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Abstract

In our previous work, we searched for superflares on different types of stars while focusing on G-type dwarfs using
entire Kepler data to study statistical properties of the occurrence rate of superflares. Using these new data, as a by-
product, we found 14 cases of superflare detection on 13 slowly rotating Sun-like stars with rotation periods of
24.5-44 days. This result supports the earlier conclusion by others that the Sun may possibly undergo a surprise
superflare. Moreover, we found 12 and seven new cases of detection of exceptionally large amplitude superflares
on six and four main sequence stars of G- and M-type, respectively. No large-amplitude flares were detected in A,
F or K main sequence stars. Here we present preliminary analysis of these cases. The superflare detection, i.e., an
estimation of flare energy, is based on a more accurate method compared to previous studies. We fit an exponential
decay function to flare light curves and study the relation between e-folding decay time, 7, versus flare amplitude
and flare energy. We find that for slowly rotating Sun-like stars, large values of 7 correspond to small flare energies
and small values of 7 correspond to high flare energies considered. Similarly, 7 is large for small flare amplitudes
and 7 is small for large amplitudes considered. However, there is no clear relation between these parameters for
large amplitude superflares in the main sequence G- and M-type stars, as we could not establish clear functional
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dependence between the parameters via standard fitting algorithms.
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1. Introduction

It is believed that solar and stellar flares are powered by a
physical process called magnetic reconnection, in which
connectivity of magnetic field lines in the atmospheres of stars
changes rapidly (Masuda et al. 1994; Shibata et al. 1995). This
is accompanied by acceleration of plasma particles and release
of heat. The source of this kinetic and thermal energy is the
energy stored in the magnetic field. Thus, the magnetic dynamo
process which is one possible means to generate a magnetic
field via bulk plasma flows is of great importance for
understanding what can power and therefore be the source
for a flare or a superflare. The energies of observed stellar flares
lie in a wide range from 10°® to 10’7 erg, while the highest
energy of any observed solar flare is approximately a few times
10% erg. Thus, generally agreed terminology is that a
superflare should have an energy in excess of 10°* erg. A
plausible dynamo model capable of explaining the generation
of magnetic energy sufficient to support superflares has been
recently suggested in Kitchatinov & Olemskoy (2016) and then
further investigated in Katsova et al. (2018). In this scenario,
rather than producing stellar cycles similar to the solar 11 yr
cycle, the dynamos in superflaring stars excite some quasi-
stationary magnetic configuration with a much higher magnetic

energy. Further, Kitchatinov et al. (2018) used a flux-transport
model for the solar dynamo with fluctuations of the Babcock-
Leighton type a-effect to generate statistics of magnetic cycles.
As a result, they concluded that the statistics of the computed
energies of the cycles suggest that superflares with energies in
excess of 10°* erg are not possible on the Sun.

Historical records suggest that no superflares have occurred
on the Sun in the last two millennia. In the past there were
notable examples of detection of superflares on Sun-like stars.
There are two references which support such claim: Schaefer
et al. (2000) and Nogami et al. (2014).

As asserted by Schaefer et al. (2000), nine cases of
superflares were identified involving 10** to 10°® erg on main
sequence Sun-like stars. Sun-like means that stars are on or
near the main sequence, have spectral class from F8 to G8 and
are single (or have a very distant binary companion). The
superflare energy estimation by Schaefer et al. (2000) was
based on photometric methods.

Nogami et al. (2014) reported the results of high dispersion
spectroscopy of two “superflare stars,” KIC9766237 and
KIC9944137, using the Subaru/HDS telescope. These two
stars are G-type main sequence stars, and have rotation periods
of 21.8 days and 25.3 days, respectively. Their spectroscopic
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results confirmed that these stars have stellar parameters similar
to those of the Sun in terms of the effective temperature,
surface gravity and metallicity. By examining the absorption
line of Ca Il 8542, the average strength of the magnetic field on
the surface of these stars was estimated to be 1-20 G. The
superflare energy estimation by Nogami et al. (2014) was based
on a semi-empirical method considering magnetic energy
density times volume of flare. These results claim that the
spectroscopic properties of these superflare stars are very close
to those of the Sun, and support the hypothesis that the Sun
may have a superflare. What causes superflares is an open issue
and many theories exist to explain their origin. Karak et al.
(2020) demonstrated that Sun-like slowly rotating stars, having
antisolar differential rotation (DR), i.e., when equatorial
regions of the star rotate slower than the polar regions, can
produce a very strong magnetic field and that could be a
possible explanation for a superflare. It is the antisolar DR that
can produce strong fields in slowly rotating stars. A study
conducted by Karak et al. (2020) focused on mean-field
kinematic dynamo modeling to investigate the behavior of
large-scale magnetic fields in different stars with varying
rotation periods. They specifically consider two cases: stars
with rotation periods larger than 30 days, which exhibit
antisolar DR, and stars with rotation periods shorter than 30
days, which manifest solar-like DR. The study supports the
possible existence of antisolar DR in slowly rotating stars and
suggests that these stars may exhibit unusually enhanced
magnetic fields and potentially produce cycles that are prone to
the occurrence of superflares. In general the transition from
solar to antisolar DR happens somewhere around the Rossby
number of unity. For the Sun, it is obviously solar-like, but
when the rotation rate decreases, one expects to have an
antisolar DR. This robust transition has been seen in many
numerical simulations. Karak et al. (2015), for example, using
global magnetohydrodynamics (MHD) convection simulations,
consistently find antisolar DR when the star rotates slowly.
Statistical study of superflares on different stellar types has
been an active area of research (Maehara et al. 2012;
Shibayama et al. 2013; He et al. 2015, 2018; Wu et al. 2015;
Van Doorsselaere et al. 2017; Yang et al. 2017; Lu et al. 2019;
Yang & Liu 2019; Giinther et al. 2020; Tu et al. 2020; Gao
et al. 2022). Shibayama et al. (2013) examined statistics of
stellar superflares. These authors discovered that for Sun-like
stars (with surface temperature 5600-6000 K and slowly
rotating with periods longer than 10 days), the occurrence rate
of superflares with an energy of 10**-10* erg is once in
800-5000 yr. Shibayama et al. (2013) confirmed the previous
results of Maehara et al. (2012) in that the occurrence rate
(dN/dE) of superflares versus flare energy E shows a power-
law distribution with dN/dE o« E~“, where o ~2. Such
occurrence rate distribution versus flare energy is roughly
similar to that for solar flares. Tu et al. (2020) identified and
verified 1216 superflares on 400 solar-type stars by analyzing 2
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minute cadence data from 25,734 stars observed during the first
year of the Transiting Exoplanet Survey Satellite (TESS)
mission. The results indicate a higher frequency distribution of
superflares compared to the findings from the Kepler mission.
This difference may be due to a significant portion of TESS
solar-type stars in the data set that are rapidly rotating. The
power-law index ~y of the superflare frequency distribution was
determined to be y=2.16 £ 0.10, which is consistent with the
results obtained from the Kepler mission. The study highlights
an extraordinary star, TIC 43472154, which exhibits approxi-
mately 200 superflares per year. Tu et al. (2020) analyzed the
correlation between the energy and duration of superflares,
represented as Tgyraton X E s, They derived a power-law index
[5=0.421+0.01 for this correlation, which is slightly larger
than the value of 5= 1/3 predicted by magnetic reconnection
theory. A similar conclusion had been reached earlier by
Maehara et al. (2015), who found that the duration of
superflares, 7, scales as the flare energy, E, according to
7o E%¥*903 Yang et al. (2023) analyzed TESS light curves
from the first 30 sectors of TESS data with a two-minute
exposure time. They identified a total of 60,810 flare events
occurring on 13,478 stars and performed a comprehensive
statistical analysis focusing on the characteristics of flare
events, including their amplitude, duration and energy. We
believe that the method for flare energy estimation used in
Shibayama et al. (2013); Yang et al. (2017) is more accurate
than the one used by Schaefer et al. (2000) and Nogami et al.
(2014). We therefore base the flare energy estimate on the
method of Shibayama et al. (2013) and Althukair & Tsiklauri
(2023), referred to hereafter as Paper L.

In Paper I we searched for superflares on different spectral
classes stars, while focusing on G-type dwarfs (solar-type stars)
using Kepler data from quarter (Q) Q0—Q17 with the purpose
of examining the statistical properties of the occurrence rate of
superflares. Shibayama et al. (2013) considered statistics of
stellar superflares based on Kepler data in Q0—Q6. In Paper I
we investigated how the results were modified by adding more
quarters, i.e., what is the o power-law for data from Q0—Q17
and Q7-Q17. Here using the more extended Kepler data, we
also found 14 cases of detection of superflares on 13 slowly
rotating Sun-like stars in each of KIC 3124010, KIC 3968932,
KIC 7459381, KIC 7668358, KIC 7821531, KIC 9142489,
KIC 9528212, KIC 9963105, KIC 10275962, KIC 11086906,
KIC 11199277, KIC 11350663 and KIC 11971032. Thus the
main purpose of the present study is to present analysis of these
new 14 cases. The main novelty here is that the detection is
based on the Shibayama et al. (2013) method, which is more
accurate, as compared to Schaefer et al. (2000) and Nogami
et al. (2014) for the flare energy estimation. Our results support
the earlier conclusion by others (Schaefer et al. 2000 and
Nogami et al. 2014) that the Sun may have a surprise
superflare. We stress that Paper I has conducted a more
comprehensive study of determination of stellar rotation
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periods based on a robust method such as utilized by
McQuillan et al. (2014) in comparison to Shibayama et al.
(2013). We believe that more accurate period determination
used in Paper I has led to the current new results, presented in
this paper. In addition to the 14 cases of superflares on slowly
rotating Sun-like stars, we detected 12 and seven superflares
with a large amplitude on five G-type and four M-type main
sequence stars, respectively.

Solar flares emit energy at all wavelengths, but their spectral
distribution is still unknown. When white-light continuum
emission is observed, the flares are referred to as “white-light
flares” (WLFs). Kretzschmar (2011) identified and examined
visible light emitted by solar flares and found that the white light
is present on average during all flares and must be regarded as
continuum emission. Kretzschmar (2011) also demonstrated that
this emission is consistent with a blackbody spectrum with
temperature of 9000 K and that the energy of the continuum
contains roughly 70% of the total energy emitted by the flares.
WLFs are among the most intense solar flares, and it has been
demonstrated that an optical continuum appears anytime the
flare’s extreme-ultraviolet (EUV) or soft X-ray luminosity
reaches a reasonably large threshold (Mclntosh & Donnelly
1972; Neidig & Cliver 1983). Thus, optical continuum is
presumably present in all flares but only in a few cases does it
reach a measurable degree of brightness. This conclusion
implies that WLFs are not fundamentally different from
conventional flares (Neidig 1989). Nonetheless, WLFs are
important in flare studies because they are similar to stellar flares
(Worden 1983) and because they represent the most extreme
conditions encountered in solar optical flares (Neidig 1989).
Considering observations from TESS, Ilin et al. (2021) present
four fully convective stars that exhibited WLFs with large size
and long duration. The underlying flare amplitude as a fraction
of the quiescent flux of two flares is greater than two. After the
discovery of the largest amplitude flares ever recorded on an LO
dwarf, which reached AV = —11 magnitude, Schmidt et al.
(2016); Jackman et al. (2019) detected a large amplitude white-
light superflare on the L2.5 dwarf ULAS J224940.13011236.9
with flux AV ~ —10 magnitude which corresponds to a relative
brightness ratio of 10,000. This can be demonstrated as follows

AV = Vmax = Vinin = —10, (1)

where V.« is the apparent magnitude in the visible band
corresponding to the flux at the maximum amplitude F,,x, and
Vinin 18 the apparent magnitude in the visible band corresp-
onding to the flux at the minimum state F;,. Using the
magnitude difference calculation

Vmax - Vmin =—-10=25 loglo(Fmin/Fmax)’ (2)

it is clear that F,,,/Fnin = AF/F = 10000.

Stellar superflares have been studied in multiple wavelength
bands, such as X-rays and the Ha band. It is important to
mention relevant studies here: Wu et al. (2022) analyzed
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spectroscopic data from LAMOST Data Release 7 (DR7) and
identified a stellar flare on an M4-type star that is characterized
by an impulsive increase followed by a gradual decrease in the
Ha line intensity. The Ha line, which corresponds to a specific
transition in hydrogen, exhibited a Voigt profile during the
flare. After the impulsive increase in the Ho line intensity, a
clear enhancement was observed in the red wing of the Ha line
profile. Additionally, the estimated total energy radiated
through the Ha line during the flare is on the order of
10* erg, providing an indication of the overall energy release
associated with the event. Chandra/HETGS time-resolved
X-ray spectroscopic observations were used by Chen et al.
(2022) to study the behavior of stellar flares on EV Lac. They
discovered distinct plasma flows caused by flares in the corona
of EV Lac, but none of them provided evidence for the actual
occurrence of stellar coronal mass ejections (CMEs). In most
flares, the flow of plasma is accompanied by a rise in the
density and temperature of the coronal plasma.

Here we present the detection of 14 superflares on 13 slowly
rotating Sun-like stars, 12 and seven cases of large amplitude
superflares on five G-type dwarfs and four M-type dwarfs
respectively. Section 2 presents the method used including the
flare detection, flare energy estimation and rotation period
determination. Section 3 reports the main results of this study.
Section 4 closes this work by providing our main conclusions.

2. Methods
2.1. Flare Detection

We conducted an automated search for superflares on main
sequence star types A, F, G, K and M based on the entire
Kepler data, using our Python script for long cadence data from
Data Release 25 (DR25) following the Maehara et al. (2012);
Shibayama et al. (2013) method. The parameters for all targets
observed by Kepler have been taken from the Kepler Stellar
interactive table in the NASA Exoplanet Archive. The study
was carried out on a sample of main sequence stars, comprising
2222, 10,307, 25,442, 10,898 and 2653 stars with spectral
types of M, K, G, F and A, respectively. The following is a
brief description of this method. We generate light curves of
the stars using the PDCSAP flux. Then, in order to be
statistically precise, we computed the distributions of bright-
ness variation by calculating the flux difference in adjacent
time intervals between every two neighboring data points in the
light curve. Then, we determine the flux difference value at
which the area under the distribution equals 1% of the total
area. In order to increase the threshold, the 1% value of the area
was multiplied by a factor of three. The start time of a flare was
defined as the time at which the flux difference between two
consecutive points exceeded the threshold for the first time. To
determine the end time of the flare, we computed the three
standard deviations, 30, for the distribution of brightness
variation. Figure 1 displays typical results for this method for
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Figure 1. Illustrations of flare detection method used by Shibayama et al. (2013). (a) The light curve of KIC 9963105. (b) The distribution of brightness variation
between each pair of adjacent data points in the light curves of KIC 9963105. The green vertical line represents the value of 1% of the total area under the curve, the
red vertical line marks the flare detection threshold and the blue vertical line signifies 30 of the brightness variation distribution.

KIC 9963105. The light curve of KIC 9963105 is plotted in
Figure 1(a). Figure 1(b) depicts the distribution of the
brightness difference between every two adjacent data points
of the KIC 9963105 light curve; 1% of the total area under the
distribution curve is represented by the green vertical line. The
red vertical line represents the flare detection threshold value,
which is equal to three times the 1% value of the area under the
distribution curve. The blue vertical line is 30 of the
distribution of the brightness variation. To determine the flare
end time, we fit a B-spline curve through three points on the
relative flux (AF/F,,,) distributed around the flare, one point
just before the flare, and the other two points five and eight
hours after the flare peak, respectively. Then we subtract the
B-spline curve from the relative flux in order to remove long-
term brightness variations around the flare (Shibayama et al.
2013). We define the flare end time as the time when the
relative flux produced by the subtraction drops below the value
of 30 for the first time. After detecting flare events, conditions
are applied to all flare candidates. These conditions are: the
flare duration must exceed 0.05 days, corresponding to at least
three data points, with two of them after the flare peak, and the
flare’s decline phase must be longer than its rising phase
(Shibayama et al. 2013). Only flare incidents meeting these
criteria were analyzed.

2.2. Energy Calculation

Schaefer et al. (2000) identified nine cases of superfares
involving 10*-10*® erg on normal solar-type stars. Their
superflare energy estimate has a large uncertainty, e.g., the
Groombridge 1830 (HR 4550) total flare energy (in the blue
band alone) is 10%° erg with an uncertainty of a factor of a few
due to having only four points on the light curve.

The possibility that superflares can be explained by magnetic
energy stored on the star’s surface was considered by Nogami
et al. (2014). Using the Call 8542 absorption line, they
estimate that the average magnetic field strength (B) of
KIC9766237 and KIC9944137 is 1-20 Gauss, and the
superflare of these targets has a total energy of 10°* erg, under
the assumption that the energy released during the flare
represents a fraction (f) of the magnetic energy stored around
the spot area. Their flare energy (Ep,.) was calculated as
follows

2
Enue ~ f2- 1. 3)
8

The length of the magnetic structure causing the flare (L) has
been considered to be the same size as the spotted region, i.e.,

L = \JanR? where a is the spot’s area, which yields
B 2132
Efare ~ f g(er*) . “

Our energy estimation for each flare depends on the star’s
luminosity (Lgar), flare amplitude (fimp) and flare duration
(Shibayama et al. 2013; Yang et al. 2017). Lg,,, the amount of
energy that the star emits in one second, is proportional to the
star’s radius R squared and its surface temperature T to the
fourth power, and is obtained from the following equation

Lstar = 0SB Te4ff47TR2s (5)

where ogp is the Stefan—Boltzmann constant, and 47R? is the
entire surface area of the star. The continuum emission from a
WLEF is consistent with blackbody radiation at around 9000 K,
as suggested by Hawley & Fisher (1992); Kretzschmar (2011).
Based on Shibayama et al. (2013); Yang et al. (2017); Giinther
et al. (2020), we set Tfjare = 9000 K and derive the luminosity



Research in Astronomy and Astrophysics, 23:105010 (16pp), 2023 October

KIC: 3124010

1008 l

1006 1
1004 -

1002

Normalized flux

1000

0998

920

940 960
Time (BJD-2454833)

KIC: 7459381

980

1000

1008 A

1006 1

1004

Normalized flux

1002

1000

260

280

300
Time (BJD-2454833)

KIC: 7668358

320

1004

1003

1002 A

1001 A

Normalized flux

1000

0.999

820

840 860
Time (BJD-2454833)

KIC: 7821531

830

1020

1015

1010

1005

Normalized flux

1000

0995 T

820

840 860
Time (B]D-2454833)

8380

900

Relative flux AF/Faw Relative flux AF/Fav

Relative flux AFF,.o

Relative flux AF/Fawg

Althukair & Tsiklauri

KIC: 3124010
0.008 ¢ — LCdata
—-—- 3ae™¥+b
Deos T=0.017
a=0.008
0,004 b=514x10"*
0.002
0.000
-02 -01 00 01 02 03 04 05 06
Time from flare [day]
KIC: 7459381
* — LCdata
0.005 .
-—- 3&'+b
0.004
T=0017
0.003 a=0.005
=-144x10"
— b= -144x10
0.001
0.000 \/‘/\f\)
-02 -01 00 01 02 03 04 05 06
Time from flare [day]
KIC: 7668358
1 —
00030 < LC data
- 3e"4b
0.0025
r=0.030
0.0020 \
! a=0.003
0.0015 \ b= -243x10"
0.0010
0.0005
0.0000
3
-0.0005
02 -01 00 01 02 03 04 05 06
Time from flare [day]
KIC: 7821531
0.0175 4 ¢ — LCdata
-== 3e™¥+b
0.0150
00125 T=0.015
0.0100 a=0.017
0.0075 b=6.60x 10~
0.0050
0.0025
b .
0.0000
02 -01 00 01 02 03 04 05 06

Time from flare [day)

Figure 2. The left panels display the light curves of superflares. The x-axis in the left panels is the time in Barycentric Julian Date (BJD) and the y-axis is the
normalized flux. The blue arrows indicate the occurrence of superflares. The right panels show a zoom in time of these superflares. The x-axis in the right panels is the
time from the flare peak in day and the y-axis is the relative flux (AF/F,,,). Each data point for a superflare is represented by a blue square in the right panels. The
dashed red curve indicates an exponential fit of the decay phase. 7 in the equation refers to the best fit of exponential decay time, a means the final value of the
amplitude fit and b represents the fitted relative flux in the quiescent state.
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Figure 2. (Continued.)

of a blackbody-emitting star as follows

L () = 03B Tf?areAﬂare , (6)

where Agre is the flare’s area, as determined by the formula
R\By (Tegr)d X
At () = fianp (t)wR2f—e, @)
fR/\B)\(’I}lare)d/\

where f,m, represents the flare amplitude for the relative flux
and R, means the Kepler instrument’s response function
(Caldwell et al. 2010). The Kepler photometer covers various
wavelengths, from 420 to 900 nm. The Planck function at a

specific wavelength, denoted by B,(7), is given by

2hc? /N3

B\(T) = W s (8)

where h represents Planck’s constant, ¢ the speed of light, T the
blackbody temperature and k Boltzmann’s constant. By
substituting Equation (7) into (6), we calculate the total flare
energy by the integral of Ly, over the flare duration

Tend
Lﬂare (t)dt- (9)

Lstart

Eﬂare =

We determine the energy of the flares using the Shibayama
et al. (2013) energy estimation method, which assumes
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Superflares on Slowly Rotating Sun-like Stars

Table 1
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Kepler ID Tess log g Radius P ? tstart tend Ipeak amp Flare Duration T Flare Energy

X) (Re) (day) (BJD) (BJD) (BJD) (day) (day) (erg)
3124010 5688 4.46 1.01 25.90 913.24 913.30 913.26 0.008 0.061 0.017 457 x 10°*
3968932 5716 4.39 0.96 24.56 868.88 868.94 868.90 0.004 0.061 0.026 3.89 x 10*
7459381 5635 4.27 1.11 26.19 312.31 312.37 312.33 0.005 0.061 0.017 4.89 x 10**
7668358 5668 4.36 0.98 41.83 841.13 841.19 841.15 0.003 0.061 0.030 1.94 x 10**
7821531 5681 4.52 0.92 32.66 891.81 891.87 891.83 0.018 0.061 0.015 8.63 x 10*
9142489 5878 4.51 0.95 25.20 1561.13 1561.19 1561.15 0.004 0.061 0.028 2.61 x 10°*
9528212 5872 4.42 0.97 61.43 1332.34 1332.40 1332.36 0.003 0.061 0.036 231 x 10*
9963105 5751 4.39 1.01 28.09 883.80 883.86 883.82 0.016 0.061 0.012 9.00 x 10**
10275962 5782 4.51 0.91 26.12 213.21 213.27 213.23 0.007 0.061 0.035 3.71 x 10*
10275962 5782 4.51 0.91 26.12 599.85 599.91 599.87 0.004 0.061 0.029 2.04 x 10>
11086906 5758 4.38 1.11 29.18 1206.01 1206.07 1206.03 0.002 0.061 0.018 1.90 x 10**
11199277 5638 4.49 0.92 29.00 325.43 325.49 325.45 0.008 0.061 0.029 3.72 x 10*
11350663 5966 4.49 0.96 36.92 1232.31 1232.37 1232.33 0.010 0.061 0.014 521 x 10**
11971032 5942 4.51 0.94 44.00 1231.92 1231.98 1231.94 0.006 0.061 0.030 3.80 x 10*
Note.

 Rotation period from McQuillan et al. (2014).
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Figure 3. A log-log scale histogram showing the distribution of flare frequency
as a function of flare energy of 14 superflares on slowly rotating Sun-like stars.
The distribution follows a power-law relation dN/dE < E~® where
a=19+02.

blackbody radiation from both the star and flare, with a fixed
flare temperature of 10,000 K, to estimate the quiescent
luminosity. We note that the Shibayama et al. (2013) energy
estimation can have an error of up to 60% and yet this is more
accurate than the one used by Schaefer et al. (2000) and
Nogami et al. (2014). To improve the accuracy, Davenport
(2016) proposed an alternative method for estimating the
quiescent luminosity of each star to determine the actual energy
of the flares. They used the Equivalent Duration (ED)
parameter, which represents the integral under the flare in
fractional flux units, as a relative energy measurement for each
flare event without requiring flux calibration of the Kepler light

curves. To calculate the actual energy of the flares emitted in
the Kepler bandpass (erg), the ED values (s) are multiplied by
the quiescent luminosity (ergs ') of the respective star. This
approach establishes an absolute scale for the relative flare
energies, as the quiescent luminosity is individually estimated
for each star.

2.3. Rotational Period Determination

Light curve periods were calculated using the Lomb-Scargle
periodogram, a common statistical approach for detecting and
characterizing periodic signals in sparsely sampled data. We
used an oversampling factor of five (VanderPlas 2018), and
employed PDCSAP flux to generate a Lomb-Scargle period-
ogram for each light curve from Q2 to Q16. Furthermore, the
period corresponding to the maximum power of the period-
ogram was allocated as the rotation period for the Kepler ID in
a specific quarter. This value was estimated with an accuracy of
a day without the decimal component because fractions of a
day would not significantly alter the results, allowing us to
automate the selection of the star’s rotation period rather than
doing this manually. We set 0.5 days for periods shorter than a
day and eliminated periods less than 0.1 days. Finally, for each
Kepler ID, we chose the most frequent period across all
quarters from Q2 to Q16. Following the McQuillan et al.
(2014) technique, we required that the period chosen for all
quarters be identified in at least two unique segments, with the
segment defined as three consecutive Kepler quarters: (Q2, Q3,
Q4), (Q5, Q6, Q7), (Q8, Q9, Q10), (Q11, Q12, Q13) and (Q14,
Q15, Q16).
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Figure 4. (a) Same as Figure 2 but for large amplitude superflares on G-type main sequence stars.
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Figure 4. (Continued.)

3. Results

By performing an automated search for superflares on
G-type main sequence stars during 1442 days of Kepler
observation in all (DR25) long-cadence data from QO to Q17,
we found 14 superflares on 13 slowly rotating Sun-like stars
in each of KIC 3124010, KIC 3968932, KIC 7459381, KIC
7668358, KIC 7821531, KIC 9142489, KIC 9528212, KIC
9963105, KIC 10275962, KIC 11086906, KIC 11199277, KIC

11350663 and KIC 11971032, with surface temperatures of
5600 K < T < 6000 K, surface gravities of log g > 4.0 and
rotational periods P,, ranging between 24.5 and 44 days.
Figure 2 depicts seven light curves of these events. The left
panels display light curves over 90 days of observation. The
blue arrow on the left panel indicates the observed superflare,
which met all conditions. The right panels show zoomed in
time light curves of superflares. The blue squares represent the
data points for a superflare. We fitted an exponential decay
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Table 2
Large Amplitude Superflares on G-type Main Sequence Stars

Kepler ID Tetr log g Radius P ? Totart tend Ipeak amp Flare Duration T Flare Energy

(K) Ro) (day) (BJD) (BID) (BJID) (day) (day) (erg)
5865248 5780 4.44 1 NA 1476.22 1476.33 1476.24 13.16 0.102 0.036 7.29 x 10%7
5865248 5780 4.44 1 NA 1496.09 1496.21 1496.11 8.78 0.123 0.041 9.56 x 107
5865248 5780 4.44 1 NA 1561.78 1561.86 1561.80 8.14 0.082 0.034 6.75 x 10*7
6783223 5780 4.44 1 NA 1510.76 1510.86 1510.78 35.60 0.102 0.030 8.6 x 10%7
7505473 5780 4.44 1 NA 1385.81 1385.95 1385.85 4.05 0.143 0.058 1.67 x 10°®
10053146 5780 4.44 1 NA 1411.27 1411.33 1411.29 22.75 0.061 0.040 1.42 x 10
10057002 5780 4.44 1 NA 1284.52 1284.58 1284.54 12.03 0.061 0.049 6.24 % 10*7
11709752 5780 4.44 1 0.5 1501.56 1501.62 1501.58 4.21 0.061 0.031 2.85 x 10%7
11709752 5780 4.44 1 0.5 1544.06 1544.13 1544.08 7.65 0.061 0.014 2.85 x 10%7
11709752 5780 4.44 1 0.5 1571.49 1571.55 1571.51 448 0.061 0.033 3.94 x 10”7
11709752 5780 4.44 1 0.5 1575.35 1575.43 1575.37 5.11 0.082 0.046 5.44 % 10%7
11709752 5780 4.44 1 0.5 1578.39 1578.45 1578.41 9.40 0.061 0.030 3.94 x 10%7
Note.

 Rotation period from Althukair & Tsiklauri (2023).

function to the flare light curve to characterize the flares,
signified by a red dashed curve. This exponential decay
function is expressed as

f@)=ae'T+ b, (10)

where f(7) is the relative flux as a function of time, a is the flare
peak height, which is approximately equal to the relative flux at
the flare peak, b is the relative flux in the quiescent state and 7 is
the decay time of the flare, which is the time at which the
relative flux decreases to 1/e ~0.3679 of its initial value. The
values of 7, a and b of the exponential decay function for each
flare are shown in the right panel. Flare parameters and their
durations, amplitudes, energies and 7 values are listed in
Table 1. The rotation periods for these slowly rotating Sun-like
stars were taken from McQuillan et al. (2014). Their flare
energies range from (1.9-9.0) x 10** erg. The flare amplitudes
of the slowly rotating Sun-like stars are relatively small, ranging
between 0.002 and 0.018. We also find that the durations of
flares in all of these cases are the same, 0.061 days. This is
probably due to the fact that flare durations of all small
amplitude superflares are two data points in time or less.
Therefore, because one of the flare detection conditions in our
code is that there must be at least two data points between the
flare’s peak and the end, cases with flare duration less than two
points were not detected, and we ended up with the same
duration superflares with the two data points. Because it appears
that there are no small amplitude superflares with duration
greater than two data points, all flare durations end up the same.
This selection effect is because we use long cadence light curve
data, which has a 29.4 minute interval between each data point
in time. The value of 7 varies from 0.012 to 0.036 days.

We calculated the frequency distribution of the 14 super-
flares on the 13 slowly rotating Sun-like stars and plotted a log

scale histogram presenting this distribution as shown in
Figure 3. The x-axis represents the flare’s energy, and the y-
axis corresponds to the number of superflares per star per year
per unit of energy. Therefore, we calculated the weight for each
bin using

316 x 107

=" 1D
Nos X D X E
where N, is the number of observed stars, D is the duration of
the observation period in seconds and E is the superflare energy
that belongs to that bin. From the number of stars in Table 3
in our previous work, Althukair & Tsiklauri (2023), we
estimated that the number of observed G-type dwarfs with
5600 K < Toir < 6000 K and P,y > 10 days is equal to 19,160
stars. Since this distribution is related to slowly rotating Sun-like
stars with P, between 24.5 and 44 days, we estimated the
number of observed stars to be one-third of the original sample,
i.e., 5635 stars, given that the average rotation period is 34 days
which is almost three times the period of 10 days. We estimated
the probability of the occurrence of superflares in slowly
rotating Sun-like stars with P, of 24.5-44 days. We found that
the rate of superflare incidence with the energy of 4.54 x
10** erg is 1.94 x 10~ flares per year per star, corresponding to
a superflare occurring on a star once every 5160 yr. We
calculated this value by multiplying the average energy from the
x-axis by the average dN/dE from the y-axis, 4.54 x 10** x
4.27 x 107° = 1.94 x 10~* flares per year per star, and by taking
the reciprocal of 1.94 x 107, we get 5160 which gives the
number of years in which a flare occurs on a star. The frequency
distribution of these 14 superflares follows a power-law relation
dN/dE < E=% where aa=1.9+0.2. This is consistent with
our previous result in Althukair & Tsiklauri (2023) for the
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Figure 5. (a) Same as Figures 2 and 4 but for large amplitude superflares on M-type main sequence stars.
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Figure 5. (Continued.)

frequency distribution of slowly rotating G-type dwarfs where
a=20=£0.1.

In addition to the 14 cases of superflares on slowly rotating
Sun-like stars, we detected 12 superflares with a large
amplitude on six G-type dwarfs in each of KIC 5865248,
KIC 6783223, KIC 7505473, KIC 10053146, KIC 10057002
and KIC 11709752. Figure 4 shows eight light curves of these
events, the same as in Figure 2. Table 2 displays the durations,

12

amplitudes, energies and 7 values for these superflares with
their parameters. The energies of their flares range from
1.67 x 10°° to 1.42 x 10*® erg. The rotation period of KIC
1170952 was obtained by this work. As for the rotation
periods for the other five stars, no such data are available.
Even applying the method described in Paper I does not allow
period determination in these five cases. According to Yang
et al. (2017), there are three possible reasons: (i) due to the
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Table 3
Large Amplitude Superflares on M-type Main Sequence Stars

Kepler ID Tetr log g Radius P Lstart tend Ipeak amp Flare Duration T Flare Energy
(K) Rs) (day) (BID) (BJD) (BID) (day) (day) (erg)
6580019 2661 5.28 0.12 NA 609.97 610.09 609.99 3.91 0.123 0.044 7.04 x 10°
6580019 2661 5.28 0.12 NA 674.45 674.60 674.47 10.30 0.143 0.041 1.25 x 10**
7123391 3326 5.12 0.19 NA 638.53 638.59 638.55 8.07 0.061 0.038 476 x 10°*
7123391 3326 5.12 0.19 NA 692.09 692.19 692.13 12.38 0.102 0.018 1.23 x 10*°
7123391 3326 5.12 0.19 NA 794.54 794.72 794.56 15.14 0.184 0.049 1.59 x 10*
7341517 2661 5.28 0.12 NA 877.95 878.12 877.99 5.27 0.163 0.041 4.82 x 10°
9201463 3319 5.14 0.18 NA 215.11 215.27 215.15 5.51 0.163 0.030 3.16 x 10%

inclination angle and low activity level, the light curve has a
small amplitude at the accuracy level of Kepler; (ii) fast-
rotating stars have spots at the poles (Schiissler & Solanki
1992), making it hard to detect light variation through
rotation; and (iii) the rotation period is longer than 90 days
(a quarter), making it difficult (or impossible) to detect them
in the frequency spectrum of the star. The flare amplitudes for
these cases range between 4.05 and 35.60. These flares tend to
last longer than flares with smaller amplitudes on slowly
rotating Sun-like stars as their durations vary between
0.061 and 0.143 days. The 7 values of flares exhibiting
large amplitude on G-type main sequence stars are observed
to be higher than those of flares occurring on slowly rotating
Sun-like stars, as their values range between 0.014 and
0.058 days.

For stars of other spectral classes, no significant flares with
large amplitudes were detected on main sequence stars of types
A, F or K. Only M-type main sequence stars manifested seven
superflares with large amplitude on each of KIC 6580019, KIC
7123391, KIC 7341517 and KIC 9201463. Similar to Figures 2
and 4, 5 displays the seven light curves for these events. The
parameters of these superflares, including their durations,
amplitudes, energies and 7 values, are listed in Table 3. These
flares have an energy between 3.16 x 10°* and 1.59 x 10 erg,
amplitude ranges between 3.91 and 15.14 and their duration
lasts between 0.018 and 0.044 day. 7 values for superflares with
large amplitude on M-type main sequence stars vary from
0.030 to 0.049 days.

We examined whether there is a dependence between T
versus flare amplitude (fimp) and 7 versus flare energy (Efare).
Therefore, we graphically display six panels in Figure 6
showing the relationship between 7 and the amplitude of flares
and 7 and the energy of flares in slowly-rotating Sun-like stars
in Figure 6(a), (b), G-type stars in 6(c), (d) and M-type stars in
6(e), (f). In Figure 6(a) for slowly rotating Sun-like stars, we
find that for small amplitude, 7 is large, and when the
amplitude is large, 7 is consistently small in the range
considered. The same applies to the relation between T
and energy in Figure 6(b); we see that large 7 values
correspond to small energies and small values of 7 correspond

to large energies considered. On the contrary, there is no clear
relation between 7 versus fym, and 7 versus Eg,e in G-type
and M-type main sequence stars in Figure 6(c)—(f).
However, as mentioned in the Introduction, according to
Maehara et al. (2015), the duration of superflares, 7, scales as
the flare energy, E, according to 7 o< E®***%% Similarly, Tu
et al. (2020) found that Tyuraton o< E-***%1 Tt broadly
follows, from the simple reconnection scaling arguments,
that 7oc E'/3. We believe that we could not deduce such
scaling because of the small number of data points in Figure 6.
We tried various functions for fit using Python’s curve_fit
and Excel’s trendline, referred to as a line of best fit, to
visualize the general trend for the data. We could not find any
reliable, functional fit dependence between those parameters
because the coefficient of determination, R?, which is a
measure of how well the data fit the regression model, is less
than 0.5 for all those cases in Figure 6(a to f). Hence any
attempted fit has been unreliable, as only a fit with R* > 0.5
can be deemed acceptable. To determine the extent to
which the two variables, 7 and flare amplitude, as well as T
and flare energy, are correlated, we calculated the Pearson
Correlation Coefficient (r), which measures the strength
and direction of the relationship between two variables,
using IDL’s built-in function CORRELATE(X, Y) and
Python’s function scipy.stats.pearsonr. Both IDL and Python
gave the same values. The values for the Pearson correlation
coefficient (r) between two data sets are listed in Table 4. We
note that for the slowly rotating Sun-like stars data sets,
r=-0.592 and r=—0.691 for 7 versus f,n, and 7 versus
Eqae respectively, which suggest a noticeable negative
correlation between the variables. For the remaining four
cases, these r values are close to zero, which indicates a weak
or nonexistent correlation between the two variables. In
general, r varies from —1 to 1. The extreme cases of r =1
mean that there is a clear linear correlation/anticorrelation.
r=0 indicates that there is no linear relation between the
variables.

In the context of explaining the absence of large-amplitude
flares detected in A-, F- and K-type main sequence stars, while
they are only detected in G-type and M-type stars we would
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Figure 6. The left panels display a scatter plot showing the relation between 7 values on the y-axis with the flare amplitude f,n, on the x-axis, while the right panels
display a scatter plot showing the relation between 7 values on the y-axis with the flare energy Egga. on the x-axis. For flares on slowly rotating Sun-like stars, (a)
demonstrates that 7 values are large for low flare amplitudes but consistently small for high flare amplitudes. Likewise, (b) affirms that high 7 values correspond to low
flare energies, whereas low 7 values correspond to high flare energies. For large amplitude superflares on G-type dwarfs (c,d) and M-type dwarfs (e,f), 7 has no clear

connection to the fymp OF Efare.

like to remark the following. Using the Kepler space telescope,
Chang et al. (2018) studied the light curves of the M dwarfs.

They found a number of flare events with the peak flux

increasing as AF/F > 1. Magnetic fields of the M dwarfs are
generated by a turbulent magnetic dynamo mechanism. This is
due to their deep convective zones, and this leads to very

14

powerful flares, compared to G-type stars (Davenport et al.
2014). As for G-type stars, the detection of strength of flares in
such stars has been known for some time starting from Maehara
et al. (2012). Therefore it is not entirely surprising that that
we detected large-amplitude flares in G- and M-type stars. As
for A-, F- and K-type stars, we remark that according to
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Table 4
The Pearson Correlation Coefficient between 7 vs. fump and 7 vS. Efjare

Sample T Versus famp T Versus Eﬂam

Slowly rotating Sun like stars —-0.592 —0.691
G-type large amplitude flares —0.149 0.141
M-type large amplitude flares —0.046 —0.098

Pedersen et al. (2016) for the flare generation, stars must have:
either a deep outer convection zone for F5-type and perhaps
later-types; or strong, radiatively driven winds for B5-type and
earlier types; or strong large-scale magnetic fields for A and
B-type stars. Pedersen et al. (2016) and earlier works suggest
that normal A-type stars have no such features and thus should
not flare. However, flares and superflares have previously been
detected on such stars according to Bai & Esamdin (2020) and
references therein. The situation with K-type stars is somewhat
a “gray area.” Stars less massive and cooler than our Sun are K
dwarfs; and even fainter and cooler stars are the red-colored M
dwarfs. Thus K dwarfs are probably a borderline case where
large-amplitude flares can occur.

4. Conclusions

Using our Python script on long cadence data from DR25,
we searched for superflares on main sequence stars of types A,
F, G, K and M based on the entire Kepler data following the
method of Maehara et al. (2012); Shibayama et al. (2013). The
Kepler targets’ parameters were retrieved from the Kepler
Stellar interactive table in the NASA Exoplanet Archive. Using
these data, we detected 14 superflares on 13 Sun-like stars with
surface temperatures of 5600 K < T < 6000 K, with P,
ranging from 24.5 to 44 days. In addition, we found 12 and
seven cases of large amplitude superflares on six and four main
sequence G- and M-type stars, respectively. Main sequence
stars of other spectral types A, F and K showed no signs of
large-amplitude superflares. To characterize the flares, we fit an
exponential decay function to the flare light curve given by
f@® —ae /T4+b. We study the relation between the decay
time of the flare after its peak 7 versus fmp and 7 versus Efjgre.
For slowly rotating Sun-like stars, we find that 7 is large for
small flare amplitudes and 7 is small for large flare amplitudes
considered. Similarly, we find that large 7 values correspond to
small flare energies and small 7 values correspond to high flare
energies considered. However, for the main sequence stars with
G- and M-types, T has no apparent relation to the fymp, Or Efjare.
We experimented with several different fit functions between 7
versus fomp and 7 versus Ep,. to better see the underlying
pattern in the data. Since the R? is less than 0.5 in these cases,
we could not identify a reliable fit functional dependence
between these parameters.

In conclusion, we believe that:

Althukair & Tsiklauri

(1) the thirteen peculiar Kepler IDs are Sun-like, slowly
rotating with rotation periods of 24.5-44 days and yet can
produce a superflare with energies in the range of
(2-9) x 10** erg;

(i1) we found six G-type and four M-type Kepler IDs with
exceptionally large amplitude superflares, with the relative flux
in the range AF/F,,, =4-35.

These cases that we found defy our current understanding of
stars and hence are worthy of further investigation.
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