated current sheet and show the mechanism its bifurcation. The main
advance of the work is a different view on divergence of heat flux closure and its
replacing by isotropization term commonly used in hybrid and hydro simulations.
The research has been supported by Russian Foundation for Basic Research, project
18-29-21029. The simulations were performed on resources provided by the Joint
Supercomputer Center of the Russian Academy of Sciences.
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Optimized routines for event generators in QED-PIC codes1
V. Volokitin1, S. Bastrakov4, A. Bashinov2, E. Efimenko2, A. Muraviev2,
A. Gonoskov3,2,1, I. Meyerov1
1
Lobachevsky State University of Nizhni Novgorod, Nizhny Novgorod, Russia
2
Institute of Applied Physics, Russian Academy of Sciences, Russia
3
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4
Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany
meerov@vmk.unn.ru
In recent years, the prospects of performing fundamental and applied studies at the
next-generation high-intensity laser facilities have greatly stimulated the interest in
performing large-scale simulations of laser-matter interactions with the account for
electron-positron pair generation and high-energy photon emission. By means of
quantum electrodynamics (QED) these processes can be modelled via probabilistic
routines that include frequent computation of synchrotron functions and can
constitute significant computational demands within accordingly extended particlein-cell (QED-PIC) algorithms (Gonoskov et al., PRE, 2015). In this regard, the
optimization of these routines is of great interest. In this talk, we propose and
describe two modifications.
1. High-performance implementation of synchrotron functions. Our analysis
showed that in QED-PIC simulations, the calculation of synchrotron functions using
the GSL library takes more than 25% of the total computation time. In this regard, we
developed a new high-performance implementation of synchrotron functions, which
allowed us to speed up their calculation by 3 times keeping the accuracy of 10 -14,
which is close enough to the accuracy of the double-precision computations. We also
showed that the approximation with an accuracy of 10 -8 led to further performance
improvement while yielding almost the same results of simulations.
2. Refinement of estimates used for optimization. The time interval between the
outlined QED events can vary significantly and thus it is beneficial to use estimates
for the rates to avoid too often calculation of the exact rates or, in opposite, make it
more frequent when it is necessary. This had been implemented in the previous
edition of our numerical routines. However, we found that the used estimates were
overcautious and it is possible to significantly increase the time step in many cases.
We derived more accurate estimates, which made it possible to speed up the
computations by a factor of up to 7 depending on the problem.
Our implementation is integrated into the PICADOR and Hi-Chi codes, the latter of
which is distributed publicly (https://github.com/hi-chi/pyHiChi).
1

The work was funded by Russian Foundation for Basic Research and the government of the Nizhny Novgorod region
of the Russian Federation, grant No. 18-47-520001.
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Content of ontology for solving compute-intensive problems of the
cosmic plasma hydrodynamics
B.M. Glinskiy1, A.F. Sapetina1, I.M. Kulikov1, G.B. Zagorulko2
1
Institute of Computational Mathematics and Mathematical Geophysics SB RAS,
6 Akad. Lavrentieva pr., Novosibirsk, Russia
2
A.P. Ershov Institute of Informatics System SB RAS, Novosibirsk,
6 Akad. Lavrentieva pr., Novosibirsk, Russia
afsapetina@gmail.com
Modern mathematical modeling on supercomputer systems requires the researcher to
have both a view of the main aspects of studied phenomena and knowledge base of
numerical methods and supercomputer technologies for solving natural science
problems. The development of intelligent support systems for solving such problems
can greatly facilitate the researcher work by providing convenient tools for
constructing an efficient scheme of problem solution on a target computational
architecture and, if possible, implementing it using already developed program codes.
This paper describes an implementation of this idea for the compute-intensive
problems of the cosmic plasma hydrodynamics. A knowledge base has been
developed, including ontological descriptions of studied astrophysical phenomena,
their mathematical representations, numerical methods for solving set problems and
supercomputer architectures that can be used for calculations. The paper presents
patterns describing the main classes of the constructed ontology, examples of its
filling, as well as decision rules implicitly linking the main ontology objects. The
ontology can be expanded by a generation system of computational codes for the
selected scheme of problem solution.
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Cross-platform implementation of particle-in-cell method for
simulation of high-temperature and fusion plasma by means of hybrid
supercomputers equipped with GPU or Intel Xeon Phi accelerators
A.V. Snytnikov1,2, M.A. Boronina1, A.A. Romanenko3
1
Institute of Computational Mathematics and Mathematical Geophysics SB RAS
2
Institute of Automation and Electrometry SB RAS
3
Novosibirsk State University
snytav@gmail.com
A new Python-based Particle-In-Cell code is presented. The code uses leapfrog
particle pusher. The important feature of our code is that all the particles are pushed
at once, thus the code is vectorized to improve performance. Electric field is given by
Poisson equation with conjugate gradient solver. The code involves collision
simulation by PIC-MC method. Both large-scale (MPI) and fine-grain parallelization
are being used.
The implementation is based on the efficient NumPy library in Python
language with the help of Dask package to improve Numpy performance. GPU
implementation involves PyCUDA and the performance with Intel Xeon processors
and Intel Phi accelerators is supported by high-performance Intel Python.
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Characteristics of the Vlasov equations in an infinite cylinder
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RUDN University, Moscow, 117198 Russia
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It is considered the first mixed problem for the Vlasov-Poisson system in an infinite
cylinder
where
is a bounded domain with a smooth boundary.
The Vlasov-Poisson equations in domains with the boundaries describe kinetics of
charged high-temperature plasma particles in the controlled thermonuclear fusion
devices. Mixed problems for the Vlasov-Poisson system in an infinite cylinder
describe the model of kinetics of charged plasma particles in the mirror trap.
For the Vlasov kinetic equations for two-component plasma with the fixed potential
of the self-consistent electric field
the system of
chacteristics has the following structure:

Characteristics
and
correspond to the spatial and velocity
variables of the function
which denotes the distribution function of
positively charged ions (if
) or of electrons (if
) at a point , with
velocity at time . Here constants
and
are the ion and electron masses,
is the electron charge, is the speed of light and is the external magnetic field
induction.
We show that the solutions of the initial problems for system (1) are supported at
some distance from the boundary of the cylinder if the external magnetic field is
sufficiently strong. Applying these results for characteristics calculated numerically
we get a way of checking that the characteristics do not reach the boundary of the
cylinder.
This work was supported by the Russian Foundation for Basic Research (project no.
20-01-00288).
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Performance improvement of particle-in-cell method
for numerical modelling of open magnetic system
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The work is connected with numerical simulation of plasma dynamics in open
magnetic trap in diamagnetic regime [1]. The hybrid particle-in-cell model we
develop allows to perform numerical experiments for the high ratio of Larmor radius
of the ions and the one of the electrons due to the combining of the kinetic
description for the ions and MHD description for the electron plasma component. The
disadvantage of the model is the stability condition and the corresponding
requirements for the time step. In practice a doubling of the grid nodes in each
direction leads to the decrease of the time step x6 times. For the characteristic times
of the plasma processes ~102 reciprocal ion cyclotron frequencies the computations
required few days for grids ~100x500 [2]. The processing of the particle data takes
more than 95% of the total computation time, thus its effective realization yields
significant gain in performing. In the talk we present the effective parallel algorithm,
and the computation results on its basis including the highly non-uniform particle
distribution in the domain and the increasing of the particle number due to the beam
injection.
The computations were performed on complex NKS-1P of Siberian
Supercomputer Center (ICM&MG SB RAS, Novosibirsk, Russia). The work is
supported by the Russian Science Foundation (project no. 19-71-20026).

[1] G I Dudnikova et al 2019 J. Phys.: Conf. Ser. 1336 012013
[2] M A Boronina et al 2019 J. Phys.: Conf. Ser. 1336 012017
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Pair production and annihilation in advective accretion discs around
black holes
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We investigate the effect of pair production and annihilation inside accretion discs
around black holes (BHs) in the pure general-relativistic regime. The accretion flow
is assumed to be advective, viscous, tranosnic and in hydrostatic equilibrium. We
have considered magnetic dissipation and Compton heating as two probable
mechanisms which can contribute to heating of the flow, apart from viscous heat
dissipation. For radiation mechanisms, we have assumed bremsstrahlung, synchrotron
and inverse-Comtponization, which cools the matter. The photons generated through
these emission processes can contribute to pair production as well, depending on its
energy. In this work we have only assumed pair production through photon-photon
interactions only, since photon-particle or particle-particle interactions are weak
(proportional to \alpha and \alpha^2, where \alpha is the fine-structure constant). The
photons generated through bremsstrahlung are generally hard contributing to a large
fraction of the pair production possible in an accretion disc. Synchrotron on the other
hand produces soft photons. But they can be upscattered to higher energies through
the process of inverse-Comptonization which can now contribute to pair production.
We have self-consistently calculated the number of pairs produced at each radius of
the disc. This change is reflected in the thermodynamics of the system through the
change in composition of the flow. To handle this, we have used the Chattopadhyay
& Ryu equation of state for multispecies flow, which freed us from specifying the
internal energy density and gamma index at each radius, with any change in
composition inside the accretion flow. We found that with the increase in accretion
rate of the system, pair production rate significantly increases and correspondingly
the annihilation.
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Mathematical modeling of inclined accretion disks
in cataclysmic variables
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The work is devoted to synthetic light curves modeling for the observed binary stellar
systems and an interpretation of their characteristic features including pre-eclipse
humps, asymmetry in the vicinity of the eclipse and variability of light curves from
revolution to revolution. The mathematical model of the accretion disk including the
radiation cooling of the plasma, gravitational forces and incomplete plasma ionization
has been studied. The results of the plasma flows calculation allow one to use the
radiated energy for synthetic light curves construction. In a number of simulations the
formation of an inclined accretion disk is noted. The inclination may be caused by the
instability of the circumstellar plasma flowing around the disk at the initial stages of
its formation. The disk obtained in the calculations retrogradely processes with a
period of about 40 orbital periods of the system. Due to this precession in different
orbital periods the jet enters the disk in different places. This may explain the
significant variability of the light curves of the binary star system as well as the
presence of brightness humps at the eclipse.
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Conservative grid remapping for triangular Lagrangian
Sergey G. Moiseenko1, Nikolai V. Ardelyan2
Space Research Institute, Russian academy of sciences,
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Application of the Lagrangian methods has a number of advantages. Free boundaries
can be detected and followed when computational mesh is in Lagrangian variables.
Absence of convective terms in hydro and MHD equations can simplify the
formulation of the numerical methodic. Nevertheless, one of the obvious drawbacks
of Lagrangian grids is distortion of the grid in the case of nonuniform contraction or
expansion, presence of vortexes etc. In such situations the Lagrangian grid can be
distorted or even overlapped in a dozen of time steps. We consider completely
conservative numerical operator-difference scheme on triangular Lagrangian grid of
variable structure. The procedure of conservative grid remapping was suggested. It
consists of two steps. First is the geometrical correction of the grid. We improve the
quality of the grid cells and concentrate or rarify the grid according to the specified
criteria. The second step is conservative interpolation of the grid functions on a new
gird. It was shown that for the geometrical correction of the grid the three types of
simple procedures are enough. For the interpolation of the grid functions on a new
(corrected) grid we use conditional minimization of functionals. Where the condition
for the functional is one of the conservation laws.
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Parallel multigrid method on block-structured grids
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Effective implementation of the multigrid method on conformal block-structured
grids is proposed. The multiblock techniques have been developed for decades to
generate high quality grids. Multigrid/multiblock frameworks are widely used in
many areas (cosmology application, CFD-computations [1]). We assume domain
decomposition is made and all of the block grids are structured, consisting of
topologically cubic cells. The multiblock grid is based on node-to-node matching
across the interface of neighboring blocks. However a block face might adjoin a few
blocks to simplify the decomposition and to reduce the total number of blocks.
We build the multigrid algorithm to solve a boundary-value problem on the
multiblock grid. The set of multilevel grids are arranged in hierarchical levels. Each
block is discretized using a structured hexahedron grid. In each block the
discretization scheme is constructed on the fine level grid by the finite-volume
method which leads to the 27-pt stencils in 3D for each interior node. The coarse
level grid equations are formed by re-discretization or by the Galerkin procedure.
The presence of the irregular block connections leads to irregular stencils in the
nodes which adjoin of several blocks. For application of the multigrid such irregular
nodes create certain difficulties, to overcome which we exclude the explicit
representations of the discrete equations, smoothing procedures and coarsest grid
solver in the irregular nodes. Instead an irregular node treatment we obtain
approximation in these nodes additively. Such an opportunity is provided by the use
of explicit iterative procedures at the stages of smoothing and coarse-grid solution.
Each explicit iteration is computed separately in each block, and then the solution on
the interfaces is adjusted with solution data exchange. This ensures the result exactly
corresponds to treatment of the global block-structured grid. This means that a
decomposition of a domain into several blocks does not change the approximation of
even in the vicinity of a block interface.
The proposed approach enhances the potential of the multigrid method in ultraparallel computing. We also present the adaptive technique which adjusts the
Chebyshev smoothers for achieving the prescribed rate of multigrid convergence.
1. Epstein B., Rubin T., Seror S. Accurate Multiblock Navier-Stokes Solver for
Complex Aerodynamic Configurations. //AIAA Journal. 2003.41(4), pp. 582 – 594.
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Direct fluid flow simulation at pore scale with regularized
hydrodynamic equations
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Laboratory analysis of rock samples (core material) is one of the main tools used in
an analysis of oil and gas field development and methods to enhance oil recovery. A
number of drawbacks are intrinsic to the laboratory techniques, among which we note
the practical impossibility of carrying out parametric studies on one sample, the
impossibility (and / or high cost) of taking into account reservoir conditions, and the
impossibility of analyzing non-cemented rocks (sludge). With the development of
computational capabilities and computed tomography methods, the “digital rock
physics” technology, which consists in direct simulation of physical processes in a
rock sample with resolved pore space geometry, is gaining popularity today. This
technology complements the traditional laboratory studies and compensates for a
number of their shortcomings. The presented work is devoted to the direct simulation
of fluid flow within the scope of the digital rock physics. For simulation regularized
(according to quasi-hydrodynamic technique) hydrodynamic equations are used. Both
single-phase single-component flows and two-phase two-component flows, taking
into account interfacial tension, are discussed. The results of simulations of fluid
flows both in model domains and in domains corresponding to the pore space of real
rocks are presented.
The study is conducted with support from The Ministry of Education and Science
of Russian Federation, unique identifier of the Project RFMEFI60419X0209.

Third Virtual Workshop on Numerical Modeling in MHD and Plasma Physics:
Methods, Tools, and Outcomes. Honor of Academician Guri I. Marchuk 95th Birthday

October 12-16, 2020

Vortex structure identification for supersonic flows
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The flight of any aircraft in the atmosphere is accompanied by the formation of
vortex structures behind it, in particular, tip vortices at the edges of the wings and
other details. The study of the behavior of wake vortex is an important task of
modern aerodynamics, both from the point of view of flight safety, and aircraft
visibility problem for military flight vehicles.
To date, the main studies have been devoted to tip vortices formed in subsonic
and transonic conditions. In recent decades, there has been a steady increase in the
number of both experimental and numerical researches of supersonic tip vortices.
Their correct numerical modeling usually requires high-resolution grids, which
inevitably leads to a large amount of simulated data. For this reason, the use of
special methods to identify vortex structures for this class of problems is especially
relevant.
In this work we present the results of numerical simulation of two counterrotating supersonic vortices interaction, the methods of maximum vorticity and the λ2
method were used to identify its. The numerical simulations have been performed on
the hybrid supercomputer system K-60 at the Keldysh Institute of Applied
Mathematics RAS using the developed software package ARES for 3D turbulent
flows modeling on high performance computing system.
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GPU-Native Gas Dynamics Solver on Octree-Based AMR Grids
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GPU implementation of the Godunov-type gas dynamics solver on three-dimensional
octree-based grids is proposed. In this implementation, all dynamic adaptive mesh
refinement (AMR) procedures are performed entirely on GPU as opposed to most of
other implementations where grid metadata is transferred to CPU for further update.
Conducted bench tests show that eliminating regular CPU↔GPU grid data
transferring in the proposed parallel AMR algorithms makes it possible to reduce the
grid modification overhead to lower than 2 % on Nvidia Tesla V100. Both CUDA
and OpenMP implementation performance results are provided.
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Radiative feedback in molecular clouds from cooling supernova shock
waves in MHD simulations
E. I. Makarenko, S. Walch, S. D. Clarke, D. Seifried
I. Physics Institute, Department of Physics, University of Cologne, Germany
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Supernovae (SNe) inject around 1051erg per SN into the interstellar medium (ISM)
shaping the chemical, thermal and also dynamic evolution of galaxies. The gas which
is shocked by SN is heated to 10 7 K and cools by emitting radiation at different
energies. As such, SNe do not interact with the ISM purely through the physical act
of shocking gas but also through the production of high energy photons (and cosmic
rays) which are re-absorbed by the surrounding dense molecular gas. Typically, about
70% of the initially injected SN energy is lost by radiative cooling. The question is
how to make simulations taking into account all the physics of this process?
Commonly, the former process (the shocking and shock heating) is always treated in
numerical simulations of the SN-driven ISM. But the fate of the emitted cooling
photons is usually neglected as the surrounding medium is treated to be optically thin
with respect to the cooling radiation. That is why we developed a post-processing
module for FLASH code to calculate the cooling radiation from the shock-heated gas
in different energy bands ranging from X-rays to UV and Optical emission. Using
modern collision excitation data from MAPPING V (Sutherland et al. 2018), we can
produce realistic maps of SNe emission taking into account angular resolution,
radiation transfer effects, etc. The results of this work can be compared with real
observations of supernova remnants. For instance, the time-dependent emission in
different energy bands is analyzed for supernovae, which have exploded in different
ISM environments. Considering that supernova remnants (SNRs) are key objects to
study the chemical enrichment of the ISM, we extended our model to use them as an
excitation diagnostic tool for distinguishing among HII regions objects photoionized
by a harder radiation field (SNe and SNRs).
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Numerical modeling of molecular cloud reshaping and compressed
clumps nucleation in collisions
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1
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This paper presents the results of serial numerical simulation of molecular cloud
collision (dissimilar by size, displacement, inner distribution of matter, and rotation
moment) spherical clouds, according to the various scenarios - with head-on and
glancing impact, without taking into account rotation and with the addition of this
factor. The collision of molecular clouds can lead either to their destruction or to the
formation of dense clumps, which can be morphed with compression in
gravitationally bound areas.
The aim is to study the matter compression process in clumps and filaments formed
during this, to analyze the generation of vortex coherent structures in new formations
imbalanced after the collision and to study the influence of emergent instabilities on
clouds morphing in pre-stars areas.
The post-collision nebula shaping and the compression oscillations in a shock core
depend on initial impulse conditions. The article gives a morphological analysis of
the compressed inclusions redistribution in a bow-shock layer and filaments which
are generated. The mechanism of perturbations to matter turbulization, fragmentation
and disruption of new formations is revealed. Strong shock compression pulsations
generated in the gas core and waved rarefactions in the interstellar medium are
interpreted as Nonlinear Thin Shell Instability and Kelvin Helmholtz Instability
aftereffect.
In-house parallelized Eulerian code is used to perform a numerical experiment on
high-performance computers.

Acknowledgements: this work has been supported by RFBR Grant 19-29-09070 mk
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Plasma equilibrium and stability in a current-carrying conductor
vicinity
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Our lecture is connected with a cycle of works on mathematical modelling of plasma
confinement processes in the magnetic traps – Galatheas. A magnetic field confining
plasma is created in these traps by current-carrying conductors which are immersed
in the plasma volume but not in contact with the hot dense plasma [1, 2]. The
idealized models of strict equilibrium configurations of infinitely conductive plasma
in traps possessing symmetry are based on two-dimensional boundary value problems
with the scalar Grad-Shafranov equation for the magnetic flux function [3–5].
Magnetic traps have a perspective in solution of the controlled thermonuclear fusion
problem if plasma configurations in them are stable. In [6, 7], a question about
stability of the configuration element common for all Galatheas in the neighborhood
of a conductor (straight for simplicity) was raised and particularly solved. In this
report, these studies are continued. Into the considered vicinity, an area of maximal
plasma pressure and a section of its decrease near the outer boundary are included.
The main result is that the instabilities observed here can be weakened if the plasma
pressure slowly decreases with the distance near the outer trap boundary.
1. Morozov A.I. Galathea-plasma confinement systems in which the conductors are immersed in
the plasma, Sov. J. Plasma Phys., 1992, 18(3), 159–165.
2. Morozov A.I. and Savel’ev V.V. On Galateas – magnetic traps with plasma-embedded
conductors, Phys. Usp., 1998, 41(11), 1049–1089.
3. Shafranov V.D. On magnetohydrodynamic equilibrium configurations, Sov. Phys. JETP, 1958,
6, 545–554.
4. Grad H. and Rubin H. Hydrodynamic equilibria and force-free fields, Proceedings of the 2nd
United Nations International Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958
(Columbia Univ. Press, New York, 1959), 31, 190–197.
5. Brushlinskii K.V. and Kondrat’ev I.A. Comparative analysis of plasma equilibrium
computations in toroidal and cylindrical magnetic traps, Math. Model. Comput. Simul., 2019,
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