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Solar flares are the biggest explosion in the solar system that affect Earth’s space weather. The mechanism that
drives the onset of solar flares is unknown, hampering efforts to forecast them, which mostly rely on empirical
methods. We developed a new physics-based model (k-scheme) to predict large solar flares through a critical
condition of magnetohydrodynamic (MHD) instability, triggered by magnetic reconnection. Analysis of the largest
(X-class) flares from 2008 to 2019 (during solar cycle 24) shows that the k-scheme predicts most imminent large
solar flares even for the precise location with a small number of exceptions. Based on the results, we proposed that
the onset of solar flares can be explained as the transition between a stable branch to an unstable branch in the sub-
critical bifurcation.

Keywords : solar flares, magnetohydrodynamics, space weather, prediction, sunspots

1. Introduction mitigate their impact their occurrence needs to be predicted.
Solar flares emit sudden, strong bursts of electromagnetic However, as the onset mechanism of solar flares is unclear,
radiation from the solar corona, and eject plasma and energetic most flare prediction methods so far have relied on empirical
particles into inter-planetary space. Since large solar flares can methods. We recently succeeded in developing the first physics-
cause severe space weather disturbances affecting Earth, to based model that can accurately predict imminent large solar

/ﬂ

B .

Figure 1: Schematic illustration of the sequence (A to D) of our proposed solar flare onset model. The curved black lines represent

the magnetic field (B), and the curved gray arrows are the electric current (J). The vertical arrows show the ascending motion (V)
caused by the magnetohydrodynamic instability. The straight line represents the magnetic polarity inversion line (PIL)—the
boundary between positive and negative values of the vertical magnetic field Bz on the solar surface. Ellipses illustrate the bright
flare ribbons on the foot points of reconnected magnetic field lines. From Fig. 1 of Ref. [2].
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Figure 2: Stability analysis results for the ARs in solar cycle 24. A and B are for the ARs of groups 1 and 2, respectively. The critical

size of reconnection 7. and the releasable energy E: for all points on the PILs in high free energy regions are plotted. For group 2,

AR numbers are indicated by the symbols shown in the legend. The dashed curve represents the self-similar scaling relationship .

oc E13. From Fig. 4 of Ref. [2].
flares.

2. Physics-based prediction of solar flares

The new method of flare prediction, called the k-scheme, is
based on the theory of “double-arc instability,” that is a
magnetohydrodynamic (MHD) instability triggered by magnetic
reconnection [1]. We assumed that a small-scale reconnection of
magnetic field lines can form a double-arc (m-shape) magnetic
field and trigger the onset of a solar flare (Fig. 1). The k-scheme
can calculate the critical radius (rc) of magnetic reconnection
which may trigger the instability and the energy which can be
released by the instability for each point of the magnetic polarity
inversion line (PIL) [2].

The predictive model was tested on about the two groups of
active regions (ARs) during solar cycle 24 from 2008 to 2019
using data obtained by NASA’s Solar Dynamics Observatory
(SDO) satellite. Group 1 consists of 198 ARs with the largest
sunspot areas and includes only data for each AR observed at
00:00 UT for the day when the AR was located nearest the central
meridian of the Sun. None of the ARs of group 1 produced solar
flares larger than class X2 within 20 hours after the observation.
Group 2 comprises the seven ARs that produced all flares of class
X2 or stronger within solar latitudes ==50° during solar cycle 24.

Figure 2A-B shows . and E: for all points on the PILs in high-
free energy regions of Groups 1 and 2. None of the ARs in Group
1 satisfied the conditions 7e< 1 Mm and E;>2x10%! erg, and most
of the points had a higher 7. than expected for self-similar scaling,
E; oc P and r. oc [ for the length-scale /. In contrast, six ARs
except only one in Group 2 satisfied the condition 7.< 1 Mm and
E:> 4x10%' erg before the flares. It was demonstrated that with

few exceptions, the k-scheme predicts most imminent solar flares.
Recently, we applied the theory of the double-arc instability to
the prediction of eruptive flares and coronal mass ejections
(CMEs) [3]. The results suggest the potential of the physics-
based methods to predict the various space weather phenomena.
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