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Abstract: The investigation of the magnetic activity of different types of variable stars holds significant
implications for our understanding of the physical processes and evolution of stars. This study’s
International Variable Star Index (VSX) variable star catalog was cross-matched with Transiting
Exoplanet Survey Satellite (TESS) data, resulting in 26,276 labeled targets from 76,187 light curves. A
total of 25,327 stellar flare events were detected, including 245 eclipsing binaries, 2324 rotating stars,
111 pulsating stars, and 629 eruptive stars. The results showed that flares from eclipsing binaries,
rotating stars, eruptive stars, and pulsating stars have durations such that 90% are less than 2 h, and
91% of their amplitudes are less than 0.3. Flare events mainly occurred in the temperature range of
2000 K to 3000 K. The power-law indices of different types of variable stars were 1.72± 0.025 (eclipsing
binaries), 1.82± 0.062 (rotating stars), 1.80± 0.0116 (eruptive stars), and 1.73± 0.060 (pulsating stars).
Among them, the flare energy of pulsating stars is more concentrated in the high-energy range. In
all samples, flare energies were distributed from 3.99× 1031 erg to 6.18× 1038 erg. The LAMOST
DR9 low-resolution spectral survey has provided Hα equivalent widths for 398 variable stars. By
utilizing these Hα equivalent widths, we have determined the stellar activity of the variable stars and
confirmed a positive correlation between the flare energy and Hα equivalent width.

Keywords: TESS; LAMOST; flares; stellar activity

1. Introduction

Stellar flares refer to sudden and intense energy release events on the surface of the
Sun or other stars, which can be observed as a rapid increase in flux across a broad range
of wavelengths. The standard theory states that the reconnection of magnetic field loops
in the active outer atmosphere of the star triggers flares, leading to a brief but intense
release of energy. During a reconnection event, the magnetic field configuration is altered
to a state of lower energy. This often results in the acceleration of high-energy particles
towards the star’s atmosphere, leading to the generation of various observable effects
across different wavelengths [1–3]. Solar flares can be observed with high frequency and
rich detail. Therefore, a large part of our comprehension of the flare mechanism and its
repercussions is derived from observations of the Sun. Flares on our Sun have energies
ranging from 6× 1029 to 1032 ergs [4]. However, other than the Sun, flares on other stars
cannot benefit from the advantage of spatial resolution. Therefore, studies on stellar flares
rely on temporal resolution using photometry or spectroscopy. Flares on cooler stars such as
K- and M-dwarfs, which are smaller and cooler than the Sun, display properties that differ
from the standard solar model. These flares unexpectedly exhibit high energies and, unlike
solar flares, show intense continuum or “white-light” emissions, similar to a blackbody at
temperatures of 9000–10,000 K superimposed on the stellar spectrum [5,6].

The frequency and energy of flares are correlated with the magnetic field’s strength on
the star’s surface. Young, rapidly rotating stars typically have stronger surface magnetic

Universe 2023, 9, 227. https://doi.org/10.3390/universe9050227 https://www.mdpi.com/journal/universe

https://doi.org/10.3390/universe9050227
https://doi.org/10.3390/universe9050227
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0002-2394-9521
https://doi.org/10.3390/universe9050227
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe9050227?type=check_update&version=2


Universe 2023, 9, 227 2 of 24

fields and higher flare frequencies, and flare occurrence follows this basic trend [7]. Young
T Tauri systems are very active and experience frequent flares [8]. Main sequence stars
with low mass or late spectral types (M, K, and G dwarfs) typically exhibit higher flaring
rates than their higher-mass counterparts. These low-mass main sequence stars have the
potential to experience superflares with energies of up to 1033–1037 ergs [9]. The emergence
of flares initiates various significant evolutionary processes; this includes the enhanced
photoevaporation of protoplanetary disks closer to the star and permanent chemical alter-
ations in the atmospheres of exoplanets. Therefore, flare rates are particularly significant
for the early evolution of exoplanetary systems [10]. The maximum flare energy has also
been proposed to constrain stellar age [11,12].

Space photometric telescopes and ground-based spectroscopic surveys, such as Ke-
pler/K2 [13], TESS [14], and LAMOST [15–17], have been developed significantly. The pre-
cision of Kepler is now approaching 10 ppm for bright targets (V = 9–10) and 100 ppm
for fainter targets (V = 13–14) [18]; TESS achieves a 1 h photometric precision better than
60 ppm for quiet stars brighter than 7.5 mags and better than 200 ppm for quiet stars brighter
than 10 mags [19]. Researchers can now study the stellar activity of different spectral types
and ages in more detail. In the search for flares based on Kepler data, 373 flare stars were
identified among about 23,000 cool dwarfs [20], as well as flares on A-type stars [21], and
148 G-type superflare stars were found after observing approximately 83,000 stars for
120 days [4]. Through the visual inspection of light curves, Balona [21] detected flares on a
broader range of Kepler observations and discovered that even some A-type stars exhibit
flare activity. Davenport et al. [22] provided the largest sample of flares for M dwarfs at
that time using Kepler data. Davenport [23] discovered about 850,000 flares using four
years of Kepler data, covering 4000 stars of spectral types G0–M4, and identified a potential
flare saturation threshold based on the Rossby number. Gao et al. [24] searched for flares
in binary stars based on Kepler data. It was discovered that the rate of flare occurrence
is approximately 10–20% lower in contact and elliptical binaries than in detached and
semi-detached systems. Lin et al. [25] estimated the saturation energies for M, K, and G
dwarfs to be about 1 × 1035 erg, 4 × 1035 erg, and 1 × 1036 erg, respectively, and also
estimated the power-law index for the flare frequency distribution for these three spectral
types to be 1.82 ± 0.02 (M dwarfs), 1.86 ± 0.02 (K dwarfs), and 2.09 ± 0.04 (G dwarfs).

Günther et al. [26] examined flares in 24,809 stars observed during the initial two
months of the TESS mission and observed that the energy of flares varied from 1031.0 to
1036.9 erg. It was confirmed that fast-rotating M-type dwarf stars were the most prone to
flaring and that the amplitude of the flares was not dependent on their rotation period.
The team detected 8700 flare events in 1228 stars, with the highest flares occurring in M4.5
and higher dwarf stars. By examining the K2 data of Pleiades, Praesepe, and M67, Ilin
et al. [27] detected and examined flares, concluding that flare activity diminishes over time.
This decline was more pronounced in stars with higher effective temperatures (Teff). A
convolutional neural network (CNN) was employed by Feinstein et al. [28] to scan for
flares. Their research revealed that low-mass stars (Teff < 4000 K) exhibit higher flare rates
and energies at all stages of their evolution. In contrast, hotter stars demonstrate increased
flare rates and amplitudes. Yang et al. [29] searched for flare events in the targets of sectors
1–30 of TESS and found over 60,000 flare events; they also found that eclipsing binary stars
exhibit a higher frequency of flares compared to single stars.

The magnetic field is the most critical factor in stellar activity, as Parker [30] and
other researchers demonstrated. Clues left by stellar activity can be found in the corona,
chromosphere, and photosphere, which can be established on the emission of Hα and Ca II
lines and coronal X-rays. Previous studies have shown that stellar activity is closely related
to rotation period and convective depth [31–33]. Yi et al. [34] investigated the magnetic
activity characteristics of 58,360 M dwarf stars in the LAMOST survey using Hα emission
lines as a basis. By combining data from LAMOST and Kepler, Chang et al. [35] analyzed
the magnetic activity of 54 M dwarf stars and determined that M dwarf stars with more
strong Hα emission levels generally experience more massive flares. Utilizing the extensive
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photometric data provided by Kepler, Yang et al. [36] identified 540 M dwarf stars and
cross-matched them with LAMOST DR4 to obtain spectra for 89 M dwarf stars that had
exhibited flares. Lu et al. [37] found that the correlation between chromospheric activity
and flares was analyzed by merging spectra from LAMOST DR5 with light curves from the
Kepler and K2 missions, obtaining a spectra catalog for 516,688 M-type stars. We hope to
investigate the magnetic activity characteristics of flare stars and their correlation with vari-
ous parameters. We are particularly interested in the connection between chromospheric
activity and flares, as it is one of the most prominent manifestations of magnetic activity. By
utilizing the spectral data from LAMOST DR9, we can obtain more accurate and detailed
information on chromospheric activity and further explore the relationship between flares
and magnetic activity.

We searched for flare events in TESS and VSX [38] cross-matched data. We obtained
flare parameters for different types of variable stars and performed statistical analysis on
the flare characteristics of these four types of variables. Section 2 presents the data used in
our analysis. Section 3 describes our method for identifying flare events, presents our flare
search results, and discusses the flare characteristics of eclipsing binary, rotating, eruptive,
and pulsating stars. Section 4 of the paper focuses on the magnetic activity of flare stars
and involves an analysis of the low-resolution spectra obtained from LAMOST. In Section 5,
we summarize the existing research work.

2. Data
2.1. TESS Data

The Transiting Exoplanet Survey Satellite (TESS) [39] was launched by SpaceX Falcon,
a space telescope within NASA’s Explorer program, on 18 April 2018. Its primary objective
is to investigate the presence of planets around stars within a 300-light-year vicinity of
Earth. TESS’s mission is divided into several phases: the first year (July 2018–July 2019)
focused on observing the southern ecliptic hemisphere; the second year (July 2019–July 2020)
was dedicated to the northern hemisphere; the third year (July 2020–July 2021) entailed
re-observation of the southern hemisphere; the fourth year (July 2021–September 2022)
involved re-observation of select northern hemisphere regions and the first observation of a
240-degree ecliptic belt, encompassing 16 sectors. In the fifth year, TESS aimed to complete
the northern hemisphere survey and initiate a new southern hemisphere investigation. In the
initial two years of its mission, TESS conducted high-precision photometry on approximately
200,000 stars at roughly two-minute intervals, covering nearly the entire sky through 26
sectors, each spanning 24 degrees by 96 degrees, with each sector observed for 27.4 days.
Commencing in the third year, TESS initiated an extended mission with a similar data
collection cadence for approximately 20,000 targets per sector. Additionally, a 20 s data
collection mode was introduced, enabling the observation of up to 1000 targets per sector.
TESS’s light curve data are processed through the TESS pipeline, an improvement on the
pipeline utilized during the Kepler mission [40–42]. Each target pixel file (TP) undergoes data
reduction using the simple aperture photometry (SAP) method, with the light curves of all
targets stored in a flux array. Subsequently, the data are detrended using contrending basis
vectors, and the processed light curves are stored in another array, referred to as pre-search
data conditioning (PDCSAP). In this study, by cross-matching the International Variable Star
Index (hereafter VSX) [38] with the TESS sectors S1–S56, we obtained 76,187 light curves for
26,276 targets. We then searched for flare events on this dataset.

2.2. LAMOST Spectra

The Guoshoujing Telescope, also known as the Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST), is a major national infrastructure of the National Astro-
nomical Observatories, Chinese Academy of Sciences, located at the Xinglong Observatory
base in Hebei Province, China [15]. With an equivalent aperture of 4 m and a field of view
of 5 degrees, LAMOST can observe more than half of the sky, covering a spectral range
of 370 nm–900 nm. To achieve multi-object fiber spectroscopy, 4000 optical fibers were
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arranged at the focal plane [16,17]. On 31 March 2022, the LAMOST Data Release 9 (DR9)
was officially released, which includes the pilot survey and the first nine years of the formal
survey data. DR9 v1.0 contains 5533 low-resolution observation fields and 1529 medium-
resolution observation fields. The total number of spectra reaches 19.44 million, including
11.22 million low-resolution spectra, 1.84 million non-time-domain medium-resolution
spectra, and 6.38 million time-domain medium-resolution spectra. In addition, DR9 also
includes a stellar spectroscopic parameter catalog of approximately 8.79 million stars.

We cross-matched the LAMOST DR9 dataset with 3174 stars exhibiting outbursts and
excluded samples with a signal-to-noise ratio (S/N) of less than 10. After the selection,
we obtained 1108 low-resolution spectra from 398 stars. In this study, we utilized the Hα
equivalent width provided by the low-resolution spectra to assess the activity of variable
stars. We analyzed the correlation between outburst energy and equivalent width.

3. Flare Detection
3.1. Searching for TESS Flare

Flares are defined as powerful eruptions on a star’s surface that often involve high-
energy radiation emission. Flares typically arise near active regions of the magnetic field
on the star due to the discharge of magnetic field energy. The brightness of these erup-
tions exhibits a noticeable increase in both visible light and ultraviolet wavelength bands,
with some even showing significantly enhanced radiation in the X-ray and gamma-ray
bands [43,44]. Various methods exist for searching for flares, with one common approach
being based on time-series analysis. This method often involves utilizing change-point
detection techniques, such as scanning the time series for dramatic brightness fluctu-
ations [20,22–26,36,37,45–50]. Moreover, some algorithms employ convolutional neural
networks to detect flares automatically Feinstein et al. [28]. Webb et al. [51] proposed an
unsupervised approach to detect transients by employing clustering techniques and the
ASTRONOMALY package [52], which allows for rapid flare identification and further anal-
ysis. Vida and Roettenbacher [53] employed the RANSAC (RANdom SAmple Consensus)
algorithm to search for flares, demonstrating performance on par with manual inspection
in the Kepler dataset. In this study, we applied a method similar to Su et al. [54] and Yang
et al. [29] for flare detection in 76,187 light curves. First, we normalized the data as follows:

Fnorm =
FPDC − Fmed

Fmed
. (1)

In this equation, Fnorm represents the normalized flux, FPDC denotes the PDCSAP flux
value for each TESS target, and Fmed is the median of the PDCSAP flux.

After obtaining the normalized data, we used multiple fitting tests to find the most
suitable segmentation length to divide the TESS 27 day data. We subtracted the mean
value from the abscissa of each light curve to center them around zero. Each segment
of the segmented light curve has a 60% overlap with the neighboring segments. This
was performed to facilitate subsequent analysis and processing and to avoid the Runge
phenomenon caused by polynomial fitting. Afterward, we used polynomial fitting to find
the background light curve for each data segment. To determine the optimal polynomial
fit, we incrementally increased the polynomial order until increasing the order no longer
significantly reduced the fitting residuals. At this point, the most suitable fitting function
had been found. This fitting process was repeated ten times, with data points exceeding
three times the standard deviation removed during each iteration. Then, we refitted the
remaining data, obtaining the background light data and its proper function after ten
iterations. After normalization and background fitting, we identified the relevant data
points. Initially, we eliminated the background light curve from the original light curve and
then identified all occurrences that surpassed four times the standard deviation. We then
visually inspected these points for the characteristics of rapid increases and slow declines
and excluded potential contamination sources. Finally, we confirmed the flare events. To
ascertain the start and end times, we defined the start of a flare event as when the brightness
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first surpasses 5% of its peak value. The brightness then starts to decline until it returns to
the baseline level; we define the end of a flare event as when the brightness drops below 5%
of its peak value. To determine the magnitude of a flare, we subtracted the fitted function
of the background light curve at the corresponding time from the highest recorded value of
the flare. Figure 1a–d shows examples of flare event searches for eclipsing binary, rotating,
eruptive, and pulsating stars, respectively. For the eclipsing binary example shown in
Panel a, we performed a background fitting using polynomials, increasing the polynomial
order to find the best fit. When the polynomial order exceeded three, the residual did not
decrease significantly, indicating that third-order polynomials are the best-fitting function.
We repeated the data fitting at the top of the panel ten times, removing points greater
than three times the standard deviation and marking these points as green, as shown at
the top of Figure 1a. The middle of Figure 1a shows the background we obtained after
removing the green points, with the red line representing our fitting function. Subtracting
the background from the original light curve, we obtained the bottom panel of Figure 1a,
with points greater than four times the standard deviation marked in red. In subsequent
visual inspections, we determined that Figure 1a met the criteria for a flare event and is
thus a flare event.

In Figure 2, we show the smaller flares we have discovered, with the smallest ampli-
tude being about 0.001 and the shortest duration being about 14 min. These amplitudes
and durations represent the lower limits of the flares we have found. The discovery of
these flares benefited from the advantages of the TESS telescope in studying flares. Tu
et al. [55] and Yang et al. [29] searched for flares using TESS data, and the durations of
the flares they found were mainly concentrated around 1 h. The amplitudes were also
usually small, with a minimum of about 0.001, consistent with our search range. TESS has
strong capabilities in finding smaller flares because the targets observed by TESS have a
high signal-to-noise ratio. Based on TESS’s 2-min sampling rate, the properties of flares,
including their duration and energy, can be obtained more accurately. In addition, the TIC
provides rich stellar parameters, which also help study flares.
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Figure 1. Exploring flare event phenomena: (a) eclipsing binaries, (b) rotating stars, (c) eruptive stars,
and (d) pulsating stars The top panel of Figure (a) shows the observational data, where the green
dots correspond to the data points removed during the fitting process. In the middle panel, we fit the
background with a sixth-order polynomial and subtracted it from the raw light curve, resulting in the
flares shown in the bottom panel.
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Figure 2. Examples of four smaller flares identified in the TESS survey.

3.2. TESS Flare Energies

We identified 25,327 flares from 3174 stars in the 76,187 light curves of 26,276 tar-
gets. Utilizing the classification provided by the VSX, our sample of flare stars includes
245 eclipsing binaries, 2324 rotating stars, 629 eruptive variables, and 111 pulsating vari-
ables. The same star may have multiple variability type labels, and it may be classified
into different categories simultaneously. However, the number of such stars is small, and
their influence on the overall classification is limited. The left panel of Figure 3 depicts
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the proportion of variable stars with flares in the overall sample, with blue indicating the
total number and red indicating the number of stars with flare events. Notably, the highest
proportion of flare events is found in rotational and eruptive variables, reaching 30% and
38%, respectively, while the proportions for eclipsing binaries and pulsating variables are
only 4% and 2%, respectively. The right panel presents the average flares and the total flare
events for each variable type. The average number of flares in rotational and eruptive vari-
ables is higher than in eclipsing binaries and pulsating variables, leading to a significantly
lower number of flare events in the latter two categories.
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Figure 3. Proportions of variable stars with flares for different types (left) and total and average
numbers of flare events for different types (right).

To classify the evolutionary stages of our target variable stars, we used the method
of Notsu et al. [56] and plotted different types of eruptive variables in Figure 4. The back-
ground of these plots is based on the distribution of main sequence stars, subgiant stars,
and red giant stars provided by Berger et al. [57] using Kepler data. In Subplot a, we
classified 216 eclipsing binaries with flares, of which 148 (69%) were categorized as main
sequence stars, 57 (26%) were categorized as subgiant stars, and the remaining 11 (5%)
were categorized as red giant stars. Subplot b contains 2098 rotational variables, of which
1912 (91%) are main sequence stars, 129 (6%) are subgiant stars, and 57 (3%) are red giant
stars. In Panel c, we classified 550 eruptive variables, of which 520 (94%) are main sequence
stars, 20 (3%) are subgiant stars, and 10 (2%) are red giant stars. Finally, in Panel d, we
classified 75 pulsating variables, of which 41 (54%) are main sequence stars, 2 (3%) are
subgiant stars, and 32 (43%) are red giant stars. In general, most of them are main sequence
stars, with a small portion being subgiant and red giant stars. Flares are an indicator of
stellar activity level, and the distribution and evolution of flaring stars are related to those
of stars. In Figure 4, most of our flaring variables are concentrated on the right. Yang and
Liu [58] plotted the distribution of 3420 flaring stars on the H-R diagram and found that
these objects are mainly distributed in the late-type region. They also indicated that a few
giant stars exhibit active flaring activity, but most are relatively inactive, which is consistent
with the dynamo theory and magnetic observation results.

The energy of these flares was calculated using the following equation:

Eflare = 4πR2
∗σSBT4

∗

∫
Fflare(t)dt(erg), (2)

Here, Eflare represents the flare energy, R∗ denotes the stellar radius, σSB is the Stefan–
Boltzmann constant, T∗ signifies the star’s effective temperature, and Fflare is the normalized
PDCSAP flux. The effective temperature and stellar radius were derived from the TESS
Input Catalog (TIC) [59], which is based on the GAIA DR2 catalog and incorporates a
variety of other catalogs [60], including the Two Micron All-Sky Survey (2MASS), the
Fourth US Naval Observatory CCD Astrograph Catalog (UCAC4), the AAVSO Photo-
metric All-Sky Survey (APASS), the Sloan Digital Sky Survey (SDSS), and the Wide-field
Infrared Survey Explorer (WISE) [61–64]. Due to the absence of radius or effective tempera-



Universe 2023, 9, 227 8 of 24

ture information for specific targets, we were able to determine the energy of 21,989 flare
events from 2783 stars. In Table 1, we present a comprehensive overview of pertinent
parameters for the flaring stars under investigation, encompassing the initiation and
termination times of flares, the associated energy release, and the variability period re-
ported in the VSX catalog and the respective stellar classification. Following the General
Catalogue of Variable Stars (GCVS) [65] classification scheme, we have meticulously de-
tected 1060 flaring instances within 245 eclipsing binary systems, with 20,908 flares among
2324 rotating stars, 324 flaring events in a sample of 111 pulsating variables, and 6127 flare
occurrences across 629 eruptive stellar objects, thereby offering a comprehensive perspec-
tive on distinct variable star categories.

Figure 4. The distribution of the radius (R) and effective temperature of stars of different types are
shown in the figure. The background colors are based on the marking of all 177,911 Kepler stars
listed by Berger Berger et al. [57], where red represents red giants, orange represents subgiants, and
gray represents main sequence stars. In the figure, we use black to represent variable stars with
eruptive phenomena, where (a–d), respectively, represent the distribution of eclipsing binary, rotating,
eruptive, and pulsating stars.

As illustrated in Figure 5, the flare energy distribution of our data spans a range from
3.99 × 1031 erg to 6.18 × 1038 erg. Previously, Tu et al. [55,66] searched for superflares in
solar-type stars captured during the initial and subsequent years of the TESS mission. This
resulted in the detection of 2988 superflares from 711 solar-type stars, with maximum flare
energies of 1.24 × 1036 erg and 1.77 × 1037 erg in the first and second years, respectively. Su
et al. [54] investigated flare events in the initial 24 sectors of TESS data, with flare energy
ranging from 4.25 × 1030 erg to 3.23 × 1036 erg. Our obtained energy distribution aligns
with previous findings, with the most considerable flare energy in our study reaching
1038 erg, surpassing the 1.77× 1037 erg reported by Tu et al. [55]. We have identified only
six stars with flare energies exceeding 1038 erg, namely TIC 220424200, TIC 117655534,
TIC 445271527, TIC 320321218, TIC 7620704, and TIC 20319183. These objects are giants
with radii measuring 113.408, 154.247, 83.868, 79.174, 91.515, and 90.34 times the solar
radius, respectively, which accounts for the maximum flare energy exceeding 1038 erg.
The flare energy of the entire sample shows a concentrated distribution centered around
1034 erg, with a gradual decrease in proportion on both sides. The flare event energies of
rotating stars and eruptive variables correspond to the overall distribution. For eclipsing
binaries, a higher proportion of lower-energy flare events, specifically those with energies
around 1033 erg, is observed. In pulsating variables, superflares with energies greater than
1035 erg constitute the highest proportion, reaching 43%, while the proportions for eclipsing
binaries, eruptive variables, and rotating stars are 22%, 13%, and 13%, respectively.
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Table 1. Flare parameters of TESS variable stars.

TESS ID Begin Peak Time End Duration Amplitude Teff Log g Radius Type Period Flare Energy
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
– d d d d – K – Rsun – d erg

8195886 1349.067463 1349.207736 1349.242457 0.174993 0.006858393 5704 – 1.123 ROT 3.2 2.21× 1035

24695725 1328.524342 1328.528509 1328.541009 0.016667 2.068877509 – 5.0013 0.239 AM + E 0.078915 –
24695725 1328.913237 1328.917404 1328.925737 0.012500 1.775812587 – 5.0013 0.239 AM + E 0.078915 –
24695725 1352.178655 1352.199488 1352.203655 0.025000 1.846063035 – 5.0013 0.239 AM + E 0.078915 –
24695725 1352.573098 1352.577265 1352.581432 0.008333 1.815789406 – 5.0013 0.239 AM + E 0.078915 –
25078924 1347.117637 1347.127359 1347.162082 0.044444 0.032550198 5737 4.2756 1.218 EB 1.8088 2.77× 1035

25078924 1372.574684 1372.577462 1372.584406 0.009722 0.011402875 5737 4.2756 1.218 EB 1.8088 2.12× 1034

25118964 1430.494737 1430.516959 1430.57668 0.081942 0.051189899 3323 4.7301 0.508 ROT 1.0182 2.09× 1034

25118964 1434.059952 1434.064118 1434.090507 0.030554 0.067075056 3323 4.7301 0.508 ROT 1.0182 3.87× 1033

25118964 1434.797438 1434.800215 1434.815493 0.018055 0.031548701 3323 4.7301 0.508 ROT 1.0182 1.83× 1033

25118964 1435.244651 1435.250207 1435.311317 0.066665 0.051271541 3323 4.7301 0.508 ROT 1.0182 9.74× 1033

25118964 1435.805752 1435.808529 1435.829362 0.023609 0.025066236 3323 4.7301 0.508 ROT 1.0182 1.82× 1033

25118964 1470.789816 1470.800927 1470.827315 0.037499 0.058276681 3323 4.7301 0.508 ROT 1.0182 8.05× 1033

29830830 1563.2767 1563.285033 1563.321144 0.044444 0.013305017 3608 4.5793 0.688 ROT 4.2347 5.52× 1033

29830830 1565.204483 1565.212816 1565.222539 0.018056 0.05243868 3608 4.5793 0.688 ROT 4.2347 4.69× 1033

29830830 1571.828119 1571.83923 1571.865619 0.037499 0.016261713 3608 4.5793 0.688 ROT 4.2347 6.80× 1033

29830830 1577.480932 1577.487877 1577.548988 0.068056 0.051243498 3608 4.5793 0.688 ROT 4.2347 1.45× 1034

29830830 1593.163006 1593.165784 1593.194951 0.031944 0.024806023 3608 4.5793 0.688 ROT 4.2347 4.46× 1033

29830830 1608.404845 1608.409012 1608.432623 0.027777 0.050768616 3608 4.5793 0.688 ROT 4.2347 7.42× 1033

29830830 1609.456246 1609.482635 1609.588191 0.131945 0.177984067 3608 4.5793 0.688 ROT 4.2347 1.10× 1035

29830830 1621.350855 1621.367522 1621.399467 0.048612 0.02128801 3608 4.5793 0.688 ROT 4.2347 8.01× 1033

29830830 1637.813597 1637.817764 1637.849708 0.036110 0.048961098 3608 4.5793 0.688 ROT 4.2347 9.40× 1033

Note: Column (1): TESS ID. Column (2): start time of flare event. Column (3): peak moment of flare event. Column (4):
end time of flare event. Column (5): duration of flare event. Column (6): amplitude of flare event peak. Column (7):
flare star effective temperature. Column (8): Log of the surface gravity. Column (9): flare star radius. Column (10):
variability type. ROT stands for rotating, EB stands for β Lyrae-type eclipsing systems, and E stands for eclipsing
binary systems. For descriptions of additional types, please see https://www.aavso.org/vsx/index.php?view=about.
vartypes, (accessed on 1 January 2023). Column (11): the period of the variable in days. Column (12): energy released
by flare event. This is part of Table 1.
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Figure 5. Energy distribution of flares in different types of variable stars. The red portion represents
flares with energy greater than 1035 ergs. Nsuper_flare represents the number of events in the current
type of variable star with energy greater than 1035 ergs, and Nall_flare represents the total number of
flares in the current type of variable star.

https://www.aavso.org/vsx/index.php?view=about.vartypes
https://www.aavso.org/vsx/index.php?view=about.vartypes
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3.3. Flare Duration and Amplitude

We conducted a detailed statistical analysis of the duration and amplitude distribution
for eclipsing binaries, rotating variables, eruptive stars, and pulsating variables. We found
that the duration of flares for each type of variable star is concentrated within 2 h (see Fig-
ure 6). According to our statistics, the proportion of flare events within 2 h is 93%, 90%, 90%,
and 90% for the respective categories. We conducted KS tests on the duration of flares in
four types of variable stars. The results showed that the p-value for comparing eclipsing bi-
naries and pulsating variables was 0.19. The p-values for the comparisons between eclipsing
binaries and eruptive variables and between eclipsing binaries and rotating variables were
both less than the significance level of 0.01. Moreover, the p-values for comparing eruptive
and rotating variables, eruptive and pulsating variables, and rotating and pulsating vari-
ables were 0.047, 0.069, and 0.077, respectively. These findings indicate that different types
of variable stars share similar features in the duration of flares. Recently, Lin et al. [25] in-
vestigated flares in G, M, and K dwarf stars and found their durations concentrated around
1.5 h, with the longest flares reaching approximately 5 h. Walkowicz et al. [20] observed
flare durations of 3–5 h in their Kepler survey. Yang et al. [29] conducted a large-scale flare
event analysis using TESS data and discovered that over 90% of the events were shorter
than 2 h. Furthermore, flare amplitudes exhibit similar characteristics, mainly ranging be-
tween 0.01 and 0.1. We investigated the amplitude distribution of different types of variable
stars and found that 75% of amplitudes were less than 0.1, while over 91% were less than
0.3. These findings indicate that flare duration and amplitude are focused in a relatively
narrow range. Günther et al. [26], Yang et al. [29], Tu et al. [55] identified a concentration
of flare amplitude in the range of 0.001–0.1 from TESS data. Our findings are consistent
with the existing literature.
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Figure 6. The distribution of flare durations, including the number and percentage, for different
types of variable stars is presented, along with the distribution of flare amplitudes in terms of both
the number and percentage.



Universe 2023, 9, 227 11 of 24

Lin et al. [25] identified power-law relationships between the amplitude and the
effective temperature (Teff) of the star (A ∝ T−3.49

eff ) and between the amplitude and the mass
of the star (A ∝ M−1.18), revealing an inverse correlation between the amplitude of flares
and the temperature/mass of the star. We performed a regression analysis to investigate
the relationship between the amplitude of flares and stellar parameters, as shown in
Figure 7. The analysis yielded power-law relationships of A ∝ T−3.01

eff and A ∝ M−0.90,
which confirmed the presence of a negative correlation between flare amplitude and
stellar parameters. The values for the relationship between amplitude and temperature for
different types are as follows: aeclipsing = −2.05, arotating = −2.85, aeruptive = −3.87, and
apulsating = −2.74. The values for amplitude and mass are aeclipsing = −0.67, arotating =
−1, aeruptive = −1.56, and apulsating = −0.48. Figure 8 also displays the relationship
between flare energy, temperature, and mass for variable stars, all of which exhibit positive
correlations with flare energy.
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Figure 7. (a,b) depict the relationship between the amplitude of all flare events and stellar parameters.
At the same time, (c–f) illustrate the correlations between amplitude and temperature for distinct
variable star types. Additionally, (g–j) illustrate the relationship between amplitude and mass for
various variable stars.
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Figure 8. Illustration of a positive correlation between flare energy and stellar parameters for different
types of variable stars.

3.4. Flare Occurrence Percentages

The occurrence frequency represents the proportion of total flare duration for a given
star relative to its total observation time. The percentage of flares can be calculated using
the equation given by Walkowicz et al. [20], as shown in Formula (3).
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Flare occurrence percentage =
∑ tflare

∑ tstar
× 100%, (3)

Here, ∑ tflare denotes the complete duration of flares for each star, and ∑ tstar represents
the total observation duration for each star.

Figure 9 illustrates the percentage distribution of flares for various stellar types. The
flare percentage in our sample increases within the 0–2% range and then gradually declines,
with 95% of variable stars having a flare occurrence rate within 5%. The highest number of
stars exhibit a flare occurrence rate between 1% and 2%. In the study by Yang et al. [29],
out of 1,347,800 flare stars, 12,763 exhibit a flare rate between 0% and 1%. Several studies
have also verified that there is an increase in the percentage of flares that occurs as the
effective temperature decreases [25]. For different types of variable stars, Yang et al. [29]
found that eclipsing binaries are more prone to flares than single stars. Huang et al. [48]
observed a significantly higher flare frequency in eclipsing binary stars than individual
M dwarfs. We found that the flare occurrence rate for eclipsing binaries and pulsating
variables is mainly concentrated between 0 and 1%, while rotating and eruptive variables
are mainly concentrated between 1–2%, indicating that rotating and eruptive variable stars
have a higher flare frequency than eclipsing binaries and pulsating variables.
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Figure 9. Panels (a–d) represent the distribution of flare percentages for eclipsing binary, rotating,
eruptive, and pulsating stars, respectively. Rotating and eruptive-type stars tend to exhibit higher
flare percentages.

3.5. Ratio of Flaring Stars to Total Stars

Figure 10 demonstrates the distribution of flare occurrences for various variable stars
in the temperature range of 2000 K to 10,000 K. As the temperature rises, the fraction of
variable stars displaying flares decreases, with flare events primarily occurring on stars
between 2000 K and 3000 K. Among these stars, 38.5% exhibit flaring phenomena, a per-
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centage higher than the 24% reported by Yang et al. [29] for the 2500 K–3000 K range.
Walkowicz et al. [20] and Lin et al. [25] found that stars with lower temperatures have
a higher probability of flaring than those with higher temperatures, which our study
corroborates. In terms of temperature range, we find that variable star flares are concen-
trated between 2000 K and 6000 K, higher than the range of up to 4000 K reported by
Günther et al. [26] and Jackman et al. [67]. Yang et al. [29] revealed that eclipsing binary
stars are more susceptible to flaring than single stars, particularly at temperatures below
6000 K. Huang et al. [48] posited that magnetic interactions between the two stars in binary
systems make eclipsing binaries more flare-prone than M dwarfs. We observe that the
flare proportion of eclipsing binaries gradually decreases as the temperature increases,
peaking at 24.1% within the 3000 K–4000 K range. Within this temperature range, rotating
stars are relatively less likely to experience flare events, while eruptive and pulsating
stars are more common, with 53.8% and 33.1% flare proportions, respectively. Within the
3000 K–6000 K range, the flare proportion of eruptive stars increases as the temperature
rises. In the 4000 K–5000 K range, rotating and pulsating stars are more likely to produce
flare events.
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Figure 10. Distribution of different types of variable stars within the 2000 K–10,000 K range.
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3.6. Duration, Amplitude, and Energy

Figure 11 depicts the correlation between flare energy and duration for various cat-
egories of stars. We refer to the power-law relationship between energy and time as γ,
defined as the relationship between energy (E) and duration (D): D ∝ Eγ. This implies that
as the duration increases, the energy correspondingly escalates. The steeper the power-law
relationship, the more rapidly the energy increases, resulting in larger energy values for
extended durations. Recent studies by Yang et al. [29] demonstrated that γ = 0.22± 0.002,
with values for A-, F-, G-, K-, and M-type stars being 0.27± 0.031, 0.38± 0.013, 0.37± 0.006,
0.35± 0.006, and 0.304± 0.003, respectively. Our overall sample has a γ value of 0.23,
which is consistent with the aforementioned result. Panel (c) displays the relationship
between flare energy and duration for eclipsing binaries. Eclipsing binary systems consist
of two closely connected stars whose orbits cause them to obscure each other, leading to
changes in brightness periodically. Our study reveals that the power-law relationship index
for flare energy and duration in eclipsing binaries is 0.13, indicating a relatively weaker
relationship with a minor impact of increasing duration on energy. For eruptive variables
(Panel e), the changes in brightness are attributed to intense processes and flares occurring
in the chromosphere and corona. Our research finds that the power-law relationship index
for flare energy and duration in eruptive variables is 0.27, steeper than that of eclipsing
binaries. This suggests a more pronounced relationship between flare energy and duration
in eruptive variables, with a more significant impact of increasing duration on energy.
We observe that the relationship between flare energy and duration for rotating variables
(Panel d) exhibits a power-law distribution with a power-law index of 0.26, similar to erup-
tive variables. However, we did not detect a notable power-law correlation between flare
energy and duration in pulsating variable stars (Panel f), which may be due to the smaller
number of pulsating variables. Our findings, illustrated in Figure 11, show the relationship
between flare amplitude and energy as described by the formula E ∝ Aa. We found that for
eruptive and rotational variables, the value of a was 0.29 and 0.39, respectively, which is
consistent with the overall sample trend of 0.26. However, no clear pattern emerged for
eclipsing binaries, with a value of 0.05. As for pulsating variables, we found a value of
−0.83, contrary to the overall trend, suggesting that flare energy decreases as amplitude
increases. For panels f and g, there may be fitting biases due to the limited sample size.
Additionally, since the sample size of pulsating variables is limited, we need to expand the
sample size further to investigate this phenomenon more deeply.

Figure 11. Cont.
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Figure 11. The relationship between flare energy and duration for different types of stars is depicted
as follows: Panel (a) displays the entire sample; Panel (c) showcases eclipsing binaries; Panel (d)
features rotating variables; Panel (e) presents eruptive stars; and Panel (f) illustrates pulsating
variables. The relationship between flare energy and amplitude for diverse categories of stars is
illustrated as follows: Panel (b) exhibits the entire sample; Panel (g) highlights eclipsing binaries;
Panel (h) focuses on rotating variables; Panel (i) demonstrates eruptive stars; and Panel (j) reveals
pulsating variables.

3.7. TESS Flare Frequency Distribution

The flare frequency distribution (FFD) is a commonly employed method to describe the
correlation between the frequency of stellar flare occurrences and their energy. We utilized
the maximum likelihood estimation approach to compute and evaluate the distribution
of flare frequencies [68–71], as shown in Equation (4); we used Equation (5) to compute
the error:

α = 1 + n

[
n

lg(Emax/Emin)

(Enax/Emin)
α−1 − 1

+
n

∑
i=1

lg(Ei/Emin)

]−1

, (4)

σ =
α− 1√

n
. (5)

In these equations, α represents the frequency distribution slope, n denotes the number
of flares, Emax and Emin denote the highest and lowest values in the flare dataset, and σ is
the error. We calculated the overall flare frequency distribution and the flare frequencies
for eclipsing binaries, rotational variables, eruptive variables, and pulsating variables. The
distribution of flare energies conforms to a power law solely at higher energy levels [72],
and different researchers have adopted varying energy ranges to analyze the power-law
distribution of stellar flares. For instance, Yang et al. [36] considered a range of 1032 erg and
above, Su et al. [54] selected flares with energies above 1033 erg, Wu et al. [46] employed a
range of 1034–1036 erg, while Maehara et al. [4] and Shibayama et al. [73] used a range of
1031–1036 erg. Given that the quantity of flare occurrences in our sample is limited to below
1033 erg and above 1037 erg, we chose an energy range of 1033 erg–1037 erg to calculate the
overall distribution. We chose the same energy range as the overall sample for rotational
and eruptive variables. For eclipsing binaries, we selected the 1032 erg–1037 erg energy
range, as many flare events also occur within this range. For pulsating variable samples,
we selected an energy range of 1033 erg–1038 erg.

Figure 12 top shows the flare frequency distribution of all variables in different effective
temperature ranges. The exponent α value is 1.81± 0.050. We calculated the α values
for flare events in different temperature ranges: 2000–3500 K, 3500–5000 K, 5000–6000 K,
and 6000–7500 K. The α values for flares in these temperature ranges are 1.78 ± 0.010,
1.81± 0.007, 1.79± 0.011, and 1.76± 0.039, respectively. This implies that the flare frequency
distribution and energy relationship differ across temperature ranges, with the α index
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increasing and gradually decreasing as the temperature rises. Tu et al. [55,66] obtained
α values of 2.16 ± 0.10 and 1.76 ± 0.11 from TESS 1–13 and 13–26 sector observations,
respectively, while Su et al. [54] reported an α of 1.86± 0.05. They also provided α values
for flares at 2000–3500 K, 3500–5000 K, and 5000–6000 K, which were 1.90± 0.11, 1.98± 0.11,
and 1.96± 0.08, respectively. For eclipsing binaries, rotational variables, eruptive variables,
and pulsating variables, their power-law relationship indices α are 1.72± 0.025, 1.82± 0.062,
1.80 ± 0.0116, and 1.73 ± 0.060, respectively. Furthermore, we calculated the α values
for eclipsing binaries at temperature ranges of 2000–3500 K, 3500–5000 K, 5000–6000 K,
and 6000–7500 K, which were 1.77± 0.033, 1.71± 0.061, 1.74± 0.049, and 1.79± 0.113,
respectively; for rotational variables, they were 2.08± 0.017, 1.84± 0.008, 1.96± 0.016, and
1.83± 0.056; for eruptive variables, they were 1.99± 0.026, 1.82± 0.018, 2.07± 0.029, and
1.82± 0.096. Due to the small sample size of pulsating variables, we could not calculate
their frequency distribution by temperature. We found that eclipsing binaries and pulsating
variables generally had smaller α values, while rotational and eruptive variables had larger
α values. This suggests significant differences in the flare frequency distribution and energy
relationship between different variable star types, necessitating more advanced research
for each specific variable star type.
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Figure 12. The flare frequency distributions of all flare stars, eclipsing binaries, rotational variables,
eruptive variables, and pulsating variables are presented, with different colors representing distinct
stellar temperature regions. Due to insufficient sample size of pulsating variables, we only provide
their overall distribution.
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4. Chromospheric Activity
4.1. LAMOST Data

In order to investigate the flare events, we cross-matched the 3174 flare-active stars
with the LAMOST DR9 dataset. To ensure the accuracy of our analysis, we selected data
with a signal-to-noise ratio (S/N) greater than 10. We considered a TESS target and its
corresponding LAMOST spectrum to be the same object when their distance was less
than 1 arcsecond. As presented in Table 2, LAMOST DR9 provides the Hα equivalent
width measurements, along with Teff, log g, [Fe/H], and other parameters obtained from
LAMOST, for a total of 398 variable stars. The positions of our TESS variable stars, flare-
active stars, and LAMOST targets are illustrated in Figure 13.

Table 2. Low-Resolution Spectroscopic Parameters in LAMOST DR9.

LAMOST Name MJD SNr Sp RV Teff Log g Fe/H EW Hα E
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

J053204.58-030529.3 56965 119.37 dM1 – 3703.59 ± 85.85 5.266 ± 0.21 – 3.648007 ± 0.0011 1
J053204.58-030529.3 56965 119.37 dM1 – 3703.59 ± 85.85 5.266 ± 0.21 – 3.648007 ± 0.0011 1
J053359.82-022132.3 56965 173.62 dM4 – 3543.1 ± 92.02 5.174 ± 0.24 – 5.836873 ± 0.000438 1
J053359.82-022132.3 56965 173.62 dM4 – 3543.1 ± 92.02 5.174 ± 0.24 – 5.836873 ± 0.000438 1
J041658.50+144617.9 56680 78.67 dM1 – 3683.38 ± 80.85 5.417 ± 0.19 – 3.323599 ± 0.006691 1
J041658.50+144617.9 57385 37.11 dM2 – 3700.0 ± 91.12 5.477 ± 0.21 – 3.787314 ± 0.010092 1
J041658.50+144617.9 56680 78.67 dM1 – 3683.38 ± 80.85 5.417 ± 0.19 – 3.323599 ± 0.006691 1
J041658.50+144617.9 57385 37.11 dM2 – 3700.0 ± 91.12 5.477 ± 0.21 – 3.787314 ± 0.010092 1
J082247.49+075717.2 57052 58.93 dM5 – 3330.84 ± 84.7 5.165 ± 0.21 – 7.017833 ± 0.002155 1
J082247.49+075717.2 57059 54.05 dM5 – 3338.73 ± 85.85 5.157 ± 0.21 – 7.403388 ± 0.003257 1
J082247.49+075717.2 57100 55.46 dM5 – 3351.79 ± 85.08 5.133 ± 0.21 – 7.031153 ± 0.001737 1

Note. Column (1): LAMOST name. Column (2): Modified Julian day. Column (3): S/N of r filter. Column (4):
spectra type. Column (5): radial velocity. Column (6): effective temperature from LAMOST. Column (7): surface
gravity from LAMOST. (8): metallicity from LAMOST. Column (9): equivalent width (EW) of the Hα line.
Column (10): for the judgment of star activity, 1 is active and 0 is inactive.

Figure 13. Blue points represent the entire variable star sample, yellow points denote individual targets
with flare events, and red points display the distribution of flare event targets observed by LAMOST.

4.2. Chromospheric Activity and Variation

Chromospheric activity refers to a series of phenomena occurring on the stellar surface,
including changes in temperature and density and the formation of high-energy particles
in the chromosphere. The Hα, Hβ, Hγ, Hδ, and Ca II H&K spectral lines are usually
used as indicators to measure the activity of stellar chromospheres. The DR9 dataset
provides chromospheric activity indices, including the Hα equivalent width (EW), which is
typically used to assess the activity level of a star. Hα is one of the most common lines in
chromospheric activity, and its equivalent width reflects the degree of emission or absorption
of hydrogen atoms on the stellar surface. As the activity on the star’s surface intensifies,
the equivalent width of the Hα line rises, indicating the level of activity of the star. To
determine the activity level of a star, the relationship between the Hα line equivalent width
and the star’s surface temperature (Teff) is typically evaluated. In projects establishing
activity criteria for stars, researchers have utilized multiple datasets to establish activity
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decision lines, including those by Fang et al. [74,75] based on LAMOST low-resolution
spectra and Du et al. [76] based on the standard star catalog released by the LAMOST
survey. We follow their criteria to assess the activity of our targets: the Hα equivalent
width is greater than 0 and above our decision line. In Figure 14, we plot the distribution
of Hα equivalent widths for variable stars in the 3000 K–4000 K temperature range, with
the red line representing our activity decision line. Variable stars above the red line are
considered active, while those below are inactive. Using this criterion, we identified 396
active stars among 398 low-resolution spectra containing Hα EW measurements. In Table 2,
we denote the chromospheric activity of the stars, represented by “1” for active stars and “0”
for inactive ones. We selected four samples with prominent Hα emissions from LAMOST
low-resolution spectra, as shown in Figure 15. Figure 16 displays the relationship between
the flare energy-to-luminosity ratio and the Hα equivalent width for 398 stars. Flares are
closely related to Hα, as they enhance its features. The static radiation of Hα is produced
by magnetic heating in the chromosphere. During flares, stressed magnetic field loops
reconfigure to a lower-energy state, causing energy transfer and radiation, with some energy
used to enhance Hα features [77,78]. We calculated the Pearson correlation coefficient
between the flare-energy-to-luminosity ratio and equivalent width, with r = 0.275 and a
p-value of 1.36× 10−7. This means that as the Hα emission increases, so does the flare-
energy-to-luminosity ratio to some extent, indicating the close relationship between flares
and Hα. This result is consistent with previous studies [54].

3000 3200 3400 3600 3800 4000
Teff(K)

2

0

2

4

6

8

10

12

14

EW
 H

Figure 14. Employing the activity diagnostic lines determined by standard stars (indicated by the red
line), the sample is divided into active and inactive groups. Stars above the red line are considered
active, while those below the line are deemed inactive.
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Figure 15. The Hα emission line is displayed in the spectra of four stars observed at low resolution
by LAMOST.
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Figure 16. The relationship between the ratio of flare energy to stellar luminosity and EWs of Hα.

5. Summary

We searched for flares in the light curves of stars by subtracting the background
light curve obtained through polynomial fitting from the raw light curve. We discovered
25,327 flaring events in 3174 stars, including 245 eclipsing binaries, 2324 rotating stars,
111 pulsating stars, and 629 eruptive stars. It should be noted that the same star may
have multiple type labels, so there may be some duplicated counts in these classifications.
However, this has a limited impact on our overall conclusions. Using the TESS Input
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Catalog, we obtained the effective temperature and mass parameters for each target star
and calculated the energy of each flare. For each event, we compiled a table of flare
parameters, including the duration, amplitude, start and end time, and total energy. We
performed statistical analysis on the flare parameters of the flaring events and found that
90% of the flares for all four types of variable stars had a duration of fewer than 2 h, and
91% had an amplitude of less than 0.3. The flare energy range ranged from 3.99× 1031 erg
to 6.18× 1038 erg. Flare energy increased with increasing effective temperature and mass.
There was a positive correlation between flare energy and duration and amplitude for
different variable stars. The correlation between flare energy, duration, and amplitude was
more pronounced for rotating and eruptive stars than for pulsating stars. The power-law
index for the flare energy and duration of all the stars was 0.23. The power-law indices for
rotating and eruptive stars were 0.27 and 0.26, respectively, which was similar to the value
of around 1/3 for solar-like stars, indicating that the mechanisms behind most stellar flares
are similar to those of solar flares. We conducted a statistical analysis of the number of
flaring events for different types of variable stars. We found that the proportion of flaring
stars is higher for rotating and eruptive stars than for eclipsing binaries and pulsating stars.
The average number of flaring events for rotating and eruptive stars is also higher than for
eclipsing binaries and pulsating stars. Regarding the temperature distribution of stars with
flares, we observed that the proportion of stars exhibiting flares decreased with increasing
temperature, with the majority of flares occurring in the temperature range of 2000–3000 K
(accounting for 38.5% of all flares). For eclipsing binaries, the most common range for
flares was 3000–4000 K, while for rotating, pulsating, and eruptive stars, they were more
common in the range of 4000–5000 K.

We used maximum likelihood estimation to calculate the flare frequency distribution
for different types of variable stars. The power-law index (α) was 1.72 ± 0.025, 1.82 ± 0.062,
1.80 ± 0.0116, and 1.73 ± 0.060 for eclipsing binaries, rotating stars, eruptive stars, and
pulsating stars, respectively. The distribution range of these power-law indices was between
1.72 and 1.82, consistent with the results previously reported by other researchers [25,29,58].
We observed that the α values were generally smaller for eclipsing binaries and pulsating
stars and larger for rotating stars and eruptive stars. This indicates that, compared to
rotating and eruptive stars or the entire sample, the flare energy of pulsating stars is more
concentrated in the high-energy range. In terms of the flare occurrence rate, we found that
95% of variable stars had a flare occurrence rate of less than 5%, with the highest occurrence
rate for eclipsing binaries and pulsating stars in the range of 0–1%, while for rotating and
eruptive stars, it was in the range of 1–2%. We also identified 396 active stars using the Hα
parameters provided by LAMOST DR9 and found a positive correlation between the Hα
equivalent width and flare energy.
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