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Abstract

A catalog of M stars has been published from the Large Sky Area Multi-Object Fiber Spectroscopic Telescope data
release 7 (LAMOST DR7). We cross-matched the LAMOST M catalog with Kepler, Kepler 2 (K2) and Transiting
Exoplanet Survey Satellite (TESS) surveys. We obtained the light curves from the Kepler and TESS surveys. We
detected 20,047 flare events from 4053 M stars and calculated their durations, amplitudes, and energies. We
analyzed the distribution of the flare durations and energies. The distributions of flare duration for Kepler, K2 and
TESS peak are at 3-3.5 hr, 4-6 hr and 1-1.5 hr, respectively. This may be the result of the different cadences for
the three data sets. The highest regions of the flare energies of Kepler, K2 and TESS are 32-32.5, 32-32.5 and
31-31.5 erg in Log format, respectively. A linear relationship between flare duration and energy emerges from our
analysis. The ratio of flare duration to total observational time is approximately 0.2%—0.3% for the Kepler, K2 and
TESS surveys. The occurrence rate of a star with a flare event increases from the MO to M4 subtypes. We also
determined the spatial distribution of the flare rate of M stars in the Milky Way. It seems that the flare rate
decreases as the vertical height increases. The power index of the flare energies is in the region of 1.53-2.32, which
is similar to previous result for solar type star (2.0). Further, we examined the relationship between the flare
amplitude and chromospheric intensity. The flare activity increases rapidly with the increase in the Hoe EW at the
lower values (less approximately 2 A) and it increases slowly at the higher values.
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1. Introduction

A stellar flare is the sudden release of energy caused by
reconnection of magnetic field lines in the atmospheric layers
of a star. Maehara et al. (2012), from the analysis of Kepler
light curves of about 83,000 sources, found 148 solar-type stars
that exhibited “superflares,” i.e., flares with an energy budget
from 10 to 10* times higher than the strongest solar flares ever
observed (10%* erg). Karoff et al. (2016) have shown that stars
with superflares in their Kepler light curves display, on
average, an enhanced magnetic activity. The radiation with
high energy particles in the UV and X-ray wavelength caused
by a super-flare affects the physical and chemical environment
of the extraplanetary atmosphere (Takahashi et al. 2016).
Shibayama et al. (2013) made a statistical analysis and found
the occurrence rate of superflares versus its energy is
approximately 2. This distribution is roughly similar to that
of solar flares. Candelaresi et al. (2014) found that the

superflare rate decrease as the effective temperature increases.
They also determined the relation between starspot coverage
and flare fraction. Doyle et al. (2018) analyzed K2 data of 34 M
dwarfs and detected in 31 of them flare events with duration of
10-90 minutes. Schmitt et al. (2019) found superflares with
more than 10** erg of AB Dor at a rate of about one time every
week using data from Transiting Exoplanet Survey Satellite
(TESS). Vida et al. (2019) used the light curve of the M5.5
dwarf Proxima Centauri from TESS and determined the flare
energies. They also found two events with quasiperiodic
oscillations, which can be explained by quasiperiodic motions
of the emitting plasma or oscillatory reconnection. Doyle et al.
(2019) found 1834 flares with energies from 6.0 X 10%*° to
2.4 x 10 erg on 167 low-mass stars using 2 minutes cadence
photometric light curve from Sectors 1 to 3 of TESS. Giinther
et al. (2020) identified 1228 flaring stars including 673 M
dwarf stars and found 8695 flares with energies in the range
103'-10°® erg. They also observed that fast-rotating M dwarfs
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have a higher flare rate and the flare amplitude is not related to
the rotation period. Tu et al. (2020) found 1216 superflares on
400 solar-like stars and determined the power law index
(2.16 £0.10) of the superflare frequency distribution. Yang
et al. (2017) discovered 540 M dwarfs with flare events from
the Kepler long-cadence light curve. They also found that the
flare fraction of M dwarfs increases steeply near M4. Lu et al.
(2019) detected 17,432 flares on 8964 M-type stars in the the
catalog of LAMOST DRS5 and the Kepler database. They found
that the flare frequency increases as a function of spectral type
in MOCM3, which was consistent with the fraction of
chromospherically active stars. Medina et al. (2020) determined
the flare rate, rotation period, and chromospheric activity of
125 Mid-to-Late M dwarfs with 0.1-0.3 MSun. They also
determined that the slope of the flare frequency distribution was
approximately 1.98 £ 0.02. Yang & Liu (2019) found that 672
M stars showed flare events from a total of 6898 stars and the
incidence of M flare stars was 9.74(£0.38)%. They also
determined that the power index of the flare frequency
distribution was about 2.09-2.13. Balona (2015) obtained the
fraction as 12.75%-10.16% for K and M stars. Van Doorsselaere
et al. (2017) found that the fraction of M star is 5.28% from
K and M stars. Lu et al. (2019) detected 17,432 flares from
Kepler light curve on 4143 M-type stars from 8964 M stars in
the catalog of LAMOST DRS. They also determined that the
power index was about 2.02 +£0.11. Paudel et al. (2019)
detected three flares from a low mass binary 2MASS
J102745724-0629104 based on K2 photometry. The corresp-
onding flare frequency of the M dwarf eclipsing binaries is
about 10 times higher than that of the single M dwarf with flare
activity (Huang et al. 2020). It is very interesting to discuss the
flare properties between single stars and eclipsing binaries.
The stellar magnetic activity includes very important
physical phenomena, such as starspots, flares, and chromo-
spheric activity. The main indicators of chromospheric activity
at optical and near-infrared wavelengths are the Call H & K,
Call IRT, and Ha lines (e.g., Soderblom et al. 1993; Montes
etal. 1999; Zhang et al. 2015, 2020, and references therein). De
Cat et al. (2015) used the LAMOST to realize a low-resolution
spectral survey in the Kepler field. The chromospheric activity
level has been derived for the stars in this sample by Frasca
et al. (2016) by means of the spectral subtraction of
photospheric templates to the Ha and Call IRT lines in their
low-resolution LAMOST spectra. Later, Wang et al. (2020)
published stellar parameters on 70,895 objects in K2 field.
Zong et al. (2020) performed LAMOST medium-resolution
spectral observations on Kepler objects and obtained the stellar
parameters and radial velocities of 21,053 targets. The
chromospheric activity level has been derived by Frasca et al.
(2022) for a subsample of stars in the Kepler field by the
spectral subtraction applied to medium-resolution LAMOST
spectra. It is very important to use the LAMOST low- and
medium-resolution spectral surveys to study the stellar activity
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of M stars, especially on binary systems (Fu et al. 2020).
Spectroscopic observations and higher precision photometry
are also important to discuss the relationship between chromo-
spheric activity and flare events.

In this paper, we discuss the chromospheric activity and flare
events of the M catalog from the LAMOST Release 7 (Zhang
et al. 2021) observed in the Kepler and TESS fields. In
Section 2, we introduce the M catalog from the LAMOST DR7
survey, and the Kepler and TESS light curves. In Section 3, we
describe the method for searching the flare events. The
parameters of flare events are described in Section 4. In
Section 5, we perform a statistic analysis of the parameters of
the flare events. Finally, we draw conclusions in Section 6.

2. Kepler and TESS Surveys

Zhang et al. (2021) published a catalog of 622,523 M stars
catalog using the LAMOST low-resolution spectral survey. It is
useful to investigate the chromospheric activity from the
spectral survey and flare events from the light curves survey,
and their relationship.

2.1. TESS Data of M Stars

The TESS survey publishes data every four months aimed at
the search and study exoplanets, and other scientific topics
(Ricker et al. 2015). The TESS mission is realizing a nearly all
sky photometric survey over two years of 200,000-400,000
nearby bright stars with 30 and 2 minutes cadence (Stassun
et al. 2018). Later, the TESS input catalog has been revised
based on Gaia data release 2 (Bailer-Jones et al. 2018) and the
prioritized stars with 2 minutes cadence observations (Stassun
et al. 2019). We downloaded the data on the Mikulski Archive
for Space Telescopes (MAST) server with 14,770,000 and
9,600,000 light curves of the southern and northern hemi-
spheres. It is the largest data collected by the TESS mission for
public study up to date (Huang et al. 2020). The photometric
precision of the brightest stars is approximately 20 ppm.

2.2. Kepler Data of M Stars

The Kepler mission aimed at detecting Earth-sized planets of
Sun-like stars (Borucki et al. 2010). The K2 mission provided
long-term 75 days optical observation of thousands of objects
with a photometric precision of 89 ppm at 12 mag (Howell
et al. 2014). Brown et al. (2011) used Bayesian posterior
probability maximization methods and estimated the stellar
parameters. Kepler provided uninterrupted light curves for a
large number of stars (Koch et al. 2010). The Kepler and K2
data and parameters are available through the MAST data
archive.

Our sample selection is based on LAMOST spectral data
(Luo et al. 2015), which published the stellar parameters and
spectral subtype of M stars. The spectral subtype was
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determined by matching the relative strength of atomic and
molecular features (Yi et al. 2014). We obtained the Hoe EW by
the integration of this line using the Hammer program (West
et al. 2004). We matched the coordinates of all the M samples
from LAMOST DR7 with Kepler, TESS and K2. We obtained
34,509 light curves of 2503 objects from Kepler, 11,328 light
curves of 7661 objects from TESS, 14,160 light curves of
12,450 objects from K2. There are only 134 M-type giants
from the Kepler survey and there is no M giant for TESS and
K2 surveys. The selection criteria for giants are log g less than
3 and the radius larger than 10 R..,. It is useful to investigate the
spectral properties from spectral survey and the flare events
from the Kepler and TESS light curves surveys. On this basis,
we can study the statistic properties of spectroscopic and
photometric properties.

3. Method of Searching for Flares

Flares are sudden releases of energy in the stellar atmosphere
with a duration from several minutes to many hours. There are
many methods to detect the flare events (Davenport 2016;
Giinther et al. 2020). The main technique of detecting the flare
event is the repeated fitting to differentiate stellar background
light curves from flare events. We propose a method to detect
flare events in three steps, as follows

1. Preprocessing: We normalize the presearch data condi-
tioned (PDC) photometric light curves using the two following
formulas:

Fl Flux
Fluxmediam = Whmax + Hmin B (1)
2
where Fluxegian 1S the median value of the PDC Flux of each
set, Flux,,x is its maximum value of the PDC Flux, and

Flux,,;, is its minimum value.

Flux o, — Flux — FluXedian , ?)

FluX median

where Flux, ., is the normalized intensity and Flux is the PDC
Flux of each object. To ensure that the fitting of the polynomial
functions in the next step works well, we divide the light curve
of one object into many 5 days segments for the Kepler and K2
light curve, and one day for TESS data. Moreover, the
time series of every part is minus their mean value and
approximately zero.

2. Detrending of light curve: To discern the flare point from a
light curve. First, we must determine the background light
curve (stellar activity or instrumental noise) and detrend it. We
use the polynomial functions to fit the background. However,
different light curves should be fitted using polynomial
functions with different degrees. The order of the polynomial
fitting one part of the light curve may not be suitable for
another light curve. The order of the polynomial should be high
enough to reasonably fit the background light curve (rotational
modulation) but small enough to avoid that eventual flares
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affect the fit. The typical polynomial order is in the range of 5
and 30. Therefore, we introduce A to estimate the fitting level.
A is the standard deviation of the difference of the light curve
minus the fit curve. We obtain that A decreases as fit order
increases. When the function fits the light curve sufficiently
well, X\ no longer decreases obviously where suitable fit order is
obtained (see Figure 1). We selected the maximum order as 60
to ensure no fit the flare event. Then fitting the light curve
iteratively, outer points are removed before fitting every next
time. Through repeated fittings, we were able to distinguish
more accurately flare events from the stellar intrinsic light
variations. Actually, we used a threshold of the decrease of
lambda for the best result. As a result, we were able to more
accurately discover the flare events and determine their flare
parameters. Then, the original light curve minus the final fit
curve is the obtained detrended light curve (see Figure 1).

3. Discerning flare point: After detrending, points higher
than 4\ are treated as flare point candidates. If the duration
between two successive flare point candidates is longer than
2 hr, they are regarded as being two distinct flare events. Then
the original light curve minus the final fit curve is the
“rectified” light curve in which only the flares are left (see
Figure 2). Stellar rotation prevents us to detect the smaller
flares, which can be masked by the starspot modulation (Yang
et al. 2017). Moreover, if the flare duration is comparable to the
rotation period of the star, it is hard to identify it by fitting the
polynomial function (Okamoto et al. 2021). In addition, we
have likely missed most low-energy flares because of the low
time resolution (about 0.5 hr) for Kepler survey and the noise
and wavelength of light curve of TESS survey. We also
visually inspected the plots of the candidate flare events. The
accuracy of our program is approximately 90% of all the
Kepler and TESS flare candidates. In order to get better fitting
results, we have segmented the light curves of different data
sets. Through experiments, we give the best segmentation
results. TESS data are segmented according to 1 day. Kepler
and K2 are segmented according to 5 days. So as to avoid the
confusion between low energy and long duration flare and
period as much as possible. We also visually inspect the
pictures of the flare candidates automatically obtained by our
program. We deleted the contaminated flare about 10% of the
total flare candidates. If a low-energy flare has duration as large
as the period of the host star, it is hard to identify it fitting by
the polynomial function. We obtained different examples of
Kepler flare events of M stars. We plotted the examples of the
flare events in Figure 2. The top panel is the original data of
each objects, where the green points are the possible flare
events. The middle panel presents the original data and
theoretical light curves, where the red lines function represents
the different orders fitting and the blue points are the original
light curves. The bottom panels show the difference between
the original data and fit curves of background light points,
where the red points are the flare events.
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Figure 1. Examples of fitting stellar variations using different orders of polynomial functions. The left panels show the fitting results, where the blue line is the first
time fitting and the red line is the final fitting result. The right panel show the residuals vs. different orders of polynomial functions.
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Figure 2. Different examples of Kepler flare events of M stars with different orders of polynomial functions. In each case, the top panel shows the original data of each
object, where the green points represent the possible flare events; the middle panel shows the original data and theoretical light curves, where the red line represents the
best polynomial fitting and the blue points denote original light curves without flare points; the bottom panels are the difference between the fit curves of background

light points and theoretical light curves, where the red points are the flare events.

4. Flare Parameters

We found 11,663 flare events of 1794 M stars from the
Kepler survey, 3840 flare events of 1190 M stars from the K2
survey, and 4642 flare events of 1130 M stars from the TESS
survey. In total, we detected 20,047 flare events associated with
4053 M stars and calculated their durations, amplitudes, and

energies, which are listed in Table 1. The full table of the flare
parameters will be published in electronic format only.
4.1. Flare Duration

As the time resolution of the Kepler light curve is
29.4 minutes and we need at least three points to classify a
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the cumulative data (fourth row). Right panels display flare energy vs. duration (blue dots) and linear fits to the data (red lines).
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Table 1
Stellar and Flare Parameters of LAMOST M Stars Based on Kepler and TESS Light Curves
LAMOST Name Sp Ha Teff log Radius Peaktime Rise Decay Duration  Amplitude Energy
@ (2) 3) ) (5) ©) () @) ) (10 (11) (12) (13)
(A) X) Re) (days) (days) (days) (days) (days) (erg)
J083201.01 EPIC212044101 M3 0.03 +0.118 3318 £ 157 4.89 +£0.001 0.33+0.01 3264.062 3263.939 3264.614 0.1226 0.2000 3.79E
+205943.6 +32 4+ 1.18E
+32
J083201.01 EPIC212044101 M3 0.03 +0.118 3318 £ 157 4.89+£0.001 0.33 £0.01 3264.205 3263.939 3264.614 0.1430 1.2163 8.37E
+205943.6 +33 + 1.63E
+33
J083201.01 EPIC212044101 M3 0.03 +0.118 3318 £ 157 4.89+0.001 0.33+0.01 3264.389 3263.939 3264.614 0.1634 0.2187 7.94E
+205943.6 +32 + 1.96E
+32
J083201.01 EPIC212044101 M3 0.03 +0.118 3318 £ 157 4.89+£0.001 0.33 £0.01 3264.573 3263.939 3264.614 0.1236 0.0584 1.46E
+205943.6 +32 + 7.34E
+31
J090935.82 EPIC212030643 M2  —0.054+0.296 3625+ 157 4.76 £0.009 048 +£0.02 3301.111 3300.988 3301.193 0.0416 0.0086 5.97E
+204555.9 +31 + 3.88E
+31
J090935.82 EPIC212030643 M2  —0.054+0.296 3625+ 157 476 +0.009 048 +0.02 3303.093 3302.828 3303.134 0.0333 0.0086 1.48E
+204555.9 +32 +541E
+31
J082918.87 EPIC212027816 M3 0.46 + 0.149 3431 £ 157 478 £0.008 0.45+0.02 3264.675 3264.144  3265.370 0.1319 1.2324 1.72E
+204304.7 +34 + 3.24E
+33
J091206.55 EPIC212019990 M2  —0.054+0.090 3609 =157 4.73+0.010 0.51 £0.02 3285.968 3285.723  3286.152 0.0833 0.0176 2.08E
+203509.7 +32 +£9.33E
+31
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+£0.006 043 +0.01 2307.101 2306.958 2307.183 0.1375 0.2396 7.83E
+203454.7 +32 + 1.53E
+32
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+0.006 0.43+£0.01 2324469 2324367 2324.734 0.1069 0.6454 3.23E
+203454.7 +33 +6.12E
+32
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+£0.006 0.43+£0.01 2350.846 2350.744  2350.948 0.0236 0.0977 391E
+203454.7 +32 + 7.96E
+31
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+0.006 043 +0.01 3271.745 3271.663 3272.011 0.0555 0.0807 3.06E
+203454.7 +32 + 7.26E
+31
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+£0.006 0.43+£0.01 3340919 3340.899 3341.246 0.1486 0.0397 1.23E
+203454.7 +32 + 3.82E
+31
J090552.08 EPIC212019726 M3 3.24 £0.128 3391 +£ 157 4.80+0.006 0.43+0.01 3283.025 3282.780  3283.169 0.0861 0.0224 1.60E
+203454.7 +32 +4.71E
+31
J090552.08 EPIC212019726 M3 3.24 +0.128 3391 £ 157 4.80+0.006 0.43+0.01 3304.013 3303.972 3304.156 0.0277 0.0511 1.59E
+203454.7 +32 +3.77E
+31
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Table 1
(Continued)
LAMOST Name Sp Ha Teff log Radius Peaktime Rise Decay Duration ~ Amplitude Energy
J090552.08 EPIC212019726 M3 3.24 £0.128 3391 £ 157 4.804+0.006 043 +£0.01 3325593 3325450  3325.695 0.0930 0.0221 1.26E
+203454.7 +32 £ 3.43E
+31
J090552.08 EPIC212019726 M3 3.24 £0.128 3391 £ 157 4.80+0.006 043 +£0.01 3331.192 3331.049 3331.233 0.1263 0.0541 2.07E
+203454.7 +32 £ 4.66E
+31
J084044.25 EPIC212013132 MO 1.90 £ 0.052 3936 £ 129  4.25+£0.129 097 £0.10 3448.847  3448.704  3449.112 0.1652 0.5086 2.06E
+202818.6 +34 £2.75E
+33
J084044.25 EPIC212013132 MO 1.90 £ 0.052 3936 £ 129  425+£0.129 097 £0.10 3451.503  3451.462 3451.626 0.1763 0.0193 6.60E
+202818.6 +32 £ 1.07E
+32
J084840.77 EPIC212012119 MO 0.21 £ 0.048 4784 £ 103 459 4+0.082 0.74 £0.04 3466.316 3466.214  3466.480 0.1444 0.0125 6.43E
+202718.2 +32 £ 7.66E
+31
J084840.77 EPIC212012119 MO 0.21 £ 0.048 4784 £103  4.594+0.082 0.74+£0.04 3466.316 3466.234  3466.520 0.1472 0.0132 9.70E
+202718.2 +32 + 1.06E
+32
J084840.77 EPIC212012119 MO 0.21 £ 0.048 4784 £ 103 459 +0.082 0.74 £0.04 3466.291 3466.271  3466.443 0.0652 0.0379 1.89E
+202718.2 +33 £ 3.20E
+32
J185045.33 KIC10647081 M3 0.03 £ 0.003 3396 £ 157 4.87+£0.002 0.37 £0.01 572512 572.369 572.573 0.1972 0.0014 4.48E
+475818.8 +30+ 1.72E
+30
J185045.33 KIC10647081 M3 0.03 & 0.003 3396 + 157 4.87+£0.002 0.37 £0.01 702.405 702.303 702.466 0.1013 0.0014 3.84E
+475818.8 +30 £ 1.44E
+30
J185045.33 KIC10647081 M3 0.03 & 0.003 3396 + 157 4.87+£0.002 0.37 £0.01 850.958 850.897 851.061 0.0583 0.0012 3.79E
+475818.8 +30 £ 1.52E
+30
J185045.33 KIC10647081 M3 0.03 &+ 0.003 3396 £ 157 4.87+0.002 0.37+£0.01 1113937 1113.896 1114.039 0.0986 0.0009 1.64E
+475818.8 +30 £+ 9.44E
+29
J185045.33 KIC10647081 M3 0.03 £ 0.003 3396 £ 157 4.87+£0.002 037001 1143.586 1143.504 1143.688 0.3882 0.0008 2.28E
+475818.8 +30 £ 1.25E
+30
J185045.33 KIC10647081 M3 0.03 & 0.003 3396 £ 157 4.87+0.002 0.37+£0.01 1191912 1191.851  1191.994 0.1225 0.0011 3.54E
+475818.8 +30 + 1.30E
+30
J085129.15 EPIC212003882 MO  —0.04 £0.014 3922+ 157 4.64£0.014 0.61 £0.02 2314.130 2314.028 2314.171 0.1430 0.0028 5.18E
+201909.4 +31 £ 1.59E
+31
J085129.15 EPIC212003882 MO —0.04 £0.014 3922 +157 4.64+£0.014 0.61+0.02 3328924 3328.699  3329.149 0.1839 0.0015 6.03E
+201909.4 +31 £+ 3.49E
+31
J130629.20 TIC88222337 MO —0.08£0.004 3916+122 4.74+0.126 0.55+0.06 1930.451 1930.442  1930.508 0.1634 0.1223 3.78E
+162234.1 +32 £ 1.24E
+32
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Table 1
(Continued)
LAMOST Name Sp Ho Teff log Radius Peaktime Rise Decay Duration ~ Amplitude Energy
J083621.82 EPIC211997061 M3 1.59 £ 0.147 3453 £ 157 476 £0.010 047 £0.02 2352970 2352.766  2353.134 0.1430 0.0111 1.62E
+201219.7 +32 £ 6.30E
+31
J083621.82 EPIC211997061 M3 1.59 £+ 0.147 3453 £ 157 476+0.010 047 £0.02 2373300 2373218 2373.463 0.3677 0.0126 1.11E
+201219.7 +32 +£4.33E
+31
J153625.83 TIC235568228 M3 1.20 £ 0.056 3409 £ 157 4.84+£0.002 038=£0.01 1935.069 1935.048 1935.088 0.2452 0.0257 2.51E
+523041.4 +31 £3.19E
+31
J153625.83 TIC235568228 M3 1.20 £ 0.056 3409 + 157 4.844+0.002 0.38£0.01 1930.533 1930.513  1930.566 0.3065 0.1115 7.10E
+523041.4 +31 +£4.97E
+31
J153625.83 TIC235568228 M3 1.20 £ 0.056 3409 + 157  4.844+0.002 038 £0.01 1966262  1966.235  1966.317 0.1055 0.0985 1.09E
+523041.4 +32 £ 7.32E
+31

Note. This is part of Table 1. Full Table 1 will be published online.

(This table is available in its entirety in machine-readable form.)
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brightness enhancement as a flare event, we used a bin size of
2 hr to build the distribution of the flare duration. We plotted a
histogram of the flare duration in the left panel of Figure 3.
Most flares have durations of 3.0-3.5 hr for the Kepler survey,
and 4.0-6.0 hr for the K2 survey and 1.0-1.5 hr for the TESS
survey. The observations collected by Kepler, K2, and TESS
have suffered different selection biases, since they have
different sensitivities in photometry, different cadences and
different observational durations. The differences are mainly
caused by the different cadences of the three photometric
survey (2 minutes for TESS, 29.4 minutes for K2 and Kepler).
This can explain the different peaks in the flare duration
distributions, being easier with TESS to detect flare events with
shorter duration. We expect to perform photometric survey
using a very short exposure time and long-term scale monitor
in the future.

4.2. Flare Energies

We estimated the flare energy using the same method of
Shibayama et al. (2013), Wu et al. (2015) and Lin et al. (2019).
The flare bolometric energy (Efarebol) 1s the flux integration
during the whole duration using the following equation:

Enresor = Laar [ Frae (1 (ere), 3)
where Fy,. is the flare flux normalized to the quiescent level as

described in Section 3. The stellar luminosity L, was obtained
by the Stefan—Boltzmann law:

_ 2 4 —1
Ly = 47TRstarUSB Tstar (erg S )’

“)

where ogg is the Stefan—Boltzmann constant. Ty, is the stellar
effective temperature and Ry, is the stellar radius, which is
reported in the Kepler and K2 catalogs (Huber et al.
2014, 2016), and Gaia DR2 (Gaia Collaboration et al. 2018).
We transformed the instrument flux to actual flux using the
instrument response factor (Van Cleve & Caldwell 2016). The
detailed method was described in Lu et al. (2019) and Zhang
et al. (2020). For TESS data, we used the PDC light curves to
avoid the TESS instrumental systematics.

As the Kepler passband is comprised between 423 and
897 nm, the actual stars and flare flux will be reduced by the
instrument response factor a(7) (Van Cleve & Caldwell 2016).
By convolving the Planck function at temperature 7 using a
Kepler response function, «(7) can be expressed as follows
(Lin et al. 2019):

a(x) = 0.19970x° — 1.45856x° + 4.30523x*
— 6.44683x3 + 4.93603x% — 1.64091x + 0.19489,
(5)

where x=T/T,, for T, =5800K, 2500 K < T'< 10,000 K.
Then, according to Lin et al. (2019), the Kepler response flare

Meng et al.

energy can be estimated as follows:

l a(Tiar)

4 o(Thare) ©

Efare = Eﬂare,bol (erg)’

where Tj.. is the temperature of a blackbody that reproduces
the light emitted by a flare at optical wavelengths, which can be
estimated as 9000 £500 K (Kretzschmar 2011). Thus,
a(Thae) = 0.073. The uncertainties of the energies were
affected by the error of stellar effective temperature and stellar
radius, the errors of the flare start and end time, and the flare
amplitude, the observation time resolution and the blackbody
temperature of the flare (Shibayama et al. 2013; Yang et al.
2018; Okamoto et al. 2021). Yang et al. (2017) found the
energies about 10* erg for the flare events on Kepler M dwarf
stars. Meanwhile, mass transfer in a close binary system like
BX Tri, can explain large flare outburst with energies up to
about 10% (Luo et al. 2019). Mass transfer is not the only
explanation for high-energy flares. The strongest flares with
energies of about 10°® was observed in close binaries (Gao
et al. 2016). A large magnetic filament in between the
components of a binary system can store magnetic energy
able to produce flares with a total released energy of 10°%~10*
erg (van den Oord 1988). Large filaments in single active giants
can give rise to flare energies of 10°—10°® erg (e.g., Doyle
et al. 1989). The most powerful superflares can reach 10 erg
for dwarf stars and 10°° erg on evolved stars (e.g., Catalano &
Frasca 1994; Foing et al. 1994; Kévari et al. 2020; Okamoto
et al. 2021).

We also plotted the distribution of the flare energies in the
middle panel of Figure 3. The figure shows that the maximum
values of the flare energy from the Kepler survey are
approximately ~10°? erg. The corresponding value is approxi-
mately 10°' ~ 10** erg for TESS flare stars. The maximum
region of the energies is approximately 10°*~10* erg for flare
stars from the K2 survey. Kepler, K2 and TESS are consistent
with each other. Most of the flares have energy in the region of
10%°-10® erg with the highest probability at approximately
102 erg. There are two giant stars with super flare, whose flare
energies are large as 1.6 x 10°® on KIC 4374669 and
2.9 x 10*7 erg on KIC 5093223. The most powerful superflare
can reach about 10°° erg (K6viri et al. 2020). We also plotted
the relationship between flare energy and duration in the left of
Figure 3 and fit them in a linear function. The flare energy
increases with the flare duration, as found in several previous
works (e.g., Wu et al. 2015; Lin et al. 2019), in line with the
magnetic reconnection theory (e.g., Maehara et al. 2015;
Namekata et al. 2017). The linear slopes 1.63(0.05), 0.72(0.05)
and 1.13 (0.04) are for the Kepler, K2 and TESS surveys,
respectively. The rms of three fitting of the Kepler, K2 and
TESS are 1.12, 0.43, and 0.29, respectively. This difference
might be caused by the different exposure times or a selection
effect.
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Figure 6. Ratio of the duration of flares to total observational times, where the different panels represent the results for the Kepler, K2, TESS, and all the surveys.

5. Discussion
5.1. Rate of Flare Stars

We calculated the ratio of the M stars with flare events to the
total of M stars in different spectral subtypes. We plotted the
distribution of the number of M stars with flare events versus
the spectral subtypes in the left panel of Figure 4, and the rate
of M stars with flare events to M stars versus spectral subtypes
in the right panel of Figure 4. The number of flaring stars in the
spectral range M5-M9 is limited, and we need more data to
perform a statistical analysis of their properties. The number of
MO to M4 stars with flare events is above 50, which is adequate
for the statistical analysis of the rate. The fraction of M stars

with flare events increases from the MO to M4 stars in the
Kepler, K2 and TESS surveys. This could be a contrast effect.
A low-intensity flare is more easily detected against the lower
continuum of a cooler dwarf. The fraction of flaring stars is
consistent with the chromospheric active fraction by LAMOST
or SDSS surveys (West et al. 2004; Lu et al. 2019; Zhang et al.
2021).

5.2. Flare Occurrence Rate

Z Nnare N
>_totalgpservation (Z flare

is number of the flares, > totalgpservation 1S time of the
observed light curves). We plotted the number distribution

We calculated the flare occurrence rate
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Figure 7. Energy distribution of M stars with flare events, where the different panels represent the results for the Kepler, K2, TESS, and all the surveys.

of the flare frequency of 0-0.02 events day ' in left panel of
Figure 5. The number of the flare events decreases as the flare
occurrence rate increases, and the flare frequency of 0-0.02
times day ' of TESS is smaller than that of Kepler and K2,
which may also be because the cadence of TESS data is much
shorter than that of K2 and Kepler. It is difficult to search for
small flare event using K2 and Kepler data. We plotted the
distribution of the flare occurrence rate versus spectral
subtypes in the right panel of Figure 5. The flare occurrence
rates for MO to M4 stars are higher those for M5 to M9 stars
and the highest is that for M3 stars. We need more data to
confirm that.

Using the equation given by Lin et al. (2019), we calculated
the flare occurrence percentages using the following function

(Zfl:;& x 100%) where > totalg, is the total duration of
observation

the flares. Figure 6 shows the distribution of the flare occurrence
percentages. We found that the main percentage is in the region
of 0.2%-0.3% in the K2, TESS and Kepler surveys, which
is similar to the value 0.1%—0.5% of M stars (Lin et al. 2019).

5.3. Flare Energy Distribution

We calculated the distribution of flares as a function
of energy by the maximum likelihood estimation method
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(Goldstein et al. 2004; Newman 2005; Bauke 2007; Li
2014) from 10*' to 10% erg and plotted it in Figure 7, where
the different panels represent Kepler, TESS, K2 and all the
data. The flare energy distribution (FFD) follows the power
law dN/dE x E~®. The indices « of M-type stars are
1.53 £0.02, 2.32+£0.02, 1.70£0.01 and 1.83 +£0.01 for
the Kepler, TESS, K2 and all the data, respectively.
Our results are similar to previous results 2.09 (£0.10) for
M stars (Yang & Liu 2019) and for solar-type stars of 2.16
(£0.10) using the first year TESS data (Tu et al. 2020) and of
1.76 (£0.11) using the second year TESS data (Tu et al.
2021). The difference of the index is relative to the fitting
region of flare energies from the different photometric
surveys.

5.4. Relationship between Flare Events and
Chromospheric Activity

It is quite obvious that there exists a correlation between the
number and energy of flares and chromospheric activity
because they are all manifestations of magnetic activity (e.g.,
Huang et al. 2019). We plotted the relationship between the
equivalent widths (EWs) of the Ha line and the flare amplitude
of M stars in Figure 8, where the left panel shows the flare
amplitude versus the Ha EW, and the right panel plots the
mean amplitude versus the Ha EW. The distribution of
relationship between flare amplitude and He intensity for K2
and all flares have obvious bifurcation. This may be caused by
the bad light curve with big noise of the K2 survey. As can be
seen from the figure, there are two trends between the
chromospheric Hoe EW and the flare amplitudes in the different
regions. We fitted the two regimes of low Hat EW (less than
2 A) and high Hoe EW (larger than 2 A) by the linear functions,
which are plotted by the solid black and blue lines, respectively
in Figure 8. The flare activity increases rapidly with increasing
Ha EW at the low values and the flare amplitude increases
slowly at larger Hoe EWs. Our trend is consistent with the
previous result of Hoe EW and maximum flare amplitude found
by Chang et al. (2017).

5.5. Distribution of the Flare Occurrence Rate

Niar -
To analyze the flare occurrence rate (—=t — day ™)
> totalghservation

distribution of all the M stars in the Milky Way, we obtained
their distances and estimated the spatial positions (R-Z in
Galactocentric cylindrical coordinates) by cross-matching
our M catalog (Zhang et al. 2021) with Gaia survey
(Bailer-Jones et al. 2018). To discuss the spatial distribution
of the flare activity, we divided our samples into different
bins. Because our M stars with the light curve are
limited, we divided the bins into approximately 200 pc.

Meng et al.

We obtained the mean value of the flare occurrence
rate, where the fraction was obtained using the function
Nyistarswithflares / (NMwithflare + NMnonflare)- We calculated the flare
fraction of M stars for each bins of our samples, and plotted
the two-dimensional distribution of the flare ratio in the left
panel of Figure 9, where the color represents the flare fraction
and the red color means a larger ratio of M stars with flare
events. To discuss the distribution of flare events, we also
plotted the relation of the fraction of active M stars and the
vertical height above the galactic disk plane in the right panel
of Figure 9. It seems that the flare occurrence rate decreases as
the vertical height increases, especially 400-800 pc. The flare
occurrence rate distributions are consistent with the trend that
the chromospheric activity decreases as the vertical height of
0-1.5 kpc from the mid-plane of the disk of our Milky Way
increases (Pineda et al. 2013; Zhang et al. 2021). We need
more light curves to determine the trend of flares events in our
Milky Way.

6. Summary

In this work, we have investigated the flare events of the
TESS, K2, and Kepler surveys on 22,592 M stars from the
LAMOST survey. We have discussed the relationship between
chromospheric activity and flare events.

We detected 11,663 flare events of 794 M stars from the
Kepler survey, 3840 flare events of 1190 M stars from the K2
survey, and 4642 flare events of 1130 M stars from the TESS
survey.

We obtained the distribution of the flare duration and energy.
The distributions of flare duration peaks of Kepler, K2, and
TESS are at 3-3.5hr, 4-6 hr and 1-1.5 hr, respectively. The
distributions of flare energy peaks of Kepler, K2 and TESS are
at 32-32.5, 32-32.5 and 31-31.5 erg in Log format,
respectively. The power index of the flare energy frequency
is in the region of 1.53-2.32.

The ratio of flare duration to total observational time is
approximately 0.2%-0.3% for the Kepler, K2 and TESS
surveys. The occurrence rate of a star with a flare event
increases from the MO to M4 subtypes. We obtained the spatial
distribution of the flare occurrence rate of M stars in the Milky
Way. It seems that the flare occurrence rate decreases as the
vertical height increases.

There is an obvious relationship between the flare
occurrence rate and chromospheric activity. The flare
activity increases rapidly with the Ha EW for values lower
than about 2 A, while it increases slowly for larger values
of EW.
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