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Abstract.

The forecast of solar flares and the appearance of solar cosmic rays (SCR) and other solar
flare manifestations is an important scientific and technical task. Magnetohydrodynamic
(MHD) modeling in corona above the active region allows us to find the appearance of current
sheets in the solar atmosphere which are sources of magnetic energy of flares. In the conditions
of complicated configuration of magnetic field in the solar corona the appeared current sheets
can be found using specially developed graphical system of search basing of the founding of
local current density maximums. MHD simulation in strongly reduced time scale showed the
appearance of numerical instability near the photospheric boundary due to unnaturally fast
magnetic field increase on the photosphere. To avoid the large number of current density
maximums caused by instability near the photospheric boundary, it is necessary to perform
MHD simulation in corona in the real scale of time. MHD simulation in real time scale on the
ordinary computer took several years. The results of MHD simulation in real scale of time
obtained using parallel computing on Nvidia Tesla GPUs showed acceleration of calculations
more 100x speed up. The time of calculation of was strongly reduced due to the correct choice
of computing equipment and software and using the capabilities of the selected equipment for
parallelizing the calculation. The first results of the GPU MHD simulation of flare situation in
real time scale for the AR 10365 showed the appearance of current density maximums with X-
type configurations of magnetic field and with a plasma flow which cause to the formation of
a current sheet. The simulation in real time scale confirmed the solar flare mechanism based on
release of energy accumulated in magnetic field of current sheet.

Introduction. The need to apply parallel computations for MHD simulation in the solar
corona.

In view of the appearance of solar flares high in the corona, as well as the impossibility of
obtaining from observations the configuration of the magnetic field in the corona, in order to
study the mechanism of flares and their prognosis, MHD simulation in the corona above the
active region (AR) is necessary [Podgorny et al., 2020]. Flares appear as a result of the release
of magnetic energy accumulated in the field of a current sheet, which is formed in the vicinity
of a X-type singular line of magnetic field [Podgorny and Podgorny, 2012]. For the magnetic
field found as a result of MHD simulation, in a complex configuration above the AR, the
position of the current sheet can be determined only with the help of a specially developed
graphical search system [Podgorny et al., 2017; Podgorny et al., 2018]. The search system is
based on determining the positions of local maxima of the current density, in which the
configuration of the magnetic field and plasma flow is analyzed. MHD simulation on the usual
computer (Intel (R) Core (TM) i7 CPU 920 @ 2.67GHz) was only carried out in a 10* times
reduced time scale. Due to the appearance of instability at the photospheric boundary, caused
by an unnaturally rapid change in the magnetic field, a large number of fictitious current density
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peaks appeared, masking the current sheets, which made it difficult to use the graphical search
system. To get rid of a large number of current density maxima masking current sheets, as well
as to establish the evolution of processes in time, it is necessary to perform MHD simulation in
real time.

Calculations have shown that using a specially developed difference scheme [Podgorny
and Podgorny 2008, 2004; Podgorny et al., 2020], MHD simulation in real time, requires that
the time step does not exceed 4x107 days in the main part of the calculated interval. Such
simulation cannot be carried out on the usual computer - it would require 8 years of calculation.
It becomes necessary to use a ‘home supercomputer’ with many computational threads, for
parallelizing the numerical solution of the used finite-difference scheme.

Selection of computing equipment and software and the use of their capabilities to
optimize parallelization of computations

To use parallel computations, the optimal parameters of the finite-difference scheme were
selected and a number of optimizations of the parallel computation algorithm were carried out,
primarily related to the exchange of values specified in the computational domain between the
main memory of the computer and the memory of the graphics card (GPU), [Podgorny et al.,
2020].

BLOCK OF
GRID POINTS

Fig. 1. Coverage of a two-dimensional grid with two-dimensional blocks of points, each of
which corresponds to a computational thread.

Parallel computations were carried out using CUDA technology on graphic cards, the
computational threads of which carry out parallel computations. The problem was set on ‘home
supercomputers’ rented in the clouds with modern graphics cards. For the calculation, we chose
graphic cards with a high computation speed for each thread. The installed software provided
additional opportunities for optimizing the parallelization algorithm.

To parallelize computations, modern graphics cards (GPU) Titan-V (Volta), V100 (Volta-
100), P100 (Pascal-100) were used. The use of the modern language Fortran PGI (Portland
Group - Fortran, created specifically for parallelization using graphics cards GPU) made it
possible to carry out parallel computation at points of a spatial grid in sequentially selected
three-dimensional blocks of threads. To calculate the boundary conditions in the planes
bounding the computational domain, two-dimensional blocks of threads were used. An example
of covering a two-dimensional grid with two-dimensional flow blocks is shown in Fig. 1,
covering the 3D mesh with 3D blocks is similar.

In the majority of calculations 3D blocks were choses NXxNYxNZ = 4x4x4 = 64 points
in block (64 parallel calculating threads, each find values it its point). We also took blocks of
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8x4x4 = 128, 8x8x4 = 256 and more, but this did not lead to an increase in the calculation
speed (even led to a slight slowdown in the calculation; a very large number of points in a block
led to a significant deceleration). So, so far, we have not managed to increase the calculation
speed by 1024 or even 512 times, as we hoped, since so many computational threads physically
exist on the graphics card. Now the calculation speed has been increased by parallelizing
calculations by 120 times. Experts explain the reason in the waste of time for exchanging data
between memory registers.

Also, the use of the selected computing equipment and software made it possible to transfer
a large number (~ 100) of parameters to subroutines that carry out parallelization on graphics
cards.
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Fig. 2. Parallelization by OpenMP method. Each thread calculates in its own subregion.

The earlier use of the M2050 graphics card made it possible to understand the procedure
for parallelizing computations for such difference schemes as the developed scheme for the
numerical solution of MHD equations solved by the iteration method using the example of
solving the Poisson equation (iterations according to the same principle as for MHD equations,
but very much simplified). However, parallel computing using 3D blocks of threads and passing
a large number of parameters to the parallelization routines is not possible for the M2050
graphics card. To solve the three-dimensional Poisson equation, parallelization was carried out
using one-dimensional blocks, for this purpose a single numbering of all points of the
computational grid was introduced. The use of this method did not make it possible to
numerically solve a complex system of MHD equations on the M2050 graphics card, and on
the Titan-V, V100 and P100 graphics cards it slows down the solution by ~ 20%.

Parallelization of the numerical solution of MHD equations by the OpenMP method using
the computational threads of the main processor is carried out. Intel Visual Fortran was used.
The computational domain was divided into subdomains, so that each thread calculates in its
subdomain (Fig. 2). Computations on multiprocessor clusters in the clouds showed a slowdown
in computation by a factor of several compared to parallel computations on a GPU using CUDA
technology. On graphics cards, parallelization is also carried out, similar to the OpenMP
method, when each GPU thread computes in its own subdomain (Fig. 2). As a result of such
parallelization on a graphics card, the calculation speed becomes ~ 15 times slower than the
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calculation speed, according to a program that performs parallel calculations at the points of
sequentially selected blocks.
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Fig. 4. Evolution of field of plasma velocity in the central plane of computational domain.
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Fig. 5. Evolution of current density distribution.

The presented parallelization methods were used for:

- subroutines that calculate the values at the given iteration at the points of the three-
dimensional grid of the computational domain according to the difference scheme used

- calculation at the given iteration (or immediately the final calculation, when possible) of
values at the points of the boundary according to the set boundary conditions

- calculating arrays and working with the calculated arrays, necessary to calculate the
calculation error at a given iteration in order to determine the end of the iterative process
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- additional calculations using arrays of values in the computational domain (in the corners
and on the edges of the computational domain and other additional computations) that do not
require parallelization and in previous were calculated by the main computer processor (in order
not to send arrays on the graphics card to the main memory, calculations are performed by one
computational thread on the graphic card).
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Fig. 6. 2D and 3D magnetic field configurations and plasma flow in current density maximums.

Using the capabilities of the selected computing equipment and software, as well as
minimizing the exchange between the GPU memory and the main computer memory
[Podgorny et al., 2020], reduced the calculation time of iteration to 0.0282 - 0.0302 s. Under
these conditions, the optimal choice of the parameters of the difference scheme [Podgorny et
al., 2020] made it possible to calculate the evolution during one day in ~ 21 days. For the
prognosis, this time should be less than a day, it is necessary to work on further optimization,

the reserves are existing.
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Some results of MHD simulation in the real scale of time above AR 10365 for evolution
during the day

The evolution of the plasma velocity and current density in the central plane of
computational domain for MHD simulation in the corona above AR 10365 during the first 1.2
days of evolution, when there were no flares yet, is presented in Fig. 4, 5. In some current
density maximums, founded by the graphical system of search the magnetic field have X-type
configuration and plasma flow should cause the current sheet appearance (Fig. 6).

Conclusion

1. MHD simulation in the corona above the AR in the real scale of time to study the physical
mechanism of a solar flare is possible only using parallel computations.

2. The graphics cards and software which perform fast parallel computing, in particular
through the use of three-dimensional blocks of computational threads, have been selected.

3. As a result of the application of parallelization methods, which are feasible for the
selected computing equipment and software, and optimization of the parallelization algorithm
[Podgorny et al., 2020], the GPU calculation speed exceeded more 120 times the calculation
speed on a serial CPU computer (Intel(R) Core(TM) i7 CPU 920 @ 2.67GHz). Calculation in
the real scale of time of the evolution of the field and plasma in the corona within one day
became possible in 21 days.

4. MHD simulation in the corona above AR 10365 during the first 1.2 days of evolution
showed the appearance of X-type configurations with plasma flow, which should cause the
formation of a current sheet.

5. Trial calculations showed the possibility of further increasing the speed of calculations
using the latest equipment.
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