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Abstract

We performed a statistical study of magnetic activities of M-type stars by combining the spectra of LAMOST DR5
with light curves from the Kepler and K2 missions. We mainly want to study the relationship between
chromospheric activity and flares, and their relations of magnetic activity and rotation period. We have obtained
the maximum catalog of 516,688 M-type stellar spectra of 480,912 M stars from LAMOST DR5 and calculated
their equivalent widths of chromospheric activity indicators (Hα, Hβ, Hγ, Hδ, Ca II H&K, and He I D3). Using the
Hα indicator, 40,464 spectra of 38,417 M stars show chromospheric activity, and 1791 of these 5499 M-type stars
with repeated observations have Hα variability. We used an automatic detection plus visual inspection method to
detect 17,432 flares on 8964 M-type stars from the catalog by cross-matching LAMOST DR5 and the Kepler and
K2 databases. We used the Lomb–Scargle method to calculate their rotation periods. We find that the flare
frequency is consistent with the ratio of activities of these chromospheric activity indicators as a function of
spectral type in M0–M3. We find the equivalent widths of Hα and CaII H have a significant statistical correlation
with the flare amplitude in M-type stars. We confirm that the stellar flare is affected by both the stellar magnetic
activity and the rotation period. Finally, using the Hα equivalent width equal to 0.75Å and using the rotation
period equal to 10 days as the threshold for the M-type stellar flare time frequency are almost equivalent.

Key words: stars: activity – stars: chromospheres – stars: flare – stars: low-mass – stars: rotation

Supporting material: machine-readable tables

1. Introduction

Stellar magnetic activity is a common phenomenon in late-type
stars. Stellar magnetic activities, such as stellar flares, coronal mass
ejections, and high-energy emissions, are important factors in
the formation and evolution of exoplanets (Poppenhaeger 2015).
The Kepler Mission was designed mainly to detect earth-like
planets around large numbers of stars like our Sun (Koch et al.
2010). Unexpectedly, most of the planets detected were around the
M-type stars. M-type stars, which are common in the Milky Way,
have a long main-sequence evolution life and remain magnetically
active for a long time. Therefore, studying the M-type stars is of
great significance for exploring magnetic activity properties and
extraterrestrial civilization (Chang et al. 2018).

Before the advent of ground-based spectroscopic survey
telescopes and space photometric telescopes, statistical
studies of stellar magnetic activity could only use a small
amount of photometric or spectroscopic data. Robinson et al.
(1990) used CaII H&K and Hα spectral lines to study the
magnetic activity of 50 late-type stars. Saar et al. (1997)
investigated the magnetic activity of 53 late-type stars with
the HeI D3 spectral line. Shakhovskaia (1989) used
photometric data of about 80 red dwarf stars to perform
statistical analysis on stellar flares. However, with the
Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009),
the LAMOST survey (Wang et al. 1996; Su & Cui 2004;

Cui et al. 2012), and the Kepler (Borucki et al. 2010) and
TESS (Ricker et al. 2014) missions, it is possible to perform
statistical studies on the magnetic activity of M-type stars
using photometric or spectroscopic data. West et al. (2008)
analyzed the Hα line of the spectrum of more than 38,000
low-mass stars from the SDSS DR5, confirming that the ratio
of magnetically active stars is a function of the vertical
distance from the Galactic plane. They also found the
dependence of the function of magnetically active stars with
vertical distance from the galactic disk is very weak for M0–
M3 stars, while strongly pronounced for M4–M9 stars. West
et al. (2011b) also studied the Hα, Hβ, Hγ, Hδ, and CaII K
emission lines of the 70,841 M dwarfs from SDSS DR7 to
examine the magnetic activity of M dwarfs. Yi et al. (2014)
investigated the magnetic activity properties of the 58,360 M
dwarfs in the LAMOST pilot survey through the Hα
emission line. Zhang et al. (2016) detected 6391 magneti-
cally active M-type stars among the 99,741 M-type stars
from the LAMOST survey and found that 163 of 898 M stars
with repeated spectra show variability in Hα emission.
There are also many studies that analyzed the magnetic

activity of M-type stars, such as flares, by using the data of
space photometry. Walkowicz et al. (2011), the first to use
Kepler’s photometric data for statistical studies of stellar flares,
found that M dwarfs tend to flare more frequently but for
shorter durations than K dwarfs. Candelaresi et al. (2014) used
Kepler data to find 380 late-type dwarfs with superflares and
studied the superflare frequency and energy. Doyle et al. (2018)
confirmed that rapidly rotating stars tend to show more stellar
flares by analyzing the K2 short-cadence photometric data of

The Astrophysical Journal Supplement Series, 243:28 (20pp), 2019 August https://doi.org/10.3847/1538-4365/ab2f8f
© 2019. The American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-2394-9521
https://orcid.org/0000-0002-2394-9521
https://orcid.org/0000-0002-2394-9521
https://orcid.org/0000-0002-0349-7839
https://orcid.org/0000-0002-0349-7839
https://orcid.org/0000-0002-0349-7839
mailto:liy_zhang@hotmail.com
https://doi.org/10.3847/1538-4365/ab2f8f
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4365/ab2f8f&domain=pdf&date_stamp=2019-08-05
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4365/ab2f8f&domain=pdf&date_stamp=2019-08-05
http://creativecommons.org/licenses/by/3.0/


34 M-type dwarfs. Recently, Günther et al. (2019) found 632
flaring M dwarfs in the 2 minute cadence photometric data
from the first two months of the TESS mission. In addition,
Chang et al. (2017) combined the LAMOST and Kepler
observations to study the magnetic activity of 54 M-type
dwarfs and found that M-type dwarfs with strong Hα emission
usually have large flare activity. Yang et al. (2017) used
Kepler’s long-cadence photometric data to find 540 M-type
flaring stars, and then cross-identified the 540 dwarfs with
LAMOST DR4 and obtained the spectra of 89 M-type flaring
dwarfs. It was found that the flare activity gradually increased
from the spectral type M0–M4. Recently, Lin et al. (2019)
presented a comparative study of the magnetic activities of M,
K, and G low-mass stars and obtained that their power-law
indices of flare frequency distributions are nearly the same.
Yang & Liu (2019) published a new catalog of 3420 flare stars
from the Kepler mission and proposed a scenario for the
activity–rotation relation in the Hertzsprung–Russell (H–R)
diagram.

Recently, LAMOST DR5 released numerous spectra of
M-type stars. The Kepler and K2 missions also released a large
amount of photometric data for M-type stars. These arouse our
interest in studying magnetic activities of M-type stars by
combining the spectroscopic data of LAMOST DR5 with
the photometric data from the Kepler and K2 missions. In
Section 2, we perform statistical studies on stellar magnetic
activity using the M-type spectra of LAMOST DR5. In
Section 3, we study the stellar flares using the long-cadence
Kepler and K2 data of the 8964 M-type stars (observed by
LAMOST DR5 and the Kepler or K2 mission). In Section 4,
we analyze the statistical correlation between the results of
spectroscopic studies and the results of photometric studies of
M-type stars. Finally, a summary of this work is presented in
the Section 5.

2. The LAMOST Spectra and Parameter Analysis

2.1. LAMOST DR5

LAMOST (also known as Guoshoujing Telescope), located
in Xinglong Station of the National Astronomical Observa-
tories of the Chinese Academy of Sciences (NAOC), is a
special meridian reflecting Schmidt telescope with about 4
meter effective aperture and a 5° field of view (Wang et al.
1996; Su & Cui 2004; Cui et al. 2012). LAMOST is equipped
with 16 spectrographs, each of which is fed by 250 fibers. Each
spectrograph uses two 4K×4K CCDs to record the red and
blue spectra of the corresponding target sources. Therefore,
LAMOST can obtain about 4000 spectra with a wavelength
range of 3650–9000Å and a resolution R∼1800 in one single
exposure.

After two years of commissioning and one year of pilot
survey, LAMOST officially began a five-year regular survey in
2012 September. This regular survey includes the LAMOST
ExtraGAlactic Survey (LEGAS) and the LAMOST Experiment
for Galactic Understanding and Exploration (LEGUE; Zhao
et al. 2012), where the main goal of the LEGUE is to observe
the spectra of stars covering 9–17.8 mag (r band) in the Milky
Way. The raw stellar spectra are first processed by the
LAMOST 2D pipeline, and then spectral type classification
and radial velocity measurement are performed by the
LAMOST 1D pipeline (Luo et al. 2012, 2015). The five-year
regular survey ended on 2017 June 16, and all spectra were

provided through the LAMOST DR5.6 The LAMOST DR5
released 8,171,443 stellar spectra, of which 529,629 are M-type
stellar spectra. In addition, LAMOST has performed at least
one observation of all 14 subfields of the Kepler field in the LK
project (De Cat et al. 2015; Ren et al. 2016; Zong et al. 2018).
There are also some overlaps between the observation areas of
the LAMOST and K2 missions (Howell et al. 2014). This
provides an excellent opportunity for us to study the magnetic
activity of M-type stars using the spectra of LAMOST and the
light curves of the Kepler and K2 missions.

2.2. Spectral Type Determination and Equivalent Width
Calculation

The Hammer spectral typing facility (West et al. 2004;
Covey et al. 2007; West et al. 2011a, 2011b), written in IDL
code, has an automatic mode and an interactive mode. In order
to make the spectral types of our sample more accurate, we use
the interactive mode of the Hammer to visually inspect the
529,629 M-type stellar spectra candidates and manually assign
spectral types. The Hammer’s manual “eye check” spectral
types are accurate to within ±1 subclasses (Covey et al. 2007).
In the interactive mode, we remove the low signal-to-noise
ratio spectra (S/N<3 at ∼8300Å) and other spectra except
the M-type stellar spectrum, and finally we obtain 516,688
M-type stellar spectra. The parameters of these 516,688
LAMOST spectra are listed in Table 1. In Table 1, the first
column is the spectral name, the second column to the fourth
column are the magnitude of the riz bands, the fifth column is
the exposure time of the spectrum, the sixth column is the
beginning of the spectrum exposure time, the seventh column is
the spectral type visually calibrated with the Hammer program,
and the last column is the S/N of the spectrum in the R band.
After statistics, we plot the distribution of the LAMOST DR5
M-type stellar spectra in Figure 1. From Figure 1 we can see
that 98.2% of the spectra are between M0 and M3, while the
number of spectra from M4 to M9 is small.
The Balmer lines (Hα, Hβ, Hγ, and Hδ), CaII H&K lines,

CaII IRT lines, and HeI D3 line are significant indicators of
stellar magnetic activity (Duncan et al. 1991; Huenemoerder
1991; Montes et al. 2004; Hall 2008). In order to accurately
determine whether these lines are emitted or absorbed, we
calculate the corresponding equivalent widths (EWs) of these
lines. The calculation process of EW is as follows. First,
we integrate over the specific region of each line (8Å wide
centered on the line) and subtract the mean flux calculated from
two adjacent continuum regions (see Table 2 for details). Then
we calculate the EWs for each line by dividing the integrated
line flux by the mean continuum value (West et al. 2004, 2008,
2011b). Referring to the activity criteria of the EW of the
emission lines given by West et al. (2011b), we present the
activity threshold for the EW of the Balmer lines, CaII H&K
lines, CaII IRT lines, and HeI D3 line, as shown in the last
column of Table 2. Active M-type stars are searched by the
following criteria: (1) the EW of any one of the special lines
is greater than the corresponding threshold, (2) the value of
the EW is greater than three times its uncertainty, and (3) the
height of the emission line must be larger than three times the
noise in the emission line center. It should be pointed out that
the above-mentioned spectral lines of some targets have EWs
below the corresponding threshold, but they may still be

6 http://dr5.lamost.org/
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potential active M-type stars (West et al. 2004). The EWs of
these spectral lines are listed in Table 3. In Table 3, the first
column is the LAMOST spectral name, the second column is

the observation time of the corresponding spectrum, and the
third column is the spectral type visually calibrated with the
Hammer program. The fourth column to the thirteenth column
are the EWs of the above 10 special spectral lines, and after
each EW value, the letter “Y” indicates that the spectral line
conforms to the activity standard, and the letter “N” indicates
the corresponding line does not meet the activity criteria.
Figure 2 presents two M-type LAMOST spectra (LAMOST
J034018.97+264540.4 and LAMOST J055105.96+082234.3)
with Balmer lines, CaII H&K lines, CaII IRT lines, and HeI
D3 line emission.

2.3. Magnetic Activity Statistics

By statistically studying the EWs of Table 3, we list the
magnetic activity fraction of Balmer lines, CaII H&K lines,
CaII IRT lines, and HeI D3 line in Table 4. Table 4 contains
the line names, the number of active spectra and active stars,
and the corresponding activity fraction. As can be seen from
Table 4, there is the largest number of spectra with Hα activity,
and the corresponding activity fraction is also the largest. The
activity ratio decreases in the order of Hα, Hβ, Hγ, and Hδ. In
addition, we first calculate the activity ratio of the CaII H, CaII
IRT, and HeI D3 of the M-type stellar spectrum. The ratio of

Table 1
M-type Stellar Spectral Parameters in LAMOST DR5

Name MAG_r MAG_i MAG_z Exposure Time(s) DATEOBS Spectral Type SNR_R
(1) (2) (3) (4) (5) (6) (7) (8)

LAMOST J010225.39+284307.1 16.960 16.210 15.760 2700.00 2011-12-03T12:42:00 M0 3.26
LAMOST J074601.73+294230.6 15.860 15.100 - 2700.00 2011-11-09T21:04:00 M0 18.01
LAMOST J231206.97+263140.2 15.230 14.540 14.140 1800.00 2011-11-14T13:09:00 M0 20.41
LAMOST J025313.23−020031.9 17.100 16.290 15.830 5400.00 2011-10-24T16:50:00 M0 15.27
LAMOST J072813.77+264640.0 14.760 14.090 - 1800.00 2011-11-10T21:20:00 M0 31.47
LAMOST J003348.94+410912.6 14.820 14.110 - 2700.00 2011-10-28T14:49:00 M0 26.33
LAMOST J230336.54+293232.3 14.650 13.980 13.600 1800.00 2011-11-14T13:12:00 M0 20.46
LAMOST J060450.12+280125.9 15.140 14.480 - 1800.00 2011-11-10T18:42:00 M0 14.98
LAMOST J090624.48+314943.4 14.980 14.410 14.110 1800.00 2011-11-12T21:01:00 M0 18.91
LAMOST J073728.36+265555.5 15.960 15.230 - 1800.00 2011-11-10T21:18:00 M0 21.26
LAMOST J233016.96+320001.7 16.420 15.780 15.410 3600.00 2011-10-27T12:58:00 M0 32.61
LAMOST J231904.78+274125.5 17.020 16.370 16.010 1200.00 2011-11-12T13:53:00 M0 2.58
L L L L L L L L
LAMOST J193319.50−020420.8 12.970 10.300 - 1800.00 2017-06-16T18:15:00 M9 199.21
LAMOST J192211.96−005556.2 12.490 9.740 - 1800.00 2017-06-16T18:15:00 M9 205.63
LAMOST J192343.55−003114.0 10.960 8.630 - 1800.00 2017-06-16T18:15:00 M9 18.00

Note.1. The symbol “-” indicates that LAMOST does not give this parameter. 2. This is part of Table 2. The full Table 2 will be published online.

(This table is available in its entirety in machine-readable form.)

Figure 1. Distribution of the LAMOST DR5 M-type stellar spectra.

Table 2
Emission Line Parameters

Line Line Flux Area Continuum A Continuum B Activity Limit (EW)
(1) (2) (3) (4) (5)

Hα 6562.8±4 Å 6555–6560 Å 6570–6575 Å 0.75 Å
Hβ 4861±4 Å 4840–4850 Å 4875–4885 Å 1.0 Å
Hγ 4341±4 Å 4310–4330 Å 4350–4370 Å 1.0 Å
Hδ 4102±4 Å 4075–4095 Å 4110–4130 Å 1.5 Å
CaII H 3968±4 Å 3974–3976 Å 3953–3956 Å 1.5 Å
CaII K 3933±4 Å 3974–3976 Å 3953–3956 Å 1.5 Å
CaII λ8498 Å 8498±4 Å 8465–8475 Å 8515–8525 Å 1.5 Å
CaII λ8542 Å 8542±4 Å 8515–8525 Å 8558–8568 Å 1.5 Å
CaII λ8662 Å 8662±4 Å 8630–8640 Å 8680–8690 Å 1.5 Å
HeI D3 5876±4 Å 5865–5870 Å 5865–5870 Å 1.5 Å
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Table 3
EWs of the Special Lines of the LAMOST M-type Spectra

Name DATEOBS Sp Hα Hβ Hγ
(1) (2) (3) (4) (5) (6)

LAMOST J010225.39+284307.1 2011-12-03T12:42:00 M0 1.624±0.608(N) −0.219±0.754(N) −0.516±1.538(N)
LAMOST J074601.73+294230.6 2011-11-09T21:04:00 M0 0.018±0.064(N) 0.180±0.175(N) −0.920±0.443(N)
LAMOST J231206.97+263140.2 2011-11-14T13:09:00 M0 1.294±0.088(Y) 1.658±0.186(Y) 1.389±0.449(Y)
LAMOST J025313.23−020031.9 2011-10-24T16:50:00 M0 −0.443±0.196(N) −0.285±0.578(N) −2.567±1.954(N)
LAMOST J072813.77+264640.0 2011-11-10T21:20:00 M0 −0.327±0.043(N) 0.903±0.109(N) 0.930±0.346(N)
LAMOST J003348.94+410912.6 2011-10-28T14:49:00 M0 −0.171±0.035(N) −0.097±0.068(N) −0.280±0.116(N)
LAMOST J230336.54+293232.3 2011-11-14T13:12:00 M0 −0.487±0.022(N) −0.558±0.052(N) 0.285±0.146(N)
LAMOST J060450.12+280125.9 2011-11-10T18:42:00 M0 0.065±0.038(N) −0.480±0.088(N) −1.140±0.294(N)
LAMOST J090624.48+314943.4 2011-11-12T21:01:00 M0 −0.179±0.028(N) −0.125±0.047(N) 0.090±0.077(N)
LAMOST J073728.36+265555.5 2011-11-10T21:18:00 M0 −0.049±0.096(N) −4.507±1.256(N) −1.291±0.444(N)
LAMOST J233016.96+320001.7 2011-10-27T12:58:00 M0 −0.242±0.133(N) −0.133±0.289(N) 0.034±0.504(N)
L L L L L L
LAMOST J193319.50−020420.8 2017-06-16T18:15:00 M9 −0.272±0.024(N) −1.079±0.178(N) 0.642±0.116(N)
LAMOST J192211.96−005556.2 2017-06-16T18:15:00 M9 0.098±0.008(N) −0.974±0.176(N) 2.087±0.512(Y)
LAMOST J192343.55−003114.0 2017-06-16T18:15:00 M9 0.240±0.038(N) −2.899±1.373(N) 4.508±3.583(N)

Hδ CaII H CaII K CaII λ8498 Å CaII λ8542 Å CaII λ8662 Å HeI D3
(7) (8) (9) (10) (11) (12) (13)

4.098±5.095(N) −3.237±4.528(N) −5.964±11.085(N) −0.668±0.429(N) −1.524±0.451(N) −1.877±0.446(N) −0.214±0.744(N)
1.848±1.725(N) - (N) −5.155±12.658(N) −0.482±0.063(N) −1.278±0.071(N) −1.120±0.071(N) −0.492±0.096(N)
3.631±2.561(N) 0.135±0.202(N) 9.437±13.228(N) −0.142±0.019(N) −0.969±0.037(N) −0.709±0.039(N) 0.090±0.024(N)
0.360±2.731(N) −3.318±6.917(N) −9.829±39.117(N) −0.908±0.205(N) −0.381±0.186(N) −1.584±0.198(N) −0.468±0.254(N)
2.465±1.986(N) 8.989±59.253(N) −4.771±43.235(N) −0.460±0.046(N) −1.422±0.062(N) −1.394±0.057(N) −0.219±0.050(N)
−1.101±0.368(N) 0.747±0.491(N) −0.240±0.370 (N) −0.591±0.038(N) −1.489±0.070(N) −1.465±0.055(N) −0.676±0.049(N)
−4.101±8.345(N) −35.455±129.131(N) - (N) −0.437±0.022(N) −1.639±0.085(N) −1.193±0.065(N) −0.337±0.032(N)
−2.842±0.777(N) −0.757±0.291(N) 0.533±0.241 (N) −0.662±0.048(N) −1.418±0.061(N) −1.151±0.073(N) −2.105±0.063(N)
−1.952±1.261(N) 3.413±7.229(N) −12.791±43.195(N) −0.562±0.032(N) −1.222±0.034(N) −1.052±0.044(N) −0.013±0.033(N)
−0.710±0.179(N) −4.562±0.674(N) −4.288±0.549 (N) −0.509±0.092(N) −1.340±0.104(N) −1.148±0.098(N) 0.188±0.116(N)
−0.473±0.670(N) −2.380±0.994(N) −4.144±0.922 (N) −0.778±0.143(N) −1.091±0.139(N) −1.242±0.139(N) −0.221±0.161(N)

L L L L L L L
−0.373±0.055(N) −4.739±1.118(N) −5.742±1.480 (N) 0.354±0.020(N) −0.439±0.047(N) −0.602±0.030(N) 1.015±0.169(N)
−0.383±0.098(N) −4.463±1.752(N) −4.985±2.105 (N) 0.307±0.022(N) −0.377±0.042(N) −0.611±0.035(N) 0.359±0.050(N)
9.556±4.411(N) −4.981±3.161(N) −10.679±6.682 (N) 0.566±0.059(N) −0.309±0.033(N) 0.053±0.004(N) −1.356±0.225(N)

Note.1. “-” indicates that the EW of the line cannot be calculated because the S/N around the line is too low. 2. “Y” indicates that the corresponding line meets the activity criteria, and “N” indicates that the
corresponding line does not meet the activity criteria. 3. This is part of Table 3. The full Table 3 will be published online.

(This table is available in its entirety in machine-readable form.)
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activities of CaII H and CaII K is very close, and the
proportion of activities of CaII IRT lines is very low.

Previous studies (West et al. 2004, 2011b; Yi et al. 2014;
Zhang et al. 2016) have shown that the Hα activity ratio is a
function of M-type stellar spectral type. In this paper, we also
present the Hα activity fraction in M0–M9 spectral types, as
shown in panel (a) of Figure 3. From panel (a), we can see that
the proportion of Hα activity is gradually increasing from M0
to M3; that is to say, in our sample, the proportion of Hα
activity is also a function of spectral type in M0–M3. However,
the Hα activity fraction between M4 and M9 varies randomly.
It seems that there is a distinction of statistics between M0–M3
and M4–M9 stars, although we cannot confirm that. Because
there are only 9296 spectra between M4 and M9 in our sample,
accounting for only 1.8% of the total sample, we need more
data to confirm that. More importantly, we first present the
variation of the activity fraction of Hβ, Hγ, Hδ, CaII H&K,
and HeI D3 between M0 and M9, as shown in panels (b)–(g)
of Figure 3. From panel (b) to panel (g), the proportion of
activities of Hβ, Hγ, Hδ, CaII H&K, and HeI D3 gradually
increases from M0 to M3. This indicates that the proportion of
activities of Hβ, Hγ, Hδ, CaII H&K, and HeI D3 is in
excellent agreement with the Hα activity fraction, and the
activity fraction of these lines is a function of spectral type in
M0–M3. For CaII IRT, we have not found a similar
phenomenon because of the small activity fraction of these
three lines in our sample.

2.4. EW–EW Relationships

From the statistical analysis of Section 2.3, it can be seen that
the activity fractions of Hα, Hβ, Hγ, Hδ, CaII H&K, and HeI D3
all increase gradually from M0 to M3. This arouses our interest in
whether there is some correlation between the EWs of these lines.
Previous studies analyzed the relationship between magnetic
activity indicators CaII H&K, Hα, and CaII IRT (Strassmeier
et al. 1990; Martínez-Arnáiz et al. 2011), but most of these
indicator lines are not observed simultaneously, and the study
samples are small. For this research, we use 40,464 M-type
LAMOST spectra with Hα activity to study the EW–EW
relationships between the spectral lines. Our data set has two
noteworthy advantages: the first is that the wavelength range of
each M-type LAMOST spectrum covers the Balmer lines, CaII
H&K lines, CaII IRT lines, and HeI D3 line simultaneously; the
second is that our research sample has greatly improved in number.
In Figure 4, we compare the EWs between Hα and Hβ, Hγ,

Hδ, CaII H&K, CaII IRT, HeI D3 and Hγ and Hδ, CaII H
and CaII K, and CaII λ8498Å and CaII λ8542Å. EW–EW
relationships between the above lines have been determined by
fitting the data to a relation of the type

( ) ( ) ( )= +EW2 c1 err1 EW1 c2 err2 , 1

where EW1 and EW2 are the equivalent widths of two different
lines, c1 and c2 are the fitting parameters, and err1 and err2 are
corresponding errors. From panels (a) to (i) in Figure 4, it is
obvious that the EWs of Hβ, Hγ, Hδ, CaII H&K, CaII IRT,
and HeI D3 are linearly related to the EWs of Hα. Martínez-
Arnáiz et al. (2011) attempted to search for a linear correlation
between Hα and CaII K and CaII λ8498Å through flux–flux
relationships using 298 active late-type stars. Panels (e) and (f)
in Figure 4 again confirm the linear correlation between Hα
and CaII K and CaII λ8498Å using the EW–EW relation-
ships. In addition, it can be seen in panels (a)–(c) and (j)–(l) of
Figure 4 that the EW–EW relationships between the same line
series (such as Balmer lines, Ca II H&K lines, and Ca II IRT
lines) also have a linear correlation. In the EW–EW relation-
ship diagram, it is important to mention that the slope (c1)
between lines of the same series (such as panels (a)–(c) and (j)–
(l)) is greater than the slope (c1) between lines from the
different series (such as panels (d)–(i)).

Figure 2. Two M-type LAMOST spectra with Balmer lines, CaII H&K lines, CaII IRT lines, and HeI D3 line emission.

Table 4
Magnetic Activity Fraction

Line Spectra Number Active Number Active Fraction
(1) (2) (3) (4)

Hα 40464 32782 7.83%
Hβ 25986 21510 5.03%
Hγ 16434 14124 3.18%
Hδ 5556 4791 1.08%
CaII H 6205 5390 1.20%
CaII K 5935 5170 1.15%
CaII λ8498 Å 2279 2267 0.44%
CaII λ8542 Å 249 242 0.05%
CaII λ8662 Å 282 277 0.05%
HeI D3 3934 3865 0.76%
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Figure 3. Magnetic activity fraction of Balmer lines, CaII H&K lines, and HeI D3 line in M0–M9 spectral types.

6

The Astrophysical Journal Supplement Series, 243:28 (20pp), 2019 August Lu et al.



Figure 4. EW–EW relationships between Hα and Hβ, Hγ, Hδ, CaII H&K, CaII IRT, HeI D3, and Hγ and Hδ, CaII H and CaII K, and CaII λ8498 Å and CaII
λ8542 Å. The red solid lines are the linear fit.
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2.5. Hα Variability

From the 40,464 Hα activity M-type spectra counted in
Section 2.3, we find that LAMOST performed at least two
observations on 5499 M-type stars (see Table 5 for details) at
different times. Among the 5499 M-type stars, their Hα lines have
a high S/N. Therefore, we use the spectrum of these 5499 stars to
study their Hα variability. First, we search for the maximum and
minimum values of their EWs in the LAMOST spectra of these
5499 stars, which are listed in the fifth and seventh columns of
Table 5. Subsequently, we calculate the corresponding REW value
(REW=Max(Hα_EW)/Min(Hα_EW)), as shown in the ninth
column of Table 5, and plot the relationship between the REW
value and the spectral type in Figure 5. The distribution of these
stars is asymmetrical, and the number of stars from M0 to M3
accounts for 98.6%. In Figure 5, the large REW values of M2 and
M3 have significant extensions relative to M0 and M1. This is
consistent with the previous results (Kruse et al. 2010; Lee et al.
2010; Bell et al. 2012) in which the Hα variability increases at later
spectral type. In addition, we also calculate !EW (!EW=Max
(Hα_EW)−Min(Hα_EW)), listed in the tenth column of Table 5.
Using the same method as Zhang et al. (2016), we find the !EW
value is greater than three times its corresponding uncertainty,
indicating that the star has Hα variability and is marked with Yes,
as shown in the last column of Table 5. We find that 1791 of these
5499 M-type stars have Hα variability. We plot the LAMOST
spectra of one of the M-type stars with Hα variability (LAMOST
J011921.66−011701.8, panel (a)) and its corresponding EW as a
function of observation time (panel (b)) in Figure 6.

3. Flare Detection from Kepler and K2 Missions

3.1. Kepler and K2 Data

The Kepler spacecraft was launched in 2009 to search for
exoplanets by finding planetary transit events from the high-
precision white-light photometric data of Sun-like stars in
the Cygnus-Lyra region (Borucki et al. 2010). The Kepler
spacecraft was equipped with a telescope with a 95 cm aperture

Figure 4. (Continued.)

Figure 5. REW variability in 5499 M-type stars with Hα magnetic activity and
repeated observation by LAMOST.
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Table 5
Hα Variability of LAMOST M-type Stars

No. Name Spe_Type Obs_Num Max(Hα_EW) Uncertainty Min(Hα_EW) Uncertainty Max/Min Max–Min Uncertainty Variability
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

1 LAMOST J000027.06+133732.2 M3 2 4.353 0.226 3.928 0.140 1.108 0.426 0.266 No
2 LAMOST J000201.75+100642.0 M3 2 2.081 0.216 1.429 0.228 1.457 0.653 0.315 No
3 LAMOST J000219.07+382915.5 M3 2 7.445 1.246 5.402 1.698 1.378 2.043 2.106 No
4 LAMOST J000224.88+345420.3 M3 2 1.604 0.064 0.920 0.041 1.744 0.684 0.076 Yes
5 LAMOST J000227.32+384522.9 M3 3 2.948 0.953 2.614 0.503 1.128 0.334 1.078 No
6 LAMOST J000240.11+382145.0 M3 3 3.032 0.122 2.818 0.117 1.076 0.214 0.170 No
7 LAMOST J000303.82+375156.2 M3 3 5.642 1.649 4.780 0.234 1.180 0.862 1.665 No
8 LAMOST J000311.48+365315.4 M3 2 5.015 0.267 4.660 0.233 1.076 0.355 0.355 No
9 LAMOST J000325.71+390259.1 M3 3 4.630 0.902 2.811 0.584 1.647 1.819 1.075 No
10 LAMOST J000342.77+014422.6 M2 2 1.866 0.088 1.665 0.038 1.121 0.201 0.096 No
11 LAMOST J000348.32+461450.0 M2 2 3.605 0.448 3.279 0.225 1.099 0.326 0.501 No
12 LAMOST J000427.75+374519.1 M3 2 2.509 0.100 1.996 0.054 1.257 0.513 0.114 Yes
L L L L L L L L L L L L
5497 LAMOST J235640.79+404742.3 M0 2 1.457 0.033 1.160 0.040 1.256 0.297 0.051 Yes
5498 LAMOST J235718.71+104509.6 M2 2 3.351 0.151 3.051 0.120 1.098 0.300 0.193 No
5499 LAMOST J235755.69+290859.9 M2 2 1.476 0.078 1.124 0.064 1.313 0.352 0.101 Yes

Note.This is part of Table 5. The full Table 5 will be published online.

(This table is available in its entirety in machine-readable form.)
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and 105 deg2 field of view. The Kepler mission has two
observation modes: the mode of sampling once every 30
minutes (long cadence, LC) and the mode of sampling once
every 1 minute (short cadence, SC). After four years of
observation, the Kepler mission obtained continuous photo-
metric data for nearly 200,000 stars in LC mode (Huber et al.
2014). In 2013 May, the second of four reaction wheels was
lost on the Kepler spacecraft, ending Kepler’s scientific mission
for more than four years. In 2014 June, the K2 mission was
fully operational, which represents a new concept for spacecraft
operations. The K2 mission is a series of sequential observing
“campaigns” of fields distributed around the ecliptic plane and
provides a photometric precision close to the original Kepler
mission (Howell et al. 2014). The duration of each campaign is
approximately 80 days. From Campaign 0 to Campaign 16, the
K2 mission has observed more than 470,000 objects. In
addition, the Kepler–LAMOST project was proposed by De
Cat et al. (2015), which allows many stars in the Kepler
observation area to have both photometric and spectroscopic
data. The observation area of LAMOST and the observation
area of the K2 mission also partially overlap. Therefore, this
provides an excellent opportunity to study the magnetic activity
of M-type stars using both photometric and spectroscopic data.

Both the Kepler and K2 missions provide both uncorrected
simple aperture photometry data and presearch data condition-
ing (PDC) data, where the instrumental effects of PDC data
have been removed. Because of the way K2 is pointed, the
center of the stellar point-spread function usually moves about
1 pixel in 6 hr (Van Cleve et al. 2016). Without the use of
photometric correction, the error produced on the light curve
may be much higher than on Kepler. In our study, considering
the effects of Kepler and K2, we finally choose the PDC data.
In the second part, we have searched 516,688 M-type stellar
spectra from the LAMOST DR5. By cross-matching these
LAMOST spectral data with the Kepler catalog (Huber et al.
2014) and the K2 catalog (including Campaigns 0 to 16) with a
tolerance of 3″, we obtain the photometric data (LC) of 918 and
8232 M-type stars from Kepler and K2, respectively. After the
Kepler spacecraft lost two spacecraft reaction wheels, the
Science Data Processing Pipeline of K2 limited the position
fitting of the target to 1.5 pixels (about 3 98) when
constructing a model to process K2 data (Jenkins 2017).
Therefore, in order to make the flare search more accurate, we

removed targets with neighboring stars within 4″ (�4″), after
which we obtain the photometric data (LC) of 834 and 8130
M-type stars from the Kepler and K2 missions, respectively.
The Kepler ID or K2 ID of the 8964 M-type stars is listed in the
first column of Table 6. The corresponding LAMOST spectral
names, spectral observation times, and spectral types are listed
in the second, third, and fourth columns of Table 6,
respectively. In addition, we list the observation time of the
8964 M-type stars observed by the Kepler or K2 mission in the
fifth column of Table 6. The stellar effective temperatures and
stellar radii obtained from the literature (Huber et al.
2014, 2016) are listed in the sixth and seventh columns of
Table 6, respectively. We also list the EWs of Hα, CaII H, and
HeI D3 in the eighth, ninth, and tenth columns of Table 6,
respectively. We will use these cross-matched Kepler and K2
LC photometric data to study the flares of M-type stars.

3.2. Flare Search Method

Flares are sudden explosions on the surface of a star and last
from a few minutes to a few hours. Usually, a flare can be
divided into three stages: an impulsive rise, an impulsive decay,
and a gradual decay. Based on the characteristics of the flare,
some methods for detecting flares from the light curve have
been developed (Walkowicz et al. 2011; Osten 2012; Shibayama
et al. 2013; Wu et al. 2015; Van Doorsselaere et al. 2017; Yang
et al. 2017). Wu et al. (2015) used such a method to detect stellar
flares by first subtracting the background light curve from the
original light curve and then detecting the flare on the detrended
data. In this work, we use the same method as Wu et al. (2015)
to detect flares.
First, we normalize the photometric data (PDC Flux) of the

8964 M-type stars downloaded from the Kepler and K2
missions using the following two formulas:

( ) ( ) ( )=
+

F
F Fmax min

2
, 2average

PDC PDC

where Faverage is the average value of the PDC Flux of each
data set downloaded from the Kepler or K2 missions,
FPDC(max) is the maximum value of the PDC Flux of each

Figure 6. Representative example of Hα variability in M-type stars. Panel (a) is the spectra of LAMOST J011921.66−011701.8, and the different colors represent the
spectra observed by LAMOST at different times. Panel (b) represents the Hα EWs of LAMOST J011921.66−011701.8 as a function of observation time.
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Table 6
Parameters of 8964 M-type Stars Observed by LAMOST and Kepler

Kepler/K2 ID LAMOST Name Obs_time(LAOMST) Sp_type Obs_time(Kepler, day) Teff(K)
(1) (2) (3) (4) (5) (6)

KIC 6049470 LAMOST J193551.40+411907.7 2012-06-17T18:34:00 M0 1424.896 3778±76
KIC 6526930 LAMOST J193258.80+415641.7 2012-06-17T18:58:00 M0 1415.190 3770±51
KIC 5895919 LAMOST J194816.12+410814.8 2012-06-17T18:24:00 M0 1415.190 3713±44
KIC 6371100 LAMOST J193604.75+414412.4 2012-06-17T18:25:00 M0 1415.190 4057±127
KIC 5966921 LAMOST J193523.41+411733.2 2012-06-17T19:07:00 M0 1415.189 3983±140
KIC 2985366 LAMOST J192142.70+381039.0 2012-06-15T18:09:00 M0 1424.896 4409±132
KIC 4078175 LAMOST J194556.22+391127.8 2012-06-17T17:51:00 M0 1144.504 4073±127
KIC 4471819 LAMOST J193433.88+393526.4 2012-06-17T17:50:00 M0 1134.799 4185±174
KIC 3748918 LAMOST J192747.98+385153.8 2012-06-17T18:58:00 M0 1415.189 3746±81
KIC 4850965 LAMOST J194308.71+395945.8 2012-06-17T18:25:00 M0 1144.505 5511±179
KIC 6224062 LAMOST J194754.79+413530.1 2012-06-17T18:58:00 M0 1415.190 3707±50
L L L L L L
EPIC 210826075 LAMOST J042125.39+201559.1 2016-01-22T13:02:00 M9 80.542 -
EPIC 211483380 LAMOST J083916.08+125354.3 2016-02-06T16:51:00 M9 74.801 2300±167
EPIC 210686705 LAMOST J035412.25+181022.5 2016-02-20T11:27:00 M9 70.878 -

Radius (Re) Hα CaII H HeI D3 Flare Number Rotation Period (days)
(7) (8) (9) (10) (11) (12)

0.515±0.048 −0.270±0.116(N) −6.337±5.074(N) 2.556±1.790(N) 29 24.453213
0.499±0.022 −0.175±0.125(N) −18.937±93.809(N) −0.596±0.140(N) 8 22.096840
0.452±0.027 0.028±0.035(N) −4.644±12.922(N) 0.523±0.070(N) 2 17.143485
0.601±0.04 −0.338±0.026(N) 7.239±18.692(N) −1.781±0.326(N) 5 26.776386
0.615±0.033 2.703±0.109(Y) - (N) −0.503±0.041(N) 93 5.179742
0.729±0.024 0.617±0.041(N) - (N) −0.912±0.091(N) 8 0.240206
0.614±0.038 −0.279±0.008(N) −2.659±0.566(N) −0.388±0.005(N) 5 19.142290
0.658±0.038 −0.273±0.007(N) −5.631±6.245(N) −0.033±0.006(N) 4 12.612615
0.469±0.04 −0.134±0.025(N) −4.807±16.993(N) −0.497±0.031(N) 3 23.050795
1.928±0.473 0.478±0.167(N) −6.443±26.327(N) −1.096±0.143(N) 2 10.516634
0.452±0.028 0.723±0.033(N) 6.016±8.173(N) −0.530±0.042(N) 80 8.655287
L L L L L L
- 0.290±0.031(N) −4.660±0.98(N) −1.466±0.168(N) 0 -
0.102±0.005 1.947±2.996(N) −11.071±15.368(N) −2.039±3.238(N) 1 24.940821
- 2.589±0.217(Y) 1.451±0.323(N) −0.145±0.004(N) 0 56.719489

Note.1. “-” indicates that the value cannot be obtained. 2. “Y” indicates that the corresponding line meets the activity criteria, and “N” indicates that the corresponding line does not meet the activity criteria. 3. This is
part of Table 6. The full Table 6 will be published online.

(This table is available in its entirety in machine-readable form.)
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data set, and FPDC(min) is the minimum value.

( )=
-

F
F F

F
, 3norm

PDC average

average

where Fnorm is the normalized flux, and FPDC is the PDC Flux
of each data set. The top panel of Figure 7 is the normalized
light curve. To obtain the stellar background flux (Fbackground),
we use the following formula (4) to calculate the average of the
four adjacent points (Fave) in Fnorm:

( ) ( ) ( )å=
+

= ¼
=

F i
F i t

i n
4

, 1, 2, 3, , 4
t

ave
0

3
norm

where i is the serial number of each data point in the data set.
Then, we calculate the median absolute deviation (MAD) of the
residuals (Fnorm− Fave). Subsequently, we use MAD to scan
each point in the data set. If the residuals (Fnorm− Fave) are
greater than six times the corresponding MAD, they are treated
as outliers and removed from the second four-point average.
The schematic of Fbackground is shown in the middle panel of
Figure 7. Finally, we calculate the detrended flux (Fflare) by
subtracting Fbackground from Fnorm. The schematic of Fflare is
shown in the bottom panel of Figure 7. In the detrended flux
(Fflare), the flare can be easily distinguished. Therefore, we can
programmatically search for flares.

After completing the above steps, we use the program to
automatically search for the flare candidates from the detrended
data. The process of automatically searching for flare
candidates is as follows. First, the standard deviation (σ) of
each detrended data set is calculated. Then we search for the
phase of sudden brightness increase from the detrended data
set, and we record the peak of the phase as A, and the point
after the peak as B. If the value of A is greater than three times
the corresponding σ and the value of B is greater than two
times the corresponding σ, our program will list the phase as a
flare candidate and display the corresponding sudden bright-
ness increase in Fnorm in the form of a picture. At the same
time, the program will automatically determine the start and
end times of the flare candidate by the following two criteria:

(1) at the impulse increase phase of the flare candidate, a point
below 5% of the peak flare amplitude is defined as the starting
point of the flare; and (2) at the gradual decay phase, a point
below 5% of the peak flare amplitude is defined as the flare end
moment.
In order to accurately search for flares, we visually inspect

the pictures of the flare candidates automatically searched by
the program. In the automatic detection of flares, the light
curves of some eclipsing binaries and some transit events can
become contaminated (Shibayama et al. 2013). These con-
taminants will be removed during visual inspection of the flare
candidates. After visual inspection, the contaminants we
removed accounted for about 20% of the total flare candidates.

3.3. Flare Search Results

After the above flare search steps, we finally detect 17,432
flares (flare energy > 1030 erg) from 4143 M-type stars,
including 9041 flares from 578 M-type stars from the Kepler
mission, and another 8391 flares from 3565 M-type stars from
the K2 mission. That is to say, among our 8964 M-type stars,
4143 are flare stars, accounting for about 46.2%. We list the
number of flares for each source in the eleventh column of
Table 6. In addition, we list the parameters of these 17,432
M-type stellar flares in Table 7, where the first column is the
Kepler or K2 ID, the second column is the flare start time,
the third column is the flare peak moment, the fourth column is
the flare end time, the fifth column is the flare duration, and the
sixth column is the amplitude of the flare. We also plot eight
M-type stellar flares as an example in Figure 8. In comparison,
Yang et al. (2017) studied the LC data of 4664 M-type stars in
the Kepler field and found that 540 of them are M-type flaring
stars. Chang et al. (2017) studied 54 M-type stars by combining
LAMOST spectra with Kepler LC data and found that 21 of
them are flaring stars. Doyle et al. (2018) studied the SC data of
34 K2 M-type stars and found that 31 of them are flaring stars.
Schmidt et al. (2019) found 47 M-type flaring stars from the
ASAS-SN data. Günther et al. (2019) found 632 M-type flaring
stars from the First Tess Data Release. Therefore, the 4143
M-type flaring stars we found constitute the largest M-type
flaring star sample found so far.
In this work, we use the following equation to calculate the

flare energy:

( ) ( ) ( )òp s=E R T F t dt4 erg , 5flare
2

sb
4

flare*

where σsb is the Stefan–Boltzmann constant, Fflare is the
normalized flare flux (the flare amplitude is the peak value of
this parameter), R* is the stellar radius, and T is the stellar
effective temperature; these last two parameters come from the
stellar parameter catalog of Kepler and K2 (Huber et al. 2014,
2016). The energy of each flare is listed in the last column of
Table 7. Figure 9 represents the frequency distribution of flares
in M-type stars as a function of the flare energy. The values of
the power-law index α are estimated to be 2.02±0.11, which
is very close to the results (α∼2.07± 0.35) of Yang et al.
(2017). In the study of superflares of G-type stars, the values of
the power-law index α obtained by Maehara et al. (2012) were
from 2.0 to 2.3, the α value obtained by Shibayama et al.
(2013) was 2.2, and the α value obtained by Wu et al. (2015)
was 2.04±0.17. By comparing the values of the power-law
index α of the M-type star with the α values of the G-type star,

Figure 7. The top panel is the normalized data set, the middle panel is the
calculated background light curve, and the bottom panel is the detrended flux
(Fflare=Fnorm − Fbackground). From the detrended flux, we can programmati-
cally search for flares.
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we found that their power-law index α is close to 2. Therefore,
we concluded that the mechanism of flares on G-type stars may
be similar to that of M-type stars. In addition, we also use the
Lomb–Scargle method (Lomb 1976; Scargle 1982) to analyze
the light curve of the 8964 M-type stars and calculate the
corresponding stellar rotational period. First, we use the Lomb–
Scargle method (Lomb 1976; Scargle 1982) to calculate the
possible rotation periods of each M-type star in each data set
(these data sets come from different quarters (Kepler mission)
or different campaigns (K2 mission)), and we then average
these possible rotation periods to obtain the final rotation period
of the corresponding source. The results are listed in the twelfth
column of Table 6.

4. Discussion

4.1. Flare Activity and Spectral Type

Stellar flares are a sudden explosion of magnetic energy on
the stellar surface, which means that the stellar flare is closely
related to the stellar magnetic activity. Figure 10 presents the
number distribution of 8964 M-type stars observed simulta-
neously by LAMOST DR5 and the Kepler or K2 mission, 4143
M-type flaring stars, and flare frequency of M-type stars as a
function of spectral type. It can be seen from panel (a) of
Figure 10 that the M-type stars (black line) and M-type flaring
stars (blue line) are mainly distributed in M0–M3, followed by
M4–M7, and M8 and M9 have few. There are many sources of
M0 type, and the corresponding M0-type flaring stars are also
more abundant. But from the distribution of flaring stars from
M1 to M3, and from M4 to M7, we can see that both parts have
shown an increasing trend. In addition, from panel (b) of
Figure 10, it can be seen from the trend of the flare frequency
(red line) that the frequency of flare activity from M0 to M3 is
gradually increasing, which is similar to the trend of Hα
activity from M0 to M3 in Section 2.3. The flare frequency also
shows an increasing trend from M5 to M8. In previous studies,
West et al. (2008) analyzed the spectra of 38,000 M dwarfs of

SDSS DR5 and found that the magnetic activity distribution of
M dwarfs is a function of stellar spectral type, and the magnetic
activity ratio increases from M0 to M7. On the other hand,
Yang et al. (2017) analyzed the flaring fraction of 540 M
dwarfs in Kepler and found that the flaring ratio is a function of
the spectral type, and the flaring ratio tends to increase from
M0 to M4. Therefore, flaring activity and Balmer lines, CaII
H&K lines, CaII IRT lines, and HeI D3 are important
parameters for measuring the magnetic activity of M-type stars.
But we also need to continue to observe more samples in the
future, especially to increase the stellar samples from the M4 to
M9 spectral type in order to more clearly understand the
magnetic activity of the M-type stars.

4.2. EWs of Spectral Lines and Flare Amplitude

Many observations and theoretical models agree that stellar
flares have a great influence on the chromospheric activity
of stars. During flares, the energy deposition sites in the
chromosphere appear as bright ribbons in Hα and other
chromospheric diagnostics such as CaII H&K, MgII H&K,
and CaII λ8542Å (Benz 2008; Fletcher et al. 2011; Danilovic
et al. 2014; Sindhuja et al. 2019). The results of Karoff et al.
(2016) indicated that superflare stars usually have larger
chromospheric emission than other stars. In addition, the
emission of the HeI D3 line is often observed during flares
(Zhang & Gu 2008; Zeng et al. 2014). Figure 11 presents the
relationship between the EWs of the spectral lines and the flare
amplitude in the 4143 M-type flaring stars. Panels (a), (c), and
(e) are the relationship between the EW of Hα, CaII H, and
HeI D3 and the maximum flare amplitude of the corresponding
star, respectively. Panels (b), (d), and (f) are the relationship
between the EW of Hα, CaII H, and HeI D3 and the average
flare amplitude of the corresponding star, respectively. It can be
seen from panels (a) and (b) of Figure 11 that the EW of the Hα
line has a significant correlation with the maximum flare
amplitude and the average flare amplitude of the corresponding
M-type star. In these two panels, we attempt to use parabola
to fit the maximum flare amplitude and the average flare

Table 7
Flare Parameters

Kepler/K2 ID Star Time Peak Time End Time Duration (day) Amplitude Flare Energy (erg)
(1) (2) (3) (4) (5) (6) (7)

KIC 10002882 447.454765 447.475199 447.516067 0.061302 0.000607 3.83622142e+33
KIC 10002882 705.183983 705.204416 705.265715 0.081732 0.001076 9.0666057e+33
KIC 10002882 850.549436 850.569870 850.610739 0.061303 0.000925 5.84606705e+33
KIC 10002882 866.958213 866.978647 867.060384 0.102171 0.000712 7.49977042e+33
KIC 10002882 875.254547 875.295416 875.356719 0.102172 0.001179 1.2418983e+34
KIC 10002882 1105.334343 1105.354777 1105.436509 0.102166 0.000856 9.01613667e+33
KIC 10002882 1299.314372 1299.334806 1299.375674 0.061302 0.000636 4.01950053e+33
KIC 10002882 1564.253098 1564.273532 1564.314400 0.061302 0.000669 4.22805952e+33
KIC 10027247 519.893900 519.914335 519.975638 0.081738 0.002753 1.17398099e+33
KIC 10055385 462.474356 462.494791 462.535659 0.061303 0.000645 1.88407727e+36
KIC 10055385 505.263742 505.304610 505.345479 0.081737 0.000716 2.78861772e+36
KIC 10055385 545.947935 545.968369 546.009237 0.061302 0.002539 7.41642503e+36
L L L L L L L
EPIC 251407062 3263.795991 3263.836861 3263.898168 0.102177 0.015345 3.77190852e+33
EPIC 251407654 3315.845366 3315.886236 3315.988414 0.143048 0.011717 1.40793114e+33
EPIC 251407654 3338.283221 3338.385396 3338.528440 0.245219 0.043369 8.93339878e+33

Note.1. This is part of Table 7. The full Table 7 will be published online.

(This table is available in its entirety in machine-readable form.)
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amplitude with Hα EW, and the fitting parameters are listed in
the corresponding panel. Chang et al. (2017) studied 54 M-type
stars observed by Kepler and LAMOST and agreed that there is

a strong correlation between the EW of Hα and its
corresponding maximum flare amplitude. In our work, the
research sample of M-type flaring stars has been greatly

Figure 8. Eight examples of superflares detected in the M-type stars of the Kepler and K2 missions.
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increased to 4143, and study of the Hα EW and the average
flare amplitude has been added, further confirming that there is
a significant correlation between the EW of Hα and the flare
amplitude. It can be seen from panels (c) and (d) of Figure 11
that there is also a correlation between the EW of CaII H and
the corresponding flare amplitude, but not as obvious as the
relationship between the Hα EW and the flare amplitude,
which may be because the S/N near the CaII H line is lower
than the S/N near the Hα line in the LAMOST spectrum. In
panels (c) and (d), we also attempt to use a parabola to fit the
maximum flare amplitude and the average flare amplitude with
CaII H EW, and the fitting parameters are listed in the
corresponding panels. However, there is no obvious correlation
between the EW of HeI D3 and the flare amplitude from
panels (e) and (f) of Figure 11. Libbrecht et al. (2019) observed
that both the absorption and emission of the HeI D3 line can be
present in stellar flares. They believe that whether there is a
HeI D3 absorption or emission signal does not depend on the
intensity of the flare, but on the physical conditions that govern
the local plasma and line formation mechanisms.

4.3. Effect of Stellar Rotation Period

Stellar rotation plays a significant role in the generation of
stellar magnetic fields (Skumanich 1972; Parker 1979). The
combination of stellar rotation and convective motion generates
a strong magnetic field inside the star and produces different
magnetic activity phenomena, including stellar flares and the
emission of characteristic magnetic activity lines, such as the
Balmer lines and CaII H&K lines (Suárez Mascareño et al.
2016; Yang et al. 2017; Mittag et al. 2018). In Section 3.3, we
have used the Lomb–Scargle method to analyze the light curve
of 8964 M-type stars and obtained the rotation period of 8028
M-type stars. Combining the analysis results of the 8028
M-type stellar LAMOST spectra, we present the relationship
between the rotation period and the EWs of Hα, CaII H, and
HeI D3 in panels (a)–(c) of Figure 12, respectively. From
panel (a) of Figure 12, it can be clearly seen that the EW value
of Hα gradually decreases as the rotation period increases.
Therefore, we try to linearly fit it, as shown by the red line in
panel (a). The correlation between the EW of CaII H and HeI

D3 and the rotation period is also similar. We performed a
linear fitting on them, and the results are shown in the red line
in panels (b) and (c). The relationship between the EW of Hα,
CaII H, and HeI D3 and the rotation period presented by
panels (a)–(c) of Figure 12 can be explained by the influence of
the stellar rotation on the stellar magnetic activity. In addition,
we also discuss the relationship between the stellar flare
amplitude and the rotation period. Panels (d) and (e) of
Figure 12 present the flare amplitude of 3811 M-type flaring
stars as a function of the rotation period. It can be seen from
panels (d) and (e) that the normalized maximum flare amplitude
value and average flare amplitude value of the M-type flaring
star decrease with the increase in the stellar rotation period. We
linearly fit their trends, and the results are shown by the red lines
in the panels. The relationship between the flare amplitude and
the rotation period shown in panels (d) and (e) can be explained
by the influence of the stellar rotation period on the stellar flare.
Combining this with Section 4.2, we can conclude that the stellar
flare is affected by both the stellar magnetic activity and the
stellar rotation period.

4.4. Flare Time Frequency

In this section, we define the stellar flare time frequency as
the total duration of the stellar flares divided by the observation
time of the corresponding star. Panel (a) of Figure 13 presents
the relationship between the stellar flare time frequency and the
Hα EW in 4143 M-type flaring stars. The red dashed line in
panel (a) is the boundary line of the flare time frequency as a
function of the Hα EW. To the left of the red boundary (Hα
EW<0.75Å), the average of the logarithm of the flare time
frequency is −2.7504, and the average of the logarithm of the
flare time frequency is −2.3609 on the right side of the red
boundary (Hα EW>0.75Å). West et al. (2011b) defined
magnetically active M-type stars as stars with a detectable Hα
emission line in their spectra, and their statistical results
indicated that the Hα EW activity criterion is 0.75Å. The
results in panel (a) of Figure 13 confirm that Hα EW=0.75Å
can be used as a criterion for determining the magnetic activity
of M-type stars. Although the M-type star may have flares
when Hα EW is less than 0.75Å, the flare time frequency is
statistically smaller than the flare time frequency of Hα EW
greater than 0.75Å. Panel (b) of Figure 13 presents the
relationship between the flare time frequency and the rotation
period in 3811 M-type flaring stars with rotation period. The
red dashed line in panel (b) is the boundary line of the flare
time frequency as a function of the rotation period. To the left
of the red boundary (Prot<10 days), the average of the
logarithm of the flare time frequency is −2.3724, and the
average of the logarithm of the flare time frequency is
−22.7632 on the right side of the red boundary (Prot>10
days). When Maehara et al. (2012) and Shibayama et al. (2013)
studied superflares on solar-type stars, they all took the stellar
rotation period equal to 10 days as the threshold of the
superflare frequency. The statistical results of panel (b) in
Figure 13 confirm that the stellar rotation period equals 10
days, which can be used as a threshold for flare activity in
M-type stars. In addition, we also find an interesting result:
using the Hα EW equal to 0.75Å and using the stellar rotation
period equal to 10 days as the threshold for the M-type stellar
flare time frequency are almost equivalent, because when Hα
EW is greater than 0.75Å, the average of the logarithm of the
flare time frequency (−2.3609) is very close to the average of

Figure 9. Frequency distribution of flares in M-type stars as a function of the
flare energy. Errors are estimated to be a square root of the number of flares in
each bin.
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the logarithm of the flare time frequency (−2.3724) with the
rotation period less than 10 days, and the result (−2.7504)
when the Hα EW is less than 0.75Å is also very close to the
result (−2.7632) of the rotation period greater than 10 days.

5. Summary

In this work, we have combined the spectroscopic data of
LAMOST DR5 and photometric data from the Kepler and K2
missions to study magnetic activities of M-type stars. In
Section 2, we have used the Hammer program (West et al.
2004; Covey et al. 2007; West et al. 2011a, 2011b) to visually
assign the spectral type of the M-type stellar spectral candidates
in LAMOST DR5 and removed the low-S/N spectra, and we
finally obtained 516,688 M-type stellar spectra (see Table 1 for
details). In the 516,688 M-type stellar spectra, the spectrum of
M0–M3 accounts for 98.2%, and only 1.8% of the spectrum is
M4–M9. In addition, we have calculated the EWs of the Hα,
Hβ, Hγ, Hδ, CaII H&K, CaII IRT, and HeI D3 spectral lines
and determined the activity of these lines based on the defined
activity criteria. The results are listed in Table 3. Previous
studies (West et al. 2004, 2011b; Yi et al. 2014; Zhang et al.
2016) have shown that the Hα activity ratio is a function of
M-type stellar spectral type. In our research samples, 98.2% of
them are stellar spectra from M0 to M3 type. Therefore, we
mainly analyzed samples from M0 to M3 type. By conducting
a statistical study of the EW results in Table 3, we confirmed
that the proportion of Hα activity is a function of spectral type
in M0–M3. More importantly, we first found that the
proportion of activities of Hβ, Hγ, Hδ, CaII H&K, and HeI
D3 is also a function of spectral type in M0–M3. Moreover, we
have studied the EW–EW relationships between Hα and Hβ,
Hγ, Hδ, CaII H&K, CaII IRT, HeI D3 and Hγ and Hδ, CaII
H and CaII K, and CaII λ8498Å and CaII λ8542Å (see
Figure 4 for details). From Figure 4, we found that (1) the EWs
of Hβ, Hγ, Hδ, CaII H&K, CaII IRT, and HeI D3 are linearly
related to the EWs of Hα; (2) the EW–EW relationships
between the same line series (such as Balmer lines, Ca II H&K
lines, Ca II IRT lines) also have a linear correlation; (3) the
slope (c1) between lines of the same series is greater than the
slope (c1) between lines from different series. At the end of

Section 2, we have studied the relationship between the REW

value and the spectral type in 5499 M-type stars observed by
LAMOST at least twice at different times. The results
confirmed the previous results (Kruse et al. 2010; Lee et al.
2010; Bell et al. 2012) that the Hα variability increases at later
spectral type. Through the analysis of !EW, we also found that
1791 of the 5499 M-type stars have Hα variability.
In Section 3, we have cross-matched the 516,688 M-type

stellar spectra with the Kepler catalog (Huber et al. 2014) and
K2 catalog (including Campaigns 0 to 16) with a tolerance of
3″. After removing targets with neighboring stars within 4″
(�4″), we obtained the high-precision white-light photometric
data (LC) of 834 and 8130 M-type stars from the Kepler and
K2 missions, respectively (see Table 6 for details). Then we
have used a method similar to Wu et al. (2015) to search for
flares from the Kepler/K2 photometric data (long cadence) of
the 8964 M-type stars. After using the program to automati-
cally search for flares and visually remove the contaminants,
we finally detected 17,432 flares (flare energy > 1030 erg) from
4143 M-type stars, including 9041 flares from 578 M-type stars
from the Kepler mission, and another 8391 flares from 3565
M-type stars from the K2 mission. The parameters of the
17,432 M-type stellar flares are listed in Table 7. After
comparing with the previous results (Chang et al. 2017; Yang
et al. 2017; Doyle et al. 2018; Schmidt et al. 2019; Günther
et al. 2019), we found that the 4143 M-type flaring stars
constitute the largest M-type flaring star sample found so far. In
addition, we calculated the flare energy and analyzed the
relationship between the frequency distribution of flares in
M-type stars and the flare energy. The power-law index α is
estimated to be 2.02±0.11, and the result is very close to the
previous results (Maehara et al. 2012; Shibayama et al. 2013;
Wu et al. 2015; Yang et al. 2017). Therefore, we concluded that
the flare mechanism of the M-type star may be similar to that of
the G-type star. We also used the Lomb–Scargle method
(Lomb 1976; Scargle 1982) to analyze the light curve of the
8964 M-type stars and obtained the rotation period of 8028
M-type stars.
In Section 4, we analyzed the statistical correlation between

the results of spectroscopic studies and the results of
photometric studies of M-type stars. First of all, Figure 10

Figure 10. Panel (a) represents the distribution of 8964 M-type stars observed simultaneously by LAMOST DR5, along with the Kepler mission and the K2 mission,
and 4143 M-type flaring stars as a function of spectral type. Panel (b) represents the distribution of flare frequency of M-type stars as a function of spectral type. The
black line in panel (a) represents the 8964 M-type stars observed by the LAMOST DR 5 and Kepler or K2 missions. The blue line in panel (a) represents the 4143
M-type flaring stars, and the red line in panel (b) represents the flare frequency (the average number of flares per year per star).
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presents the number distribution of the 8964 M-type stars, the
4143 M-type flaring stars, and the flare frequency of M-type
stars as a function of spectral type. It can be seen from
Figure 10 that the frequency of flare activity from M0 to M3 is
gradually increasing, which is similar to the trend of Hα
activity with M-type stellar spectral type in Section 2.3.
Combining the results of West et al. (2008) and Yang et al.
(2017), we concluded that the flare frequency is an important
parameter for measuring the magnetic activity of M-type stars,

as well as Balmer lines, CaII H&K lines, CaII IRT lines, and
HeI D3 line. Second, Figure 11 presents the relationship
between the EWs of the spectral lines (Hα, Ca II H, and He I
D3) and the flare amplitude in the 4143 M-type flaring stars. It
can be seen from Figure 11 that the EWs of Hα and CaII H
have a significant statistical correlation with the flare amplitude
in M-type stars. However, there is no obvious statistical
correlation between the EW of HeI D3 and the flare amplitude
in M-type stars, which could be explained as follows: whether

Figure 11. Relationship between the EWs of the spectral lines and the flare amplitude in the M-type flaring stars. Panels (a), (c), and (e) are the relationship between
the EW of Hα, CaII H, and HeI D3 and the maximum flare amplitude of the corresponding star, respectively. Panels (b), (d), and (f) are the relationship between the
EW of Hα, CaII H, and HeI D3 and the average flare amplitude of the corresponding star, respectively.
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there is HeI D3 absorption or an emission signal does not
depend on the intensity of the flare, but on the physical
conditions that govern the local plasma and line formation
mechanisms (Libbrecht et al. 2019). Third, we have presented
the relationship between the rotation period and the EWs of
Hα, CaII H, and HeI D3 of the 8028 M-type stars in panels
(a)–(c) of Figure 12. From panels (a)–(c) of Figure 12, it can be
clearly seen that the EWs of Hα, CaII H, and HeI D3
gradually decrease as the rotation period increases, which could

be explained by the influence of the stellar rotation on the
stellar magnetic activity. In addition, we have presented the
flare amplitude of the 3811 M-type flaring stars as a function
of the rotation period in panels (d) and (e) of Figure 12. It
can be seen from panels (d) and (e) of Figure 12 that the
flare amplitude of the M-type flaring star decreases with the
increase in the stellar rotation period, which could be explained
by the influence of the stellar rotation period on the stellar flare.
Based on the above analysis of Figure 12, we know that the

Figure 12. EWs of the Hα, CaII H, and HeI D3 of 8028 M-type stars, and the flare amplitude of 3811 M-type flaring stars as a function of the rotation period. Panels
(a)–(c) are the relationship between the EW of Hα, CaII H, and HeI D3 and the rotation period, respectively. Panels (d) and (e) are the relationship between the
maximum flare amplitude and the average flare amplitude of the corresponding M-type flaring star and the rotation period, respectively.
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flare amplitude decreases with the increase in stellar rotation
period, and the increase in stellar rotation period leads to the
decrease in stellar magnetic activity. Therefore, we conclude
that the flare amplitude increases with the increase in stellar
magnetic activity. Finally, we have studied the relationship
between the stellar flare time frequency and the Hα EW in
4143 M-type flaring stars in panel (a) of Figure 13. The results
confirm that Hα EW=0.75Å can be used as a criterion for
determining the magnetic activity of M-type stars (West et al.
2011b). Furthermore, we have studied the relationship between
the flare time frequency and the rotation period in 3811 M-type
flaring stars with rotation period in panel (b) of Figure 13. The
statistical results agree that a stellar rotation period equaling 10
days can be used as a threshold for flare activity in M-type
stars. We also found that using the Hα EW equal to 0.75Å and
using the stellar rotation period equal to 10 days as the
threshold for the M-type stellar flare time frequency are almost
equivalent.

In the future, we want to extend our study to the full SDSS
spectral database (Abazajian et al. 2009) and the new TESS
photometric database (Ricker et al. 2014). Such large, high S/N,
and high time-resolution samples will present more accurate
statistical results than we reported in this paper. This will greatly
increase the M4–M9 spectral type of research samples, allowing
us to more comprehensively study the magnetic activity of
M-type stars. In addition, the full sample of the automated
M-type stellar flare detection in the Kepler and K2 missions
should be cross-referenced with previous studies (such as Van
Doorsselaere et al. 2017; Yang et al. 2017), which will make the
M-type stellar flare database more robust.
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