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Solar-terrestrial dynamics has various effects that influence on the geo-environment and even human society.
The severe space weather disaster caused by giant solar flares is a potential risk for the modern socio-economic
system. However, the mechanism of the solar-terrestrial dynamics is not yet well elucidated. In this study, we
conducted cross-disciplinary research to predict the variability of the solar-terrestrial environment and
developed the first-ever physics-based prediction scheme of giant solar flares, called “k-scheme”, that has strong

power for discriminating active regions producing giant solar flares.
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1. Introduction

Over the past half-century, humankind has advanced
rapidly into space, and its exploration is now spreading
throughout the entire solar system. As a result, it has become
clear that the solar-terrestrial environment is more dynamic
than the previous though and it can affect even human society.
For instance, if a severe magnetic storm caused by a giant
solar flare as discovered in 1859 by Carrington [1] now
occurs, satellite, aviation, and communications networks may
suffer unprecedented and catastrophic impacts globally.
Furthermore, an analysis of cosmogenic isotope (**C) in tree
rings suggests that an extreme event (Miyake event) more
than ten times stronger than the powerful flare discovered by
Carrington occurred in 774-775 C.E [2].

These observations show that the planetary-scale disaster
caused by the sun will occur in the future and that they are a
risk for humankind. Therefore, it is necessary to establish a
scientific basis for accurately predicting the occurrence of
such a severe space weather disaster and its impact on human
society. However, forecasting solar-terrestrial environmental
dynamics such as the occurrence of solar flares is still based
on ambiguous empirical methods, because the mechanism of
the onset of solar flares is not yet elucidated.

To solve this problem, we developed a new prediction of
the solar-terrestrial ~environment through the novel
observation data and numerical simulations. This study aims
to raise the level of understanding of solar-terrestrial
environmental variability and to establish a foundation for the
next-generation space weather forecasting. This year, we
developed a new scheme (ik-scheme) for predicting the
occurrence of giant solar flares by linking the satellite
observation data of solar magnetic field and numerical
calculations. Then, we verified the predictive power of the

k-scheme based on the data of the 24th solar cycle.

2. Method of Solar Flares

A solar flare is an explosive release of free energy stored in
the magnetic field of solar active regions including sunspots.
It is widely believed that the mechanisms of a solar flare can
be explained by the nonlinear feed-back processes of some
magnetohydrodynamic (MHD) instabilities and magnetic
reconnections. However, although many studies pointed out
the relationship between kink and torus mode instability and
solar flares, the relationship between the theoretically
predicted critical condition of instability and the occurrence of
solar flares is still ambiguous. For this reason, space weather
forecasting in operation still relies on the empirical
relationship between various parameters, such as sunspot area,
and the occurrence of solar flares.

We recently proposed a new instability, called the "double
arc instability (DAI)", as the initial driver of solar flares [3].
DAL is destabilized by partial magnetic reconnection if the
new parameter x=7w(@Drs/Dover) €xceeds a critical value of
about 0.1. Here, T, @ec, and @y are the magnetic twist
number, the reconnected magnetic flux and the magnetic flux
overlying the double arc.

In this study, we developed the k-scheme to predict solar
flares by the following procedure. First, using the vector
magnetic field on the solar surface (photosphere) observed by
NASA's Solar Dynamics Observatory (SDO) satellite as the
boundary condition, we calculated the nonlinear force-free
magnetic field (NLFFF) in the solar active regions based on
the MHD relaxation method [4] by the Earth Simulator. Then,
we calculated the magnetic twist number T of all the field
lines of magnetic force and evaluated the critical radius 7. of
reconnection which could trigger the DAI at a point on the
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magnetic neutral line (PIL) where the sign of the normal
magnetic field component on the solar surface is reversed.
The critical radius . of the magnetic reconnection region for
the instability is obtained at all points on the PIL. At the same
time, we evaluate the free energy E, which could be released
by the DAI from the structure of magnetic field lines.

If the stability of the magnetic field decreases, the critical
radius 7. decreases. It suggests that the reduction of r. can
correspond to a precursor of the instability and the onset of
solar flares. Therefore, when the releasable free energy E; has
a large value comparable to a large flare and the critical radius
re decreases, we can predict the occurrence of large flares.

3. Verification of k-scheme

We verified the predictive power of the k-scheme for the
large solar flares occurred in the solar active region NOAA
12673. In this activity area, the X2.2 and X9.3 class flares
occurred at 8:57 UT and 11:53 UT, respectively, on
September 6, 2017. The latter is the largest solar flare in the
24th solar cycle.

As a result of the analysis, we found that the critical radius
re continuously decreased for 24 hours before the occurrence
of the X2.2 flare, while E, maintained larger than 103 erg
which is comparable to the energy of typical X-class flare.
Some points on the PIL satisfied the condition E, = 2 x 103
erg, 7 = 0.8 Mm and E, = 4 x 102 erg, r. = 0.9 Mm,
immediately before the occurrence of the X2.2 and X9.3
flares, respectively. Furthermore, the fact that each flare
appeared around those points was confirmed from the
observation data by the SDO satellite. This result suggests that
the k-scheme can accurately predict not only the occurrence
of giant flares but also their locations.

We further performed the same analysis for all
nine large flare events of the X2 and larger class
which occurred in the central region of the solar
disc during the 24th solar cycle. As a result, we
confirmed that the x-scheme could predict the
occurrence and location of the seven events that
occurred in the six active regions out of the nine
events in the seven active regions. The cause of
the failed prediction only in one region was also
explained based on the comparison between the
flare emission structure and the theoretical model
of flares.

Besides, we analyzed the data of active regions
that had large sunspots in the 24th solar cycle but
did not produce large flares above the X2 class
within 20 hours of the observation by k-scheme,
and confirmed that the k-scheme made only three
false positive alarms out of 192 active regions.
The results indicate the strong predictive power of
the k-scheme for giant solar flares.
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Detailed results will be reported in Kusano et al.
(2020) [5].

4. Summary

Solar flares are the typical explosive phenomena that occur
in the sun, stars, and cosmic plasmas. Severe space weather
disasters caused by giant solar flares are also a potential risk in
an advanced information society. In this study, we have
demonstrated that it is possible to predict the occurrence of
giant flare based on the magnetohydrodynamic instability
theory by using the latest magnetic field observation data on
the sun's surface by solar observation satellite and high-speed
calculations by the Earth Simulator. This result greatly
contributed to the progress in the development of solar flare
prediction and space weather forecasting. It also clarified that
the small-scale magnetic field structure near the PIL is
responsible for the onset of a solar flare. The finding can
greatly contribute to a better understanding of solar flares.
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