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1. Introduction

In recent years, mankind's advancement into space and the
utilization of space have expanded rapidly. Space development
by private companies is also showing remarkable progress, and
the time when civilians will stay in space is approaching.
However, solar eruptions (flares and coronal mass ejections) that
occur on the sun disturb the space environment (space weather)
dramatically and impact the operation of satellites and astronauts,
electric power, aviation, and communication networks. In other
words, severe space weather events are a potential risk for
modern society.

To prevent social impacts and damages caused by space
weather, it is necessary to accurately predict the occurrence and
influence of solar flares. As part of these efforts, we have
developed a new method for predicting the occurrence of solar
flares (k-scheme) based on magnetohydrodynamics and
demonstrated its high prediction ability through calculations
using the Earth Simulator [1].

The « scheme can accurately predict the positions of all seven
giant flares in 6 of the seven active regions where X2 class or
higher flares occurred in the heliocentric central region during the
solar cycle 23. However, we could not predict the giant flare that
occurred only in the active region NOAA12192. In this study,
first, we conducted research to investigate the cause of the failed
prediction in that region. Second, we investigated the parameters
for predicting the occurrence of coronal mass ejections (CMEs)
associated with flares. Third, we simulated the sunspot formation
process from the sun's interior to the solar surface and explored
the causal relationship between solar interior convection and the
formation of flaring active regions.

We describe the outline of the k scheme in the following
section and report the outline of each research.

2. Physics-based Flare Prediction: k-scheme

The k-scheme is constructed based on a new model of
magnetohydrodynamics (MHD) instability
instability). Double-arc instability becomes unstable when the k

parameter, defined as the ratio of the twisted flux to the overlying

(double-arc

flux, exceeds a critical value [2]. Therefore, if the magnetic
reconnection on the solar surface progresses sufficiently, an
unstable double arc will form, and a flare will occur. Therefore,
we developed a scheme to predict flares by estimating the size of
the magnetic reconnection region necessary to meet the

destabilization conditions using a nonlinear force-free magnetic
field numerically reproduced using the Earth Simulator.

As a result, we found that, in the region where the non-
potential magnetic field, which is the energy source driving flares,
is stronger than 1000 Gauss and the critical radius of the magnetic
reconnection required for destabilization is smaller than 1 Mm, a
large flare exceeding the X2 class was generated.

3. Analysis of Active Region NOAA 12192

Solar active region NOAA12192 is an active region with large
sunspots observed in October 2014 and produced many flares. In
particular, X3.1 and X2.0 class flares occurred at 21:07 UT on
October 24 and 10:04 UT on October 26, respectively. However,
these flares do not satisfy the prediction conditions by the x
scheme. Therefore, we analyzed the three-dimensional
distribution of the free energy in this region to clarify how this
region was destabilized.

As aresult, it was shown that the strength of the non-potential
magnetic field in this region is relatively weak compared to other
regions where the giant flare occurred, and it is spatially sparsely
distributed (Fig. 1, top). We also found that the area of the
magnetic reconnection region on the solar surface required for
destabilization is more than 5 Mm (Fig. 1, bottom).

These results suggest that the mechanism of giant flares in this
region differs from that in other regions. For example, instead of
the destabilization triggered by a single magnetic reconnection as
assumed in the k-scheme, a scenario in which destabilization
occurs as an accumulation of multiple magnetic reconnections is
conceivable. In the future, assuming destabilization through such
complex processes, we plan to develop an extension scheme that
can predict more flares.

4. Three-Dimensional Analysis of Eruptive Flare
Region

A coronal mass ejection (CME) is a phenomenon in which
coronal plasma is ejected into interplanetary space along with the
solar magnetic field, causing a geomagnetic storm when it
reaches Earth. Therefore, the prediction of CME is essential for
space weather forecasting. There are two types of flares: eruptive
flares with CMEs and confined flares without CMEs. It is
required to predict the occurrence of eruptive flares, but a method
for accurately predicting eruptive flares has yet to be developed.

The torus instability is thought to be the cause of eruptive flares.
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Figure 1: 3D magnetic field structure of the solar active region
NOAA12192. (Upper) Magnetic field structure and vertical
magnetic field on the surface of the Sun (grayscale). The green
surfaces represent the regions with non-potential magnetic
field strengths of 1000 G and 2000 G. (Bottom) Vertical
magnetic field on the surface of the Sun (red and blue are
positive and negative values). The orange line is the magnetic
neutral line, and the white contour line shows the emission of
the flare ribbon. The black and gray circles represent the size of
the magnetic reconnection region required for destabilization
predicted by the k scheme.

To destabilize it, the magnetic flux tube must rise to a height
where the magnetic field decay index is larger than the critical
value. Therefore, we performed an analysis comparing the decay
index and the three-dimensional structure of the magnetic field
lines using the nonlinear force-free field numerically reproduced
based on the solar surface magnetic field data of the active region
NOAA1219, where large confined flares occurred. As a result, it
was clarified that although the strongly twisted magnetic field
lines reached the critical value of the decay index, the magnetic
field lines connecting to the actual flare ribbon did not reach the
critical region of instability. This suggests that the evolution of
magnetic reconnection in the flare determines whether it
becomes an eruptive flare.

5. Formation Process of Flaring Active Regions

To clarify how the magnetic twist, the energy source of flares
and CMEs, is formed, a three-dimensional ensemble simulation
of magnetic flux emerging and sunspot formation was performed

(b) Time = 60 hr

Figure 2: Simulation result of active region formation,
including the solar surface from the solar convective zone
[3]. The upper surface shows the magnetic field on the solar
surface (white is positive, black is negative), and the
magnetic field line connecting the active sunspot to the
deeper region is plotted. As the flux tube is twisted and
deformed by the downward flow, the magnetic helicity is
converted from twist to writhe, which rotates the bipolar
magnetic field on the surface and strengthens the non-
potential magnetic field.

using the Fugaku supercomputer [3]. The R2D2 code [4] was
used for this simulation, and the effects of turbulence in the
convection zone were also included. Furthermore, we analyzed
the results with the k scheme using the Earth Simulator, evaluated
the possibility of flare occurrence in the formed active region, and
investigated the causal relationship between the structure of the
convection in the Sun's interior and the occurrence of flares.

As aresult, we found that the active region that produces large
flares tends to form in the upper part of the downdraft in the
convection zone. This is because the descending flow causes the
collision of the bipolar field on the solar surface and converts the
magnetic helicity from the twist of magnetic flux to writhe. It
causes a rotation of the bipolar field of sunspots on the surface
and generates a twist of the corona magnetic field (Fig. 2). This
result suggests a new way to discriminate where the flaring active
region will be formed.

6. Acceleration and Propagation of Solar Energetic Particles

High-energy particles formed by flares can cause space
weather disasters, such as charging satellites and exposing
astronauts to radiation. Therefore, it is an important issue to
investigate their mechanism. We have numerically analyzed how
plasma particles (protons) accelerate and propagate based on the
results of magnetohydrodynamics simulations of solar flares. We
found that if magnetic reconnection changes the magnetic field
line structure from closed lines to open lines, it has an important
effect on the propagation of energetic particles [5].

References
[1] Kusano, K., Jju, T., Bamba, Y., Inoue, S., “A physics-based

-17-4



method that can predict imminent large solar flares” Science, 369
(6503), 587 (2020).

[2] Ishiguro, N. & Kusano, K., “Double Arc Instability in the
Solar Corona” The Astrophysical Journal, 843(2), 101 (2017).
[3] Kaneko, T., Hotta, H., Toriumi, S., and Kusano, K., “Impact
of subsurface convective flows on the formation of sunspot
magnetic field and energy build-up” Monthly Notices of the
Royal Astronomical Society, 517(2), 2775 (2022).

[4] Hotta, H., lijima, H., and Kusano, K., “Weak influence of
near-surface layer on solar deep convection zone revealed by
comprehensive simulation from base to surface” Science
Advances, 5(1), 2307 (2019).

[5] Mykola, G., Browning, P., Kusano, K., Inoue, S., Vekstein, G.,
“Particle acceleration and their escape into the heliosphere in two
solar flares with open magnetic field” The Astrophysical Journal
(2023, in press).

-17-5

- Earth Simulator Proposed Research Project -





