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ABSTRACT
We wrote and used an automated flare detection Python script to search for super-flares on main-sequence stars of types A, F, G,

K, and Min the entire Kepler s long-cadence data from QO to Q17 following Shibayama et al. 2013 method. Hence, we extended

on G-type dwarfs of energy of 10
dwarfs. Moreover, we {Q

alues 1mp11es that the flares are generated by smnlar conditions in the underlying physmal mechamsm Wthh
is belleved to be magnetic reconnection. In/contrast, the obtained @ =~ 1.3 for A-type stars suggests that the flare conditions are
different from the rest spectral type stars. We note a general increase in flare incidence rate 4.79 % - 14.04 % in F-type to M-type
stars and a slight decrease in flare incidence rate 5.13 % - 4.79 % in A-type to F-type stars. These results are similar to other
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results, who studied stars with any size, not necessarily the main-sequence, considered here.
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1 INTRODUCTION

Flares are unpredictable events defined as a sudden, intense bright-
ening caused by a large burst on the stellar surface as a result of
magnetic energy release during the reconnection of twisted magnetic
fields in the outer atmosphere of stars, which are typically located
above or near star-spots (Shibata & Magara 2011; Walkowicz et al.
2011). Flares produce electromagnetic radiation with a wide range of
wavelengths, from long-wavelength radio waves to short-wavelength
gamma rays Davenport (2016).

In general the importance of Solar flares is due to their potential
hazard to humankind, particularly damages to space technology such
as satellites and terrestrial electrical power grids and pipelines via
current surges generated by geomagnetic storms in the conductive
layers of the Earth. Eastwood et al. (2017) considers an economic
impact of space weather including the solar flares. Schulte in den
Biumen et al. (2014) made an estimate for a 1989 Quebec-like event,
that the global economic impact would range from 2.4 — 3.4 trillion
dollars over a year.

However, the Sun is not the only star on which flares occur. Flares
can arise in nearly all main sequence stars with exterior convective
envelopes, including both cool and hot stars Pettersen (1989), al-
though they are more common in low-mass stars such as M dwarfs
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(Walkowicz et al. 2011; Davenport 2016). Stellar flares are thought
to be generated by the same process by which solar flares occur
through magnetic reconnection Davenport (2016). White light flares
are flares in the visible continuum Namekata et al. (2017). White
light emission from a solar flare was first seen in 1859 (Carring-
ton 1859; Pitkin et al. 2014; Namekata et al. 2017). Several studies
of white-light flares observation were carried out by (Mathioudakis
et al. 2003, 2006)

Due to the lack of spatial resolution on stars surfaces, the study
of stellar flares is limited to photometry or spectroscopy Walkowicz
etal. (2011). Therefore, the Kepler mission made it possible to study
stellar flares in detail Van Doorsselaere et al. (2017).

Several studies have been conducted to analyse Kepler data and
investigate stellar flares. Walkowicz et al. (2011) discovered 373 flar-
ing stars on 23,000 cool dwarfs in the Kepler Quarter 1 long cadence
data using a new flare measure, the photometric equivalent width
(EWphot), which expresses the flare energy relative to the star’s qui-
escent luminosity. Their findings suggest that M dwarfs flare more
frequently but with shorter durations than K dwarfs and emit more en-
ergy. Pitkin et al. (2014) provided a Bayesian method for identifying
stellar flares in lightcurve data. The approach is based on the general
premise that flares have a distinct form, in which there is a sudden
increase with a half Gaussian shape accompanied by an exponential
decline. Notsu et al. (2016) searched for super-flares on G-type main
sequence stars and detected more than 1500 super-flares on 279 stars
using long cadence data from QO0-Q6, and 187 super-flares on 23


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang


songyongliang



2  AK. Althukair & D. Tsiklauri

stars using short cadence data from Q0-Q17. Their results show that
the occurrence frequency of super-flares (AN/dE) as a function of
flare energy (E) follows a power-low function with an index of -1.5.
According to their findings, the frequency of super-flares depends on
rotation period, with the frequency showing an increase as the ro-
tation period decreases. Yang & Liu (2019b) detected 162,262 flare
events on 3,420 flaring stars among 200,000 Kepler targets using
long cadence mode (LC) data from data release 25 (DR25).

Davenport (2016) reported the first automated search for stellar
flares using the entire Kepler data set of Data Release 24, including
long and short cadence data. Approximately 3,144,487 light curves
were analyzed for 207,617 distinct objects. Davenport (2016) iden-
tified 851,168 flares on 4,041 stars and revealed a strong correlation
between flares and the evolution of stellar dynamos as stars age by
comparing the amount of activity of the flare with stellar rotation and
the Rossby number. Using thresholds for the intensity increase, the
increase in the running difference and the flare duration Van Doors-
selaere et al. (2017) created a new technique for automated flare
detection and applied it to Kepler’s long-cadence data in quarter 15.
Out of the 188,837 stars in the Kepler field of view during Q15,
16,850 flares have been found on 6662 of them.

Kepler data analysis was not only limited to manual and auto-
mated methods, several studies have used machine learning to ana-
lyze Kepler data. Vida & Roettenbacher (2018) presented a machine-
learning-based code for detecting and studying flares. The code was
evaluated on two targets for Kepler and Kepler’s second mission (K2)
long and short cadence data, respectively. The detected flares for these
two targets, as well as their energy, were found to be consistent with
earlier findings. Breton et al. (2021) implemented a machine learning
analysis pipeline to obtain rotation periods for Kepler targets. The
algorithm was used on K and M main-sequence dwarfs studied in
Santos et al. (2019), the rotation periods of a sample of 21,707 stars
were computed with an accuracy of 94.2%. Machine learning tech-
niques were applied by Ofman et al. (2022) on the TESS datasets
to discover exoplanet candidates, by using Kepler data of verified
exoplanets as a part of the algorithm training stage and validation.

Shibayama et al. (2013) studied statistics of stellar super-flares.
These authors discovered that for Sun-like stars (with surface temper-
ature 5600-6000 K and slowly rotating with a period longer than 10
days), the occurrence rate of super-flares with an energy of 1034 -103°
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 super-flares versus flare energy E shows a power-law
distribution with dN /dE o« E~%, where a ~ 2. Such occurrence rate
distribution versus flare energy is roughly similar to that for solar
flares.

The physical process that adequately describes solar flares is mag-
netic reconnection. The latter is rapid change of connectivity of
magnetic field lines, during which magnetic energy is converted into
thermal energy (heating) and kinetic energy of plasma outflows. A
general framework of solar flares is well accepted (Masuda et al.
1994; Shibata et al. 1995) however questions such as: (i) how fre-
quently and (ii) under what conditions super-flares occur still remain
largely un-answered.

Our motivation is three-fold:

(i) Shibayama et al. (2013) studied statistics of stellar super-flares
based on Kepler data in quarters 0—6 (Q0— Q6). Here we would like
to investigate how the results are modified by adding more quarters,
i.e. what is @ power-law for data quarters 7 — 17 and 0 — 17.

(ii) Shibayama et al. (2013) did not use automated flare detection
algorithm. Here we provide a Python script which finds super-flares
automatically and only minimal human-eye analysis is needed.
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(iii) To study the statistics of stellar super-flares on main-sequence
stars of other spectral types A, F, K and M.

Section 2 presents the Kepler spacecraft and its data. Section 3
presents the method used including the targets selection, flares de-
tection, rotation period determination and the flare energy estimation.
Section 4 provides the main results of this study. In particular we first
reproduce Shibayama et al. (2013) results for Q0 — Q6, where sim-
ilar but not identical results are found. Then we extend our analysis
to Q7 — Q17 and Q0 — Q17. Finally, we present the result of other
star spectral types. Section 5 closes this work by providing our main
conclusions.

2 KEPLER DATA

Kepler spacecraft was launched in 2009 by NASA to search for exo-
planets using the transit photometry method Koch et al. (2010). This
spacecraft carried a photometer telescope with an aperture of a 0.95
m and 10502 field-of-view (FOV) and designed to stare fixedly at
one patch of sky in the constellations of Cygnus, Lyra and Draco,
monitoring roughly 200000 stars continuously, to detect changes
in brightness caused by planets passing in front of the stellar disc.
(Shibayama et al. 2013; Davenport 2016; Yang & Liu 2019b). The
Kepler mission had two stages during its lifetime. Kepler’s primary
mission (K1) which lasted for four years from from 2009 to 2013
when the spacecraft lost two wheels of the four reaction wheels on
board. Thus, Kepler’s second mission (K2) started in 2014 and car-
ried out until 2018. Due to the problem with the telescope’s reaction
wheels, it observed around the ecliptic plane. Targets were observed
by Kepler using two cadence modes. The long cadence mode (LC)
which provide one photometric data point with every 29.4 min, and
the short cadence mode (SC) that provide one photometric data point
with every 1 min Pitkin et al. (2014). In order to make the Kepler
solar panels always to face the Sun, Kepler rotates every 90 days.
Thus Kepler’s data divided into almost 90-day quarters from quarter
0 to 17 as an abbreviation (QO - Q17) except for Q0, Q1, Q8 and
Q17, which covers (9, 33, 67 and 32 days respectively). The obser-
vational period with the start and end date of each quarter are shown
in Tablel.

Since the luminosity loss caused by planetary transits is usually less
than one hundredth of the star’s total brightness, Kepler is intended
to obtain high-precision and long-period light curves of many stars
Shibayama et al. (2013). As a result, Kepler is considered as a per-
fect platform to analyse stellar flares due to the significant sample
size, the duration of the light curves and the photometric accuracy
Davenport (2016).

3 THE METHOD
3.1 Targets selection

We carried out an automated search for super-flares on main-
sequence stars type (A, F, G, K, M) based on entire Kepler data,
using our bespoke Python script on long cadence data of Data Re-
lease 25 (DR 25). The script can be found athttps://github. com/
akthukair/AFD in the filename AFD.py. The parameters for all tar-
gets observed by Kepler have been taken from The NASA Exoplanet
Archive. The algorithm we used based on the method of (Maehara
et al. 2012; Shibayama et al. 2013). All Kepler light curve data (2.5
TBytes) were obtained as a fits files from the Mikulski Archive for
Space Telescope (MAST) with kind assistance of Deborah Kenny of
STScl. Only long cadence targets were selected (with time resolution



Table 1. The observational period 7' and the start and end dates of each
quarter.

Quarter T Strat Date End Date
(days) (UT) UT)
0 9 2009-05-02  2009-05-11
1 33 2009-05-13  2009-06-15
2 88 2009-06-20  2009-09-16
3 89 2009-09-18  2009-12-16
4 90 2009-12-19  2010-03-19
5 95 2010-03-20  2010-06-23
6 90 2010-06-24  2010-09-22
7 90 2010-09-23  2010-12-22
8 67 2011-01-06  2011-03-14
9 97 2011-03-21  2011-06-26
10 93 2011-06-27  2011-09-28
11 97 2011-09-29  2012-01-04
12 83 2012-01-05  2012-03-28
13 90 2012-03-29  2012-06-27
14 97 2012-06-28  2012-10-03
15 98 2012-10-05  2013-01-11
16 86 2013-01-12  2013-04-08
17 32 2013-04-09  2013-05-11

of 29.4 min). Since Kepler’s optical aperture has a radius of 4-7 pix-
els Bryson et al. (2010), and the pixel size of the CCDs is about four
arcs Van Cleve & Caldwell (2009), it is thus quite possible that some
targets are very close to each other on CCDs, which indicates that
nearby star’s brightness variations may influence the target star’s flux
(Shibayama et al. 2013; Yang et al. 2017; Yang & Liu 2019b). Due
to this reason we calculated the angular distance between every two
stars in the entire sample, which is about 200,000 stars and excluded
pairs of neighbouring stars within 12 arcsec from the analysis, to
avoid detecting fake flares on the target Shibayama et al. (2013). The
overall number of samples that were excluded from the study accord-
ing to this condition are about 6%. The angular distance 6 between
two stars was calculated by the following equation:

9 =cos”! [sin 81 sindy + cosdy cos dr cos(a) — az)], 1)

where a1 , @y , 01 , 07 are the right ascensions and the declinations
of the two stars in degree respectively. We used the Harvard Spectral
classification to obtain the spectral type for each target as shown
in Table 2. Whereas the effective temperature and radius of main-
sequence stars in different spectral type are as follows: 2400 < T <
3700, and radius < 0.7 Rg for M-type, 3700 < Tog < 5200 and
radius of 0.7 — 0.96 Ry for K-type, for G-type we used the same
effective temperature of (Maehara et al. 2012; Shibayama et al. 2013)
which range between 5100 < T, < 6000 K and radius of 0.9 —
1.15 R, F-type has 6000 < T4 < 7500 K and radius range between
1.15 - 1.4 R, and A-type has 7500 < T.10,000 K and radius
between 1.4 — 1.8 Rg for A-type. Due to the small number of A-type
main-sequence stars that fall under these conditions, which makes
the statistics inaccurate, we have not implemented radius restrictions
for this spectral type. The total number of main-sequence stars is
2222, 10307, 25442, 10898, 2653 for M-, K-, G-, F-, and A-type,
respectively.

3.2 Flare detection method

Kepler light curves contain two kinds of flux, the Simple Aperture
Photometry flux (SAP) and the Pre-searched Conditioning SAP flux
(PDCSAP), which has long term trends removed Davenport (2016).
Figure 1 illustrates the difference between these two types of fluxes.
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Table 2. The effective temerrature Ty, radius and number of stars for each
spectral class.

Class Tewr Radius Ngtar
(K) (Ro)

A 7500 - 10000 14-1.8 2653

F 6000 - 7500 1.15-1.4 10898

G 5100 - 6000 0.9-1.15 25442

K 3700 - 5200 0.7-0.96 10307

M 2400 - 3700 <0.7 2222

KIC:9146690

—— SAP_FLUX
—— PDCSAP_FLUX

Normalized flux (e-/s)

1.014

100 mewww
130 135 140 145 150 155 160 165
Time (BJD-2454833)

Figure 1. Light curve of KIC 9146690 using two types of flux. The simple
aperture photometry flux SAP FLUX (blue) and the pre-searched conditioning
SAP flux PDCSAP FLUX (red) which detrends the time variation.

All light curves were analyzed using an algorithm with a similar
technique to (Machara et al. 2012; Shibayama et al. 2013).

A brief description of this method is as follows. In order to be
statistically accurate, after generating light curves of all selected stars
using the PDCSAP flux, we computed the distributions of brightness
variation by calculating the flux difference in adjacent time intervals
between every two neighbouring points of all the data points in the
light curve. The purpose of this step, as clarified by Shibayama et al.
(2013), is to avoid false flare detection and misdetection of short
stellar brightness variation and not to overpass large flares. Then, we
find such value of flux difference where the area under the distribution
is equal to 1% of the entire area. This value indicates a large flux
difference between two adjacent points. To enhance the the threshold,
we multiplied the 1% value of the area by a factor of three. This
threshold value has been chosen by Shibayama et al. (2013) based
on multiple tests. Examples of some of the outputs of this method,
which give the distribution of brightness variations and the threshold
determination, are shown in Figure 2. Figures 2(a) and 2(d) show light
curves of KIC 4371489 at Q2 with a rotation period of 1.09 days and
KIC 7354508 at Q3 with a rotation period of 17.8 days, respectively.
Figures 2(b) and 2(e) show a zoom-in of these light curves, illustrating
the rotational periods. Figures 2(c) and 2(f) show the distribution of
brightness difference between every two neighbouring points of all
the data points in the light curves of KIC 4371489 and KIC 7354508,
respectively. The dashed vertical lines indicate 1% of the total area
under the distribution curves. The solid vertical lines indicate the
threshold values of flares detection, which is equal to three times 1%
of the area under the curve. According to Shibayama et al. (2013),
the detection threshold depends on the star’s rotational period, and
its brightness variation amplitude. For short-rotation-period stars
(e.g., KIC 4371489), the distribution of brightness variations appears
to extend larger than that for long-rotation-period stars (e.g., KIC
7354508). This large extension is because the difference in brightness

MNRAS 000, 1-14 (2023)
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between two successive data points is greater in stars with a short
rotation periods than in stars with a long rotation periods, resulting in
a greater value of flare detection threshold. Also, thresholds in stars
with large brightness variation amplitudes are larger than those in
stars with small brightness variation amplitudes. We defined the start
time of a flare as the time when the flux difference of two consecutive
points exceeds the threshold for the first time.

To determine the flare end time, we computed the three standard
deviations (30) of the brightness variation distribution. We used the
relative flux (AF / Fayg) as shown in Figure 3, where AF' = Fyorm (1) —
Favg, with Fporm (¢) being the normalized flux of the light curve, Fayg
is the normalized flux average, and fitted a B-spline curve through
three points distributed around the flare. Each of these three points is
an average of five data points distributed as follows, the first average
point just before the flare, the second average point around 5 hours
after the flare maximum and the third average point around 8 hours
after the flare maximum, see Figure 3 (b). The purpose of curve
fitting is to remove long-term brightness variations around the flare
Shibayama et al. (2013). After subtracting the B-spline curve from
the original relative flux as in Figure 3 (c), we define the end time of
the flare as the time when the relative flux produced by the subtraction
becomes less than the value of 30~ of the distribution for the first time.
The flare amplitude is given by:

Fmax — F: avgy

A= , €3

Favg
where Fmax is the normalized flux at the flare peak, Fayg, is the
normalized flux average of two points distributed around the flare.
The first is the average of five data points before the start of the flare
and the second is the average of five data points after the end of the
flare, Fayg is the normalized flux average.

After selecting the start and end time of each flare, we applied
conditions to all flare candidates. These conditions are as follows:
the duration of the flare should be longer than 0.05 days, which equals
72 minutes, which means at least 3 data points, and the period of the
decline phase of the flare should be longer than the period of the
increase phase. Only flare events that satisfy these conditions were
analysed Shibayama et al. (2013). After selecting all flares that met
the conditions, we checked by eye the light curve for each flare and
eliminated false flares. We have not tested the pixel level data of stars
showing flares as done in Shibayama et al. (2013) for the reason of
simplicity. As can be seen in our results this test omission does not
alter overall findings about e.g. flare occurance rate which us found
to be similar to Shibayama et al. (2013).

3.3 Rotational period determination

We computed the brightness variation periods of light curves us-
ing the Lomb-Scargle periodogram, a common statistical method
for identifying and describing periodic signals in unevenly sampled
data VanderPlas (2018). We set the oversampling factor (number of
samples per peak) in the periodogram to be five VanderPlas (2018)
and create a Lomb-Scargle periodogram for each light curve in each
quarter from Q2 to Q16 using PDCSAP flux. The light curves data of
QO0, Q1 and Q17 were excluded due to their short duration similarly
to McQuillan et al. (2014), as shown in Table 1. Further, we assigned
the period corresponding to the highest power of the periodogram to
be the rotation period for the Kepler ID in a certain quarter. To make
the selection of star rotation period automatic rather than manual, we
calculated this value with an accuracy of a day without the decimal
part since fraction of a day would not significantly affect the results.
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For periods of less than a day, we set them to 0.5 days, and for peri-
ods of less than 0.1 days, we excluded them. According to McQuillan
et al. (2014), a good sign of actual astrophysical periodicity is that
it can be found in different parts of the light curve. This is because
peaks caused by systematics or artefacts are less likely to appear in
multiple regions of the light curve. Therefore, in order to choose the
accurate rotational period, we have selected the period that is most
frequent in all quarters from Q2 to Q16 for each Kepler ID. We then
required that the period chosen for all quarters should be identified in
at least two distinct segments, following the McQuillan et al. (2014)
technique, where the segment is defined as three consecutive Kepler
quarters (Q2,Q3,Q4) - (Q5,Q6,Q7) - (Q8,Q9,Q10) - (Q11,Q12,Q13)
- (Q14,Q15,Q16). It is worth noting that this method has only been
applied to the 1897 Kepler IDs with super-flares that will be con-
sidered in 4.1.3. Using the segments technique, we determined the
rotation periods of 548 flaring stars of the Kepler sample. In addition,
we derived 222 rotation periods based on our most frequent period
in all quarters. These selected periods showed significant correlation
with those published in previous works. We used Excel’s (CORREL)
function to calculate the correlation coefficient. Where the corre-
lation coefficient reaches about 0.99 for seven IDs in Yang & Liu
(2019a), 0.99 for 70 IDs in Santos et al. (2021), 0.97 for 54 IDs in
McQuillan et al. (2014) and 0.95 for 54 IDs in Reinhold & Gizon
(2015), and 0.92 for 20 IDs in Nielsen et al. (2013). After comparing
the 770 rotation periods that we obtained from both approaches to
those periods reported in McQuillan et al. (2014), we found 434 com-
mon IDs with a correlation coefficient of 0.85 between their periods.
Moreover, 231 common IDs in Nielsen et al. (2013) with a correla-
tion coefficient of 0.94 between their rotation periods. Plots of these
correlations are shown in Figure 4, where we used regplot function
in Seaborn Python library to plot the linear regression model fit to
the data. The x-axis in both figures represents the rotation periods
obtained by this study. The y-axis represents the periods of rotation
published by McQuillan et al. (2014) in 4(a) and Nielsen et al. (2013)
in 4(b). In both figures, variables change in the same direction, in-
dicating a significant positive correlation. The rotation periods of 80
stars were obtained from other works, including 67 from McQuillan
et al. (2014), 6 from Reinhold & Gizon (2015) and 7 from Santos
et al. (2021), while we found that 1,047 stars have no discernible
rotation period. This could be due to three reasons as mentioned by
Yang et al. (2017): (i) the rotation period is longer than 90 days (a
quarter), which makes it difficult (or impossible) to detect them in
the star’s frequency spectrum; (ii) at the accuracy level of Kepler, the
light curve has a small amplitude due to the inclination angle and low
activity level; (iii) fast-rotating stars have spots in the poles Schiissler
& Solanki (1992), making detecting light variation through rotation
hard. The entire results on rotational period determination can be
found at https://github.com/akthukair/AFD.

3.4 Flare energy estimation

We determined the total energy of each flare from the star luminosity,
flare amplitude and its duration, following (Shibayama et al. 2013;
Yang et al. 2017).

The star luminosity Lgar, Which is the total energy that a star produces
in one second, depends on the radius of the star R and the surface
temperature . This is given by the equation:

4 2
Lgtar = O-SBTeﬂ»‘47TR > 3)
where ogg is the Stefan-Boltzmann constant, 47R? is the entire

surface area of the star. Hawley & Fisher (1992); Kretzschmar (2011)
found that the continuum emission released by white-light flare is
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Figure 2. Illustrations of flares detection method used by Shibayama et al. (2013) in both fast and slowly rotating stars. (a) and (d) Show the light curve of KIC
4371489 and KIC 7354508 respectively. (b) A zoom-in into the light curve of KIC 4371489, showing a rotation period of 1.09 days. (e) A zoom-in into the light
curve of KIC 7354508, showing a rotation period of 17.8 days. (c) and (f) show the distributions of brightness variation between every two neighbouring points
of all the data points in the light curves of KIC 4371489 and KIC 7354508 respectively. The dashed vertical lines denote the value of 1% of the total area under

the curve, and the solid vertical lines denote the flare detection threshold.
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Figure 3. Demonstration of the removal of long-term brightness variations around the flare. (a) Part of KIC 758846 light-curve around the flaring time (10 days
of observation). (b) Fitting a B-spline curve (dashed curve) through three points around the flare (squares). The first point is an average of five data points just
before the flare, the second point is an average of five data points after 5 h of the peak, and the third point is an average of five data points 8 h after the peak.
All three averages are shown as squares. Note that the flux is normalized by the flux just before the flare F. (c) The produced light-curve after subtracting the

B-spline curve from the relative flux.

compatible with blackbody radiation at about 9500 K. Therefore, in
this study T, assumed to be 9500 K according to (Shibayama et al.
2013; Yang et al. 2017; Giinther et al. 2020) and the luminosity for a
blackbody emitting star is giving by:

“

where Afare 1S the area of the flare and can be estimated by the
equation:

4
Lijare = U-SBTﬂareAﬂare’

5 [ RaBa(Te)dA

> 5
_/ R1B1(Thare)dA ©

Aflare = Cfiare™

where Cgype is the flare amplitude for the relative flux, R, is the
response function of Kepler instrument Caldwell et al. (2010). The
photometer in Kepler use one broad bandpass range from 420 to 900
nm. B (T) is the Plank function at a given wavelength and it is given
by:

2hc? |23

Ba(T) = ohe/ T _ 1’

(6)

where h is the Planck’s constant, ¢ is the speed of light, T is the
temperature of the black body, k is the Boltzmann’s constant.
Lgare can be calculated by substituting Eq.(5) into (4). Since Fpyupe

MNRAS 000, 1-14 (2023)



6 A.K. Althukair & D. Tsiklauri

Correlation
35
= 30 1
o
~
® 25
]
c
5 204
]
<
= 15 1
Tn; 10 4
a
g 51 correlation coefficient = 0.85
& [
0
T T T T T
5 10 15 20 25

Prot (Days) - This study

Correlation
25 1
"
S 20 A
~
®
]
e 15 1
b
o
£
v 10 1
I
>
o
e
g 3]
& correlation coefficient = 0.94

T T T T

T T T T T
25 5.0 75 100 125 150 175 200 225
Prot (Days) - This study

Figure 4. The comparisons of the periods determined in this study to those detected by McQuillan et al. (2014) and Nielsen et al. (2013) in (a) and (b),
respectively, reveal a strong positive correlation in which both variables vary in the same direction. The x-axis shows the rotation periods found by this study,
and the y-axis displays the rotational periods provided by McQuillan et al. (2014) and Nielsen et al. (2013). N represents the number of stars in each comparison.
The correlation coefficient between our periods and McQuillan et al. (2014) is 0.85, while it is 0.94 for Nielsen et al. (2013)

is a function of time, L, is also a function of time. Therefore, the
total energy of the flare is the integral of L, over the flare duration,
and is given by :

Tend
Efjare = / Ligare (1)dt. @)
17

start

4 THE RESULTS

This section presents the main results of this study.

4.1 Super flares on G-type dwarfs

For the benchmarking purposes, we start with the reproduction of
Shibayama et al. (2013) results using Q0-Q6 data.

4.1.1 Reproduction of Shibayama et al. (2013) results in Q0-Q6

During 494 days of continuous observation of 25,440 G-type dwarfs,
searching for super-flares using Kepler long cadence data, we found
1,298 super-flares on 588 G-type dwarfs. Among them, 229 super-
flares on 132 slowly rotating stars. As for the Sun-like stars, which are
known as stars with a surface temperature of 5600K < T < 6000K,
asurface gravity of log g > 4.0, and a rotational period exceeding ten
days Shibayama et al. (2013), we found 151 super-flares on 93 Sun-
like stars. The number of detected super-flares in this study is less by
16% than the 1547 super-flares found in Shibayama et al. (2013). In
contrast, the number of super-flare stars in this study is approximately
2 times the 279 super-flare stars in Shibayama et al. (2013). Since
interstellar activity varies, some stars have shown more than one
super-flare, while others have shown only one. In comparison, we
found that 161 stars out of 588 have more than one super-flare. While
427 stars showed only one super-flare. The number of Sun-like stars
that exhibit more than one super-flare is 18 out of 93. While 75
Sun-like stars showed only one super-flare.

The most energetic super-flare found had an energy of 2.94 x 1036
erg, an amplitude of 0.35 and lasted for about 0.08 days. Figure 5
shows four light curves with a 30-days observation period of the most
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energetic super-flares that we found with their Kepler ID (left panels).
The right panels display a zoom-in of these super-flares, showing
their respective energy and their peak time. The black squares on the
light curves indicate the data points of the super-flare from the time
it starts until it ends.

In Figure 6 are six log-log scale histograms demonstrating the
frequency distribution of super-flares in quarters O to 6. We estimated
the error bar for each bin using the equation:

err = ,[z w2, (®)

where w represents the individual weights of the events that belong
in that bin. As a result, when the number of the event in the bin
is insufficient, the error bars in statistics are large Shibayama et al.
(2013).

Figure 6(a) represents the distribution of the number of observed
super-flares per observed flare peak amplitude. The number of ob-
served super-flares is 1298, and the measured amplitude range is
approximately between 8 x 107* to 3 x 1071, Figures 6(b,c and d)
show the super-flares frequency distributions as a function of the
flare energy. However, each histogram has a different collection of
super-flare stars according to the purpose of the comparison. The
x-axis indicates the energy of super-flares in erg, and the y-axis rep-
resents the number of super-flares per star per year per unit energy.
Figure 6(b) show a comparison between frequency distributions of
super-flares on all G-type dwarfs (white-solid histogram) and slowly
rotating G-type dwarfs with Pror > 10 days (grey-dashed histogram).
The number of detected super flares is 1298 for all G-type dwarfs and
229 for slowly rotating G-type dwarfs. Since the y-axis is the number
of super-flares per star per year per unit energy, we determine the
weight for each bin using:

3.16 x 107

W= )
Nos XD X E

where Nyg is the number of observed stars, see table 3, D is the du-
ration of the observation period in seconds, and E is the super-flare
energy that belongs to that bin. When comparing the distribution of
super-flares on all G-type dwarfs and super-flares on slowly rotat-
ing G-type dwarfs, we can confirm that the occurrence frequency
of super-flares on all G-type dwarfs is higher than the occurrence
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frequency of super-flares on slowly rotating G-type dwarfs. Further-
more, it is evident from the two fitted straight lines, (solid line) for all
G-type dwarfs and (dashed line) for all slowly rotating G-type dwarfs,
that the frequency distributions of super-flares on all G-type dwarfs
and slowly rotating G-type dwarfs, follow a power-law relation given

by:
dN

— < E79,
dE

where the index @ ~ 2.2 +0.1 for all G-type dwarfs and @ ~ 2.0 +£0.3
for all slowly rotating G-type dwarfs. We note that this result is similar

to that of Shibayama et al. (2013). Figure 6(c) show the distribution

10)
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Figure 6. Log-log scale histograms showing the frequency distribution of super-flares on G-type dwarfs (5100K < T.g < 6000K, and log g > 4.0) in
QO0-Q6. The error bar for each bin was calculated by taking the square root of the sum of the squared weights in that bin . (a) Distribution of the number of
observed super-flares per recorded flare peak amplitude. (b) Distribution of flare frequency as a function of flare energy. The distributions of all stars and slowly
rotating stars are shown by solid and dashed lines, respectively. All G-type dwarfs and slowly rotating G-type dwarfs have power-law indices of 2.2 and 2.0,
respectively. (c) Distribution of flare frequency as a function of flare energy of all cool stars (5100K < T.g < 5600K, grey-dashed histogram), and all hot stars
(5600K < Ter < 6000K white-solid histogram) (d) The same as (c), but for flares on slowly rotating stars Pro¢ > 10 days. The average energy of the two red
bins were used to calculate the occurrence frequency of super flares with energy of 2.11 x 103 erg. (e) and (f) are the comparisons between the findings of this
study and those of Shibayama et al. (2013) on all G-type dawarfs and Sun-like stars, respectively.

of super-flares as a function of energy on all cool G-type dwarf with
5100K < T < 5600K (grey-dashed histogram) with 255 observed
super-flares, and all hot G-type dwarfs with 5600K < T < 6000K
(white-solid histogram) with 1043 observed super-flares. Figure 6(d)
the same as 6(c) but for slowly rotating G-type dwarfs with rotation
period more than 10 days. The number of observed super-flares for
cool slowly rotating G-type dwarfs is 78, and 151 for hot slowly
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rotating G-type dwarfs (Sun-like stars). From the two figures, we
find that the frequency of super-flares is higher in cool G-type dwarfs
than in hot G-type dwarfs, again confirming the previous results of
(Maehara et al. 2012; Shibayama et al. 2013). Note that the difference
in the occurrence rate of super-flares between the cool and hot stars
in this study is not as large as in (Machara et al. 2012; Shibayama
et al. 2013). We can explain this by noting that our sample’s number



Table 3. The number of observed G-type stars Ny distributed according to
their effective temperature T and rotational period Prot.

Teg Nos Slow Fast
K Prot > 10d Py <10d
5100-5600 3839 3518 321
5600-6000 21603 19160 2443
Total 25442 22678 2764

of cool stars constitutes approximately 15.1% of the total number of
the sample while hot stars make up 84.9% of the total number of the
sample, see table 3. In contrast, in Shibayama et al. (2013), cool stars
make up about 48.7% of the total number of the sample, and hot stars
constitute 51.3% of the total number of the sample. In addition, if we
compare the number of superstars relative to the observed stars, we
find that this rate is higher in cool stars than in hot ones, see columns
5, 8 and 13 in table 5.

We calculated the occurrence frequency rate of super-flares from
the number of observed super-flares Ny, the number of observed stars
Nos and the observation duration D (Maehara et al. 2012; Shibayama
et al. 2013). The super-flares energy distribution in Q0-Q6, which
ranges from 2.84 x 1033 erg to 2.94 x 103 erg, varies from Q7-Q17
and Q0-Q17, which ranges from 2 x 1033 erg to 1.42 x 1038 erg,
resulting in a different energy bins distribution. Therefore, in order
for the energy used to derive the occurrence frequency rate of super-
flares to be close for each section of the analysis (Q0-Q6, Q7-Q17
and QO0-Q17), we used the average energy of the two red bins in 6(d),
which equals 2.11 x 103 erg and is close to the energy 2.26 x 1033
erg that used in Q7-Q17 and QO0-Q17, red bins in Figures 7(d) and
8(d). As a result, the rate of super-flares incidence with energy of
2.11 x 103 erg is 2.46 x 10~ flares per year per star, corresponding
to a super-flare occurring on a star once every 4070 years. This result
is within about 80% of the occurrence rate of super-flares with energy
of 1033 erg found by Shibayama et al. (2013), which equals to one
super-flare in 5000 years for each star. Figures 6(e) and 6(f) show a
comparison between the results of this study (solid-white-histogram)
and Shibayama et al. (2013) study (grey-dashed-histogram). Figure
6(e) depicts the frequency distribution of super-flares energy for all
G-type dwarfs, dN/dE o« E~%, where @ ~ 2.2 in each of the two
studies. 6(f) show the same comparison but for Sun-like stars with
151 super-flares in this study and 44 super-flares in Shibayama et al.
(2013). Note from the two comparisons that the estimated energy of
super-flares in this study is higher than that of Shibayama et al. (2013).
Our justification for this is related to the differences in the Kepler Data
Release between DR 9 and DR 25 used in Shibayama et al. (2013)
and this study, respectively. Since the Kepler pipeline was updated
between DR 9 and DR 25, PDC light curves for each target may also
be updated. Also, the previous work may have used a slightly different
parameters since the effective temperature and radius of some Kepler
targets have been updated since then, resulting in different Kepler IDs
for each spectral type. Another factor that may affect the energy value
is that in this study, we used the flux difference rather than the flux
to determine the start time of the flare. This can result in an extra
data point between the flare’s start and end times, resulting in higher
energy. To find how our method affects the energy calculation results,
we run the script on 279 flare stars from Shibayama et al. (2013) in
order to compare the energy results drived form the script with those
in Shibayama et al. (2013). We found 503 common super-flares with
the same start-time of the flare between Shibayama et al. (2013) and
our script result. Then we calculated correlation coefficient between
the energy values and we observed an energy increase for our study,
with a correlation coefficient of 0.66 between the two energies. Such
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small correlation coeffieint points to a sizeable difference the flare
energy estimates between this study and Shibayama et al. (2013), for
the reasons listed above.

4.1.2 Super flares on G-type dwarfs in Q7-Q17

We detected 3339 super-flares on 1539 G-type dwarfs during the
course of 930 days of continuous monitoring. 483 super-flares on
268 slowly rotating stars are among them. In the case of Sun-like
stars, we found 288 super-flares on 180 of them. According to our
findings, 318 G-type dwarfs out of 1539 exhibit several super-flares
whereas 1221 show only one super-flare. A total of 38 out of 180 Sun-
like stars have several super-flares, and 142 Sun-like stars have just
one super-flare. The most powerful super-flare discovered during this
period had an energy of 1.42x 1038 erg, an amplitude of 22.75, and a
duration of 0.06 days. Figure 7 depicts four log-log scale histograms
displaying the frequency distribution of super-flares in quarters 7 to
17, similar to Figure 6, but without the comparisons in 6(e) and 6(f).
The distribution of the number of observed super-flares per observed
flare peak amplitude is shown in Figure 7(a). The total number of
super-flares detected is 3339, with amplitudes ranging from 7.5 X
10~ to 35. Figures 7(b,c and d) have similar format as Figures
6(b,c and d). A comparison of super-flare frequency distributions
on all G-type dwarfs (white-solid histogram) and slowly rotating G-
type dwarfs (grey-dashed histogram) is shown in Figure 7(b). The
power-law index for super-flare frequency distributions on all G-type
dwarfs @ ~ 2.2 + 0.1 and for slowly rotating G-type dwarfs o =~
2.1 +0.4. Figures 7(c) and 7(d) show the distribution of super-flares
as a function of flare’s energy according to the effective temperature
of the star for all G-type dwarfs and slowly rotating G-type dwarfs
respectively. where the number of detected super-flares is 642 super-
flares on all cool G-type dwarf (grey-dashed histogram) and 2697
super-flares on all hot G-type dwarfs (white-solid histogram) in 7(c)
and 195 super-flares on cool slowly rotating G-type dwarfs (grey-
dashed histogram) and 288 super-flares on hot slowly rotating G-
type dwarfs (white-solid histogram) in 7(d). The red bin in 7(d)
shows that the occurrence frequency rate of super-flares with energy
0f 2.26x103 ergis 1.31x 10~4 flares per year per star, corresponding
to a super-flare occurring on a star once every 7640 years. We note
that this value is somewhat larger that similar results for Q0-Q6 and

Q0-Q17.

4.1.3 Super flares on G-type dwarfs in Q0-Q17

Combining the two previous observations, we find that during 1424
days of continuous monitoring, we found 4637 super-flares on 1896
G-type dwarfs. Among them are 712 super-flares on 355 slowly
rotating stars. We discovered 439 super-flares on 243 of the Sun-like
stars. Our findings suggest that 397 stars out of 1896 G-type dwarfs
have more than one super-flares, whereas 1499 stars have only one
super-flare. A total of 55 out of 243 Sun-like stars have several
super-flares, whereas 188 Sun-like stars have just one super-flare.
Table 4 lists some super-flares stars with their parameters and the
number of occurred super-flare N¢. The entire results can be found at
https://github.com/akthukair/AFD. Figure 8 similar to Figure
7 shows four log-log scale histograms of the frequency distribution
of super-flares as a function of flare energy in quarters O to 17. Figure
8(a) shows the distribution of the number of observed super-flares per
observed flare peak amplitude. The amplitude of the 4,637 detected
super-flares ranges between 7.5 x 10™* and 35.6. Figure 8(b, c, and
d) format is similar to Figure 7(b, ¢ and d). Figure 8(b) compares the
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Figure 7. The same as in Figure 6 (a-d) but for Q7-Q17 data. The flare frequency distribution in (b) for all G-type dwarfs and slowly rotating G-type dwarfs have
power-law indices of 2.2 and 2.1, respectively. The red bins in (d) were used to calculate the occurrence frequency of super flares with energy of 2.26 x 103 erg.

frequency distributions of super-flares on all G-type dwarfs (white-
solid histogram) and slowly rotating G-type dwarfs (grey-dashed
histogram). Super-flare frequency distributions on all G-type dwarfs
have a power-law index of @ =~ 2.0 + 0.1, while slowly rotating G-
type dwarfs have a power-law index of @ ~ 2.2 +0.3. A comparison
of the distribution of super-flares as a function of flare energy for
all G-type dwarfs and slowly rotating G-type dwarfs, according to
the effective temperature of the star are shown in Figures 8(c) and
(d). In Figure 8(c), there are 897 super-flares on all cool G-type
dwarfs (grey-dashed histogram) and 3740 super-flares on all hot G-
type dwarfs (white-solid histogram), 273 super-flares on cool slowly
rotating G-type dwarfs (grey-dashed histogram) and 439 super-flares
on hot slowly rotating G-type dwarfs (white solid histogram) (d).
The occurrence frequency rate of super-flares with energy equal to
2.26 x 103 erg is 2.29 x 10~ flares per year per star, corresponding
to a super-flare occurring on a star once every 4360 years, as shown
in the red bin in Figure 8(d).

4.2 Super flares on other spectral type stars

We detected a total of 11438 super-flares on 1740 stars of other
spectral types during 1424 days of continuous observation of dwarfs
of 2653 A-type, 10898 F-type, 10307 K-type and 2222 M-type. The
entire results can be found at https://github.com/akthukair/
AFD.

For A-type dwarfs, we found 321 super-flares on 136 stars; 44 of
these stars show more than one super-flare and 92 stars show only
one super-flare. The duration of these super-flares can be up to 0.27
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days, their flare maximum amplitude is 0.47. The largest flare energy
we have determined is 8.91 x 1037erg, with an amplitude of 0.28,
and it lasted for 0.16 days.

As for F-type dwarfs, we discovered 1125 super-flares on 522
stars; 106 of these stars exhibit several super-flares, whereas 416
stars exhibit only one. These super-flares duration can be up to 0.57
days, and their flare amplitude can reach 0.08. Our calculations show
that the highest flare energy we have found was 2.35 x 1036erg, had
an amplitude of 0.036, and lasted for 0.2 days.

Moving on to K-type dwarfs, we detected 4538 super-flares on 770
stars; 304 show several super-flares, while 466 stars show just one.
The duration of these super-flares can be up to 0.3 days, and their
amplitude can reach 1.04. The largest flare energy we have measured
is 2.82 x 10%%erg, with an amplitude of 0.057 and a duration of 0.28
days.

For M-type dwarfs, we found 5445 super-flares on 312 stars; 256
of which have several super-flares and 56 have only one. These super-
flares duration can be up to 0.82 days, and their flare amplitude varies
between 0.002 to 15.1. The highest flare energy we have recorded
was 1.59 x 103%erg, has an amplitude of 15.1 and a duration of 0.18
days.

Figure 9 shows the flares frequency distribution on different spec-
tral types, which follows a power-law relation (dN/dE o« E~%). We
used roughly the same energy range to obtain the best fit for o index
in order to compare between the results. In order to maintain accurate
statistics, we disregarded bins at the end of the histogram that contain
a small number of flares (five or less).

Yang & Liu (2019b) reported a total of 162,262 flare events on
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Table 4. The parameters of super-flare stars (G-type) with the number of
flares Ng.

Kepler ID Te logg Radius Prot N

(X) (Ro)  (day)
1718360 5908  4.44 1.00 2 5
2302288 5904  4.45 1.01 9 1
2308761 5780  4.44 1.00 1 25
2445975 5780  4.44 1.00 1 9
2837133 5361  4.33 1.06 23 1
3852796 5650  4.37 0.98 11 2
3858729 5780 4.44 1.00 4 11
3869649 5525  4.46 0.90 1 13
4137840 5830  4.50 0.93 2 9
4346178 5392 4.3l 1.09 34 3
4749912 5734  4.26 1.13 5 12
5105805 5849  4.52 0.92 13 2
5202404 5999 435 1.07 4 31
6223256 5951  4.30 1.11 2 38
6780893 5462  4.40 0.93 4 15
7958049 5802  4.38 0.94 2 97
8357647 5776  4.36 0.96 5 2
9390942 5999  4.49 0.96 8 1

9827094 5790  4.28 1.09 3 21
10518610 5530  4.43 1.02 18
10922936 5325 443 0.92 15
11809362 5216 445 0.90 15
11913716 5875  4.48 0.98 12
12266582 5638  4.39 0.93 6
12405306 5911  4.50 0.94 10

Note: The full version of the table is available at https://github.com/
akthukair/AFD

—_ B = =

3420 flaring stars. They found that the flare frequency distribution
from F-type stars to M-type stars have an index @ ~ 2, while @ ~
1 for the flares frequency distribution of A-type stars. In our study,
we found that the @ index is about 2 for spectral types from F-
type to M-type stars. In particular @ ~ 2.1 + 0.1 for F-type stars,
a = 2.0 0.1 for G-type stars, @ = 2.0 + 0.2 for K-type stars and
a =~ 2.1 +0.04 for M-type stars. These results are consistent with
the previous results of Yang & Liu (2019b). Shibata et al. (2013)
found that for the Sun-like stars, the flares frequency distribution of
nanoflares, microflares, solar flares and superflares, follow a power-
law relation with @ ~ 1.8. It means that the underlaying mechanism
which is generating these flares by magnetic reconnection occurs in
similar physical conditions Yang & Liu (2019b). It is thought that
the same fundamental process that causes solar flares also causes
flares in late-type stars (F-M). A convective envelope is necessary
for the dynamo that generates the magnetic fields in these stars. For
magnetic fields to become strong enough to rise and emerge into
the stellar atmosphere, which results in the generation of flares, this
convective envelope must be sufficiently deep Pedersen et al. (2017).
The similarity of @ index indicates that the process of producing
flares in various spectral types from F-type to M-type stars is similar
and is based on magnetic reconnection Yang & Liu (2019b).
However, the situation is different for A-type stars, as the @ in-
dex for the flare frequency distribution differs from the rest and is
a =~ 1.3 +£0.1. It is widely expected that these stars cannot have
flares. For stars to produce flares, they must have a deep outer con-
vection zone, powerful large-scale magnetic fields, or powerful winds
produced by the radiation. Normal A-type stars are devoid of these
characteristics. Hence they should not flare Pedersen et al. (2017).
Moreover, According to stellar evolution theories, A-type stars are
unlikely to flare because of their weak magnetic fields, and their
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thin or nonexistent surface convection zone, preventing a magnetic
dynamo from operating Van Doorsselaere et al. (2017). However,
through a visual inspection of the light curves, (Balona 2012, 2013)
found flare events in the light curves of 33 A-type stars. To study the
origin of these flares, Pedersen et al. (2017) reported a new, detailed
analysis of these 33 A-type stars and verified the existence of flares
in 27 of them. Balona (2015) observed 1833 and 424 A-type stars
in long cadence and short cadence modes, respectively, during QO-
Q12 using visual inspection. In the long cadence and short cadence
modes, 51 and 10 A-type stars, respectively, show evidence of flare
activity. Moreover, 24 new A-type stars with flaring activity have
been discovered by Van Doorsselaere et al. (2017).

Table 6 shows the number of super-flares for each spectral type.
Where Nt (candidates) 18 the number of flares candidates captured
by the code when the flux difference exceeded the threshold limit,
N¥ (conditions) 18 the number of flares that met all the conditions,
N¥ (check) 18 the number of flares we verified using visual inspection
of the light curves, and N (exclude) 18 the number of flares that we ex-
cluded due to their irregular, chaotic shape after the visual inspection
of the light curves. By analyzing this table, we notice a large fraction
of excluded flares are in the A-type stars compared to the M-type
stars. This can be explained by the different flare conditions in the
stars. One difference can be that the sizes of A-type star-spots are
much larger than that of M-type, with different magnetic reconnec-
tion conditions, resulting in the flares with irregular, chaotic shapes
of the light curves in A-type stars. This is possibly why A-type stars
have a different @ index. Table 7 shows the incidence of flares for
each stellar spectral type. Since our study considers main-sequence
stars only, the number of stars is limited to a specific radius range for
each spectral type, and therefore the number of stars in this study is
much smaller than in other studies such as Yang & Liu (2019b). Thus
the flare incidence appears in larger numbers than in those studies.
The flare incidence gradually increases from F-type to M-type stars
from 4.79 % to 14.04 % because of the increase of the convection
zone depth Yang & Liu (2019b). However, the incidence of the flares
in A-type stars 5.13 % is higher than in F-type stars 4.79 %, which
contradicts the theoretical expectation. As from an A-type star to an
F-type star, a star’s outer layer changes from the radiative envelope to
the convective envelope, allowing F-type stars to operate a solar-like
dynamo. In contrast, A-type stars struggle to create and maintain a
magnetic field Yang & Liu (2019b). These results are also consistent
with (Balona 2015; Van Doorsselaere et al. 2017; Yang & Liu2019b),
who analyzed stars of any size, not just those on the main-sequence
discussed here. The deviation of the @ index in A-type stars from
the rest of stellar types, the rise of flare incidence rate compared to
F-type stars, and the high percentage of excluded flares compared to
the rest of the spectral types are all indications that A-type stars may
generate flares in a different, peculiar manner.

5 CONCLUSION

Using bespoke Python script written by us, we performed an auto-
mated search for super-flares on main-sequence stars of types A, F,
G, K, and M in all of Kepler’s long-cadence data of DR 25 from QO to
Q17, using Shibayama et al. (2013) technique. We used the Harvard
Spectral classification to determine each target’s spectral type based
on its effective temperature and radius. For A, F, G, K and M type
stars, we studied a total of 2653, 10898, 25442, 10307, and 2222
main-sequence stars, respectively. Consequently, we expanded ear-
lier study of Shibayama et al. (2013), who only evaluated a smaller
number of quarters (Q0-Q6) on G-type dwarfs only. As a result,



Table 5. The number of super-flares and super-flare stars.

Main-sequence star super-flares 13

Quarters Te Slow Fast Unknown Pro Total
Ny Nrgtar Nf/Nos Ny Nistar Nf/Nos N Nrstar N Nrstar Nf/Nos
0-6 5100 — 5600 78 39 0.02 141 35 0.43 36 30 255 104 0.07
5600 — 6000 151 93 0.01 698 203 0.29 194 188 1043 484 0.05
7-17 5100 — 5600 195 88 0.06 303 59 0.94 144 116 642 263 0.17
5600 — 6000 288 180 0.015 1552 361 0.64 857 735 2697 1276 0.12
0-17 5100 — 5600 273 112 0.08 444 65 1.38 180 141 897 319 0.23
5600 — 6000 439 243 0.023 2250 653 0.92 1051 906 3740 1578 0.17

Note: Ny the number of super-flares, Ny, the number of super-flare stars and Ny/ Ny the ratio of the number of super-flares to the number of observed stars

Nos. Nos can be found in table 3.

Table 6. The ratio rate of excluded flares for each spectral type.

Class Nf (candidates) Nf (conditions) Nf (check) Nf (exclude) Nf (cxcludc)/Nf (conditions)
A 38876 953 321 632 66.32 %
F 187877 2484 1125 1359 54.71 %
G 481005 6791 4637 2154 31.72 %
K 207205 6754 4538 2216 32.81 %
M 15165 6808 5445 1363 20.02 %

Note: Nt (candidates) r€presents the number of flare candidates captured by our Python code when the flux difference exceeds the threshold limit. Ny (conditions)
is the number of flares that satisfied all conditions, N (check) is the number of flares that were confirmed by visual examination of the light curves. Following a
visual examination of the light curves, Nf (exclude) i$ the number of flares that were excluded due to their irregular, chaotic shape.

Table 7. The number of stars Ny, flare stars Nig,e and flare incidence for
each spectral type.

Class Tet Radius Ngtar Npgor  incidence
(K) Ro)
A 7500 - 10000 14-1.8 2653 136 5.13 %
F 6000 - 7500 1.15-14 10898 522 4.79 %
G 5100-6000 0.9-1.15 25442 1896 7.45 %
K 3700-5200 0.7-0.96 10307 770 7.47 %
M 2400 - 3700 <0.7 2222 312 14.04 %

we detected 4637 super-flares on 1896 G-type dwarfs during 1424
days of continuous observation by Kepler. Using these new data,
we studied and compared the statistical properties of the occurrence
frequency rate of super-flares using three distinct datasets, namely,
Q0-Q6,Q6-Q17,and Q0-Q17. According to our estimates for the QO-
Q17 dataset, a super-flare on G-type dwarfs with an energy of 1033
erg occurs on a star once every 4360 years. Moreover, we detected
a total of 321, 1125, 4538 and 5445 super-flares on dwarfs of 136,
522,770 and 312 A, F, K and M type stars respectively, during 1424
days of continuous observation. We determined the distributions of
super-flare occurrence rates as a function of super-flare energy. We
found that for all spectral types of stars, from F-type to M-type, the
flare frequency distribution as a function of flare energy follows a
power-law relation with dN/dE o« E~% where a ~ 2.0 to 2.1. This
demonstrates that the power-law index « is similar to those of solar
flares (~ 2) Shibayama et al. (2013). The power-law index values’
similarity suggests that similar physical conditions produce the flares,
by the mechanism which is thought to be magnetic reconnection. In
contrast, the obtained value of @ index 1.3 of the flare frequency
distribution for A-type stars indicates that their flare conditions are
distinct from those of the other stellar types. We observed a general
rise in the flare incidence rate from 4.79 % and 14.04 % for F-type
to M-type stars. However, the flare incidence rate is higher in A-type
stars 5.13 % than in F-type stars 4.79 %, contrary to the theoretical
expectation Yang & Liu (2019b). These results are similar to those
found by (Balona 2015; Van Doorsselaere et al. 2017; Yang & Liu
2019b)
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