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Abstract

The CHinense Exoplanet Searching Program from Antarctica is a ground-based wide-field photometric survey
using the AST3 and CSTAR telescopes located at Dome A, Antarctica. Blessed with the unparalleled observing
conditions on the highest point of the Antarctic plateau, three remotely controlled, fully automatic telescopes
(AST3-I, AST3-II, and CSTAR-II) carried out continuous high-precision photometric surveys through the polar
nights of 2016 and 2017. During the observing seasons of 2016, a total of 26,578 light curves were obtained for
stars within the area of the southern continuous viewing zone of TESS, covering an i-band magnitude range from
7.5 to 15. At mi=10, photometric precision reaches ∼2 mmag, allowing possible discoveries of sub-Jupiter-size
exoplanets. Here we report 20 stellar flares with i-band energies larger than 1034 erg detected in the 2016 data set of
AST3-II, all from different sources. We model the stellar flares and calculate the durations, amplitudes, energies,
and skewnesses. The flare properties and the stellar properties of their sources are presented in this work.

Unified Astronomy Thesaurus concepts: Stellar flares (1603); Photometry (1234); Astrostatistics (1882); Stellar
activity (1580); Astronomy data analysis (1858); Surveys (1671)

1. Introduction

Stellar flares are unpredictable eruptive astronomical phe-
nomena occurring in the stellar coronal region and the
photosphere that emit strong radiation in a wide range of
wavelengths from the radio to X-rays (Osten et al. 2005).
Typically, these large eruptions last from several minutes to a
few hours, with energy levels up to 1038 erg for some stars of
the F or G type (Schaefer et al. 2000). Jackman et al. (2018)
detected a flare event from a G8 star with an energy of
5.4×1034 erg, which is hundreds of times more energetic than
the Carrington event—the largest solar flare ever detected
(Carrington 1859; Tsurutani et al. 2003). Parker (1963)
described stellar flares as the result of the release of magnetic

energy through the reconnection of magnetic field lines. The
mechanism behind stellar flares was further refined in later
years by, for instance, Sweet (1969), Heyvaerts et al. (1977),
and Shibata & Magara (2011), with the currently widely
accepted model being electrons colliding with matter in the
photosphere after acceleration along magnetic field lines
(Allred et al. 2015).
Probing the differences between stellar flares from different

types of stars can enable us to better understand the magnetic
activities on the stellar surface and the evolution of stellar
magnetic fields. Moreover, with increasing interest in finding
habitable exoplanets, the life-threatening potential of extreme
flare events is gaining more attention; extreme flares may emit
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a lethal amount of ultraviolet radiation and cause the
atmospheres of exoplanets to photoevaporate (Chadney et al.
2017; Lingam & Loeb 2017).

Since predicting the exact times of the eruptions of stellar
flares on light curves is almost impossible, we rely on
serendipitous detection from monitoring a large number of
stars over long periods of time. Stellar flares are therefore a
valuable byproduct from wide-field, continuous photometric
surveys such as those used for finding transiting exoplanets.
The Kepler spacecraft (Borucki et al. 2010) and the TESS
spacecraft (Ricker et al. 2014), both designed for detecting
transiting exoplanets by observing changes in stellar luminos-
ity, have greatly enlarged the flare sample and advanced our
understanding of stellar flares (Maehara et al. 2012;
Balona 2012; Van Doorsselaere et al. 2017; Günther et al.
2020). Their discoveries include the detections of superflares
on solar-like stars and flares on stars previously thought to be
magnetically inactive, and extremely large stellar flares on late-
type stars, indicating that more work is needed to understand
the mechanism of stellar flares and stellar magnetic activities.
Continuous observations using ground-based telescopes can be
achieved either with longitude-distributed observing programs
such as the Hungarian-made Automated Telescope Network
(HATNet; Bakos et al. 2004) and Hungarian-made Automated
Telescope Network-South (HATSouth; Bakos et al. 2013), or
from observatories on the Antarctic plateau, where the polar
nights are perfect for continuous astronomical observations.

The outstanding observing conditions on the Antarctic
plateau were reported by Lawrence et al. (2004), where a
median seeing of 0 23 was measured at Dome C. This result
inspired more studies on the observing conditions at various
potential sites in Antarctica. Kenyon & Storey (2006) found
that the scintillation noise is reduced due to decreased high-
altitude turbulence, which favors high-precision photometry.
Other favorable factors include low water vapor (Shi et al.
2016), low atmospheric extinction and sky brightness (Kenyon
& Storey 2006; Zou et al. 2010; Yang et al. 2017), mild wind,
and superb seeing conditions starting from several meters
above the ground level (Aristidi et al. 2009; Bonner et al. 2010;
Fossat & Aristidi 2010; Giordano et al. 2012; Okita et al. 2013;
Hu et al. 2014). After studying the observing qualities at
Ridges A and B, as well as Domes A, B, C, and F through
systematically comparing several important factors for astro-
nomical observations, Saunders et al. (2009) concluded that
Dome A, which is the highest point on the Antarctic plateau,
has overall the best observing conditions. The superb observing
qualities on the Antarctic plateau have also been proved by the
results of ASTEP-South (Crouzet et al. 2010), ASTEP-400
(Daban et al. 2010; Mékarnia et al. 2016) at Dome C, the
Chinese Small Telescope ARray (CSTAR; Yuan et al. 2008;
Wang et al. 2011, 2012; Meng et al. 2013; Wang et al.
2014b, 2014a, 2015; Yang et al. 2015; Zong et al. 2015; Liang
et al. 2016; Oelkers et al. 2016), and AST3-I (Wang et al. 2017;
Ma et al. 2018) at Dome A.

To make full use of the extraordinary astronomical observing
conditions of Dome A, the first two AST3 telescopes were set
up at Dome A during the polar days of 2012 and 2015,
respectively, making up the CHinese Exoplanet Searching
Program from Antarctica (CHESPA) together with the
CSTAR-II telescope. During the austral winter of 2016, more
than 35,000 scientifically qualified images within the southern
continuous viewing zone (CVZ) of the TESS spacecraft were

obtained by the AST3-II telescope. Zhang et al. (2019a)
presented the first data release of the observation data of 2016,
including 26,578 light curves of different sources within the
CVZ, which in turn enabled many new discoveries of periodic
sources, including 221 newly found variables (Zhang et al.
2019a) and 116 new transiting exoplanet candidates (Zhang
et al. 2019b). These results encouraged us to further explore the
full potential of the AST3-II telescope by focusing on non-
periodic signals, namely stellar flares.
The structure of the paper is as follows. We give a brief

introduction of the AST3-II instrument, observation, and data
reduction in Section 2. In Section 3 we describe the methods
we adopted to detect stellar flares from the AST3-II data. In
Section 4 we present the detected flares along with their
detailed properties and in Section 5 we briefly summarize our
work and discuss future prospects.

2. Instrument, Observations, and Previous Data Processing

2.1. Instrument

We refer the readers to Cui et al. (2008), Yuan et al.
(2014, 2015), and Wang et al. (2017) for a more comprehen-
sive description on the AST3 telescopes while we briefly
describe the key parameters of AST3-II related to our work
here. The AST3-II telescope is a modified Schmidt optical
design as described in Yuan & Su (2012), with an effective
aperture of 50 cm. Combined with a STA1600FT 10K×10K
frame transfer CCD camera, reduced to 5K×10K by
electronic shuttering, the AST3-II telescope is able to resolve
the sky with a pixel scale of 1 arcsecond, while providing a
relatively large field of view of 1°.5×2°.9 in the Sloan i-band.
When running unscheduled observations, the AST3-II tele-
scope was remotely controlled via satellite link, while
scheduled operations were fully automatic.
To withstand the harsh conditions during the polar night, the

snow-proofing and defrosting hardwares were both upgraded
based on the experience of the AST3-I telescope, which
protected the AST3-II telescope safely through the austral
winters of 2016 and 2017. The PLATO-A on-site observatory
platform (Lawrence et al. 2009; Ashley et al. 2010) provided
stable 1kW power, internet connectivity, and working condi-
tions for the whole system. PLATO-A was able to operate for
at least one year without maintenance. Other key parts of the
system, including the telescope control computer, the hardware
operation monitor, and the data storage array, were all designed
by Shang et al. (2012) and Hu et al. (2016) of the National
Astronomical Observatories, Chinese Academy of Science.

2.2. Observations and Previous Data Reductions

Zhang et al. (2019a) comprehensively introduced the
scientific background and the strategy adopted when running
the CHESPA program, which was initiated in 2012. The
feasibility of the program was first proved by the six exoplanet
candidates announced by Wang et al. (2014a), boosting our
confidence in carrying out a long-term exoplanet searching
program from Dome A. Here we briefly describe the
observation mode adopted by the AST3-II telescope. Forty-
eight target fields near the South Ecliptic Pole and within the
southern CVZ of the TESS spacecraft were first selected. These
target fields, which are all at low airmass when monitored from
Dome A, would be continuously observed for 12 months by
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TESS, maximizing the collaboration between our project and
the TESS project.

During the austral winter of 2016 (May 16 to June 22, the data
used in this work), the first 10 target fields, with designations of
AST3II004–AST3II013, were observed by the AST3-II telescope
for more than 350 hr when the telescope was not in maintenance
mode or making way for unscheduled events. When observing,
the telescope slewed between the 10 target fields in succession to
maximize the observation efficiency. Each field therefore has a
12minute sampling cadence that includes the actual image taking
time, the slewing time from one field to the next, and the CCD
readout time. In order to maximize the dynamic range of the final
images and avoid saturating bright stars, we adopted a three-
image-stacking strategy, that is, when pointing to a target field,
three images all with a 10 second exposure time were taken for
later coadding.

All together, we acquired more than 35,000 scientifically
qualified images in the Sloan i-band during the 2016 observation
season. With a manual cutoff at the 15th magnitude, a total of
18,729 coadded images were obtained.

Aiming for millimagnitude precision for bright stars within
the target fields, a customized image reduction module was
described in the first paper of our series (Zhang et al. 2019a).
This deals with additional systematic noises unique to our data
after the standard image processing procedures, such as cross-
talk and electromagnetic interference (EMI). All 26,578
aperture-photometry extracted light curves then go through
the trend filtering algorithm (TFA)-based light curve detrending
module to suppress the systematic trends, as described in
Zhang et al. (2019b). We note that the light curves used in this
work are only different from those used in the transit search in
the way that the 3σ clipping step is skipped, to avoid clipping
real stellar flare signals.

3. Flare Detection

3.1. Photometric Precision

As shown in Figure 1, the brightness of the stars in our work
ranges from the 7th to the 15th magnitude in the Sloan i-band,

with the dimmer end being a manual cutoff that is able to
optimize the search efficiency. Of the 26,578 extracted sources,
saturated ones are more likely to be brighter than mi=10 and
show large variations. At mi=10, the best photometric
precision, ∼3 mmag, is reached and it worsens to ∼30 mmag at
mi=15. Figure 1 is slightly different from its counterparts in
the first two papers of our series since the rms distribution of
the light curves is slightly larger and the apparent photometric
precision is not as good, due to the fact that data points outside
the 3σ clipping standard are not clipped, to avoid the accidental
removal of real stellar flare events.

3.2. Flare Detection Method

As mentioned in the 1, stellar flares are eruptive events with
no known indicators beforehand (Jackman et al. 2018). When
observed photometrically, systematically detrended light
curves of stars in their quiescent state show stable small
variations mostly caused by starspots on their surfaces or
intrinsic pulsations. When a flare energetic enough erupts on
the surface of a star, the light curve of the star shows a telltale
shape that could be described as a rapid half-Gaussian rise
followed by an exponential decay as shown in Figure 2
(Howard et al. 2019). These rapid rise phases show up on light
curves as flux anomalies that differ from the ordinary flux
difference between consecutive points in the quiescent phase,
which typically follows a normal distribution.
Occasional observation interruptions, however, are unavoid-

able even during polar night, because of scheduled main-
tenance or extreme weather, resulting in common gaps on all
light curves. To mitigate the negative effects of the gaps and
unphysical outliers on the detection of flare events, we
manually divide the light curves into 11 intervals at known
common gaps larger than 10 hours and exclude data points with
large photometric errors. Since stellar flares are more locally
than globally prominent on light curves and have a typical
duration of tens of minutes to several hours (Van Doorsselaere
et al. 2017), we search for flare events in further divided

Figure 1. AST3-II photometric quality of the unclipped data from the austral
winter of 2016. The y-axis, representing the light curve rms, is drawn in
logarithmic scale to better illustrate the data. Black dots show the individual
rms of each light curve and the red dashed line represents the photon noise limit
of the light curves. At mi=10, the photometric precision reaches ∼3 mmag.
Note that the points combine the photometric quality and the intrinsic
variability of the sources.

Figure 2. Telltale shape of the stellar flare event on the detrended, but not
whitened, light curve of AST3II 104.3087–70.3423. Black dots are the
12 minute photometric points acquired by the AST3-II telescope and the red
box marks the flare event. Data points outside the red box are considered to be
the quiescent state that has relatively stable variations. The smaller panel on the
upper left shows the enlarged shape of the encircled flare event, with the rise
and decay phase qualitatively marked.
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segments that have a 10 hr duration and move every three
hours.

Following Liang et al. (2016), a flux anomaly is defined as a
flux difference greater than μfd+3σfd, where μfd is the mean
of the absolute flux difference of this segment and σfd the
standard deviation. Given that light curves have small
variations due to starspots or intrinsic pulsations that would
contaminate the quiescence, a fourth-order polynomial is first
applied to whiten the segment, excluding six of the consecutive
points (roughly an hour) right after the flux anomaly to reduce
the negative effect the flare candidate has on the whitening
procedure. We then evaluate the flux trend after the anomaly to
determine whether to pass this candidate onto the validation
phase. The peak point of the flare candidate, which is required
to be greater than μqf+3σqf, where μqf and σqf have the same
definitions as above, but for the quiescent flux, is restricted to
be within three points after the anomaly, based on the current
understanding of the behaviors of stellar flares on light curves.
Two consecutive points after the peak are all required to be
greater than μqf+σqf with the first one being greater than
μqf+2σqf and on a lowering trend if this candidate is passed
onto the validation phase. We note that the photometric errors
of the data points are also taken into account when determining
the flux trend and the flux difference between the peak point
and the first point after it is required to be smaller than 50% of
that between the peak point and the flux anomaly to avoid
detections of candidates dominated by a single prominent
point.

Among 26,578 light curves, more than 300 candidates are
identified by our flare detection algorithm, and passed on for
further validation. A visual inspection is first carried out to
exclude candidates detected due to over-whitening, which
could accidentally introduce flare-like shapes when no flare
events are present. Candidates that are at the start or end of an
interval where insufficient data points are present are also
rejected. Sixty-two candidates are eventually chosen for further
validation.

3.3. Validation Process

Even though the flare detection algorithm and visual
inspection procedure excluded many unreliable candidates,
ground-based observations with only one band still suffer from
random bad weather and residual systematic errors that can
lead to false-positive flare events. Therefore to be conservative,
we further validate these candidates to rule out possible false
positives.

Flare events detected on a star, in principle, should be
independent cases without nearby sources displaying a similar
rise and decay trend at almost the epoch. If a similar trend is
found, it could be the result of contamination from nearby
flaring stars (detected or undetected by our algorithm) or the
other way around, or the result of a brightening of part of the
target field due to random weather conditions or other possible
reasons. These two causes would both lead to flare-like signals
at almost the same epoch on different sources that are originally
quiescent. In the first case, it is rather difficult to distinguish the
real flare from the contaminated one, and in the latter case all
sources are false positives. We therefore exclude all candidates
where a similar trend is found in neighboring sources.

For all remaining candidates, we visually check the CCD
images as the second validation step to make sure that these
candidates are reliable flare events in our data set. Since the

bulk of the stars observed by the AST3-II telescope are dimmer
than the 12th magnitude, their CCD readout values are usually
of the same order as the EMI (Zhang et al. 2019a), in which
case the EMI should be treated as a contamination source for
flares detected on faint stars since it exhibits a brightening
effect. We therefore check the CCD images of the candidates to
make sure that at the epoch of flaring, detected sources were
not under the influence of EMI or other contaminating effects
such as cosmic rays.
After a thorough validation process, we confirmed 20

reliable flare events in the 2016 AST3-II data set.

4. Result

4.1. Result of Flare Searching Process

In 26,578 light curves from the AST3-II 2016 data set that
have Sloan i-band magnitudes ranging from the 7th to the 15th,
we reliably confirm 20 stellar flares, all from different sources,
using a robust and customized detection method. The detected
stellar flares and fitted flare models are shown in Figure 3.
Properties of the stellar flares, along with the properties of their
sources are listed in Table 2. The light curves of the listed
sources are available online.23

4.2. Flare Fitting Procedure

As described in Section 2.2, the sampling cadence of the
transit-hunting observation mode of the AST3-II telescope on
individual target fields was roughly 12 minutes. Stellar flares,
however, from their time of eruption to that of total dissipation,
usually occur on a timescale of tens of minutes, resulting in an
under-sampling effect when searching for them in data
optimized for planet hunting. Occasional interruptions in data
taking causes additional discontinuity between observations,
making it difficult to directly compare flare shapes from the
original data points. Fitting of flares is therefore an essential
part of revealing the true nature and accurately determining the
properties of the detected stellar flares.
Liang et al. (2016) adopted the flare shape description

function introduced by Pitkin et al. (2014), where on a light
curve, before a stellar flare reaches its peak, it exhibits a rapid
half-Gaussian rise, while after its peak, a slower exponential
decay. In this work, we slightly modify this function to better
account for the fourth-order whitened light curve by adding a
constant that represents the average flux in the form of
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where Fflare is the observed flux, Fav is the quiescent flux after
local whitening, Fhigh is the fitted highest point during the flare
event, Tpeak is the time the flare reaches its maximum, t is the
time with respect to the jump point (lower one of the flux
anomaly), and λr and λd are the Gaussian rise constant and the
exponential decay constant, respectively.
Best-fit values of all five parameters are carried out using the

Levenberg–Marquardt method. In Table 1 we list the fitted
parameters of all 20 stellar flares with errors of fit included, and
in Figure 4, we show the revealed peak of the flare event on
AST3 J104.3087-70.3423, which also demonstrates the
importance of the flare fitting procedure.

23 http://casdc.china-vo.org/archive/ast3/II/dr1/
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4.3. Properties of Confirmed Flares

Stellar flares, as they appear on light curves, have several
important properties that may reflect the magnetic activities on
the surface of the flaring sources, including their duration,
amplitude, energy, and skewness (Liang et al. 2016). By fitting
the detected flares, these parameters can be better studied than
using the original data points alone.

To minimize the effect of the residual flux variation after
whitening on calculating the durations, we define the duration

of a detected stellar flare as the time between two points on
either side of the peak that are one-tenth of Fhigh. The shortest
stellar flare we detected has a duration of 28 minutes, and the
longest one of 119 minutes. Figure 5 shows the histogram for
the durations of all 20 detected stellar flares. As commonly
accepted, stellar flares occur on a timescale between tens of
minutes and several hours, with most of them concentrating
under one hour. The decreasing trend shown in Figure 5 is
consistent with that in Van Doorsselaere et al. (2017) which

Figure 3. Twenty confirmed i-band flare events detected in the AST3-II 2016 data set. The designation of each flaring source is at the top of each panel. The i-band
magnitude, starting date (in JD), duration, and amplitude of each flare event is presented on the upper right corner of each panel. Green data points are of 12 or
30 minute cadence, from the locally whitened light curves, and the fitted flare events are shown using red curves. The flare events are arranged in order of their starting
dates and slightly different abscissa scales are used to best represent the shapes of each flare event.
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used Kepler Q15 data to study the durations of stellar flares.
We note that no flares under half an hour are found because our
detection method requires at least four points to confirm a flare
event, which corresponds to about 36 minutes.

The amplitude of each detected flare event is defined using
parameters from Equation (1), which is in the form of

= - ´A F F 100%, 2high av( ) ( )

where Fhigh and Fav have the same definitions as described
above. Since the bulk of the observed stars are dimmer than 12th

magnitude—where the photometric rms precision is larger than
1%—our 3σ standard for detecting stellar flares would result in
detections with amplitudes of at least 3%. In fact, for the AST3-
II 2016 data set, the smallest confirmed stellar flare has an
amplitude of 8% on an F-type star with an i-band magnitude of
11.73. The amplitudes of other confirmed events range from
14% to 77%, where we note that using actual observation data
points as flare peaks would greatly underestimate the true
amplitudes of some of the events, indicating the importance of
using a flare model when determining flare parameters.

Figure 3. (Continued.)
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Table 1
Fitted Parameters of All Detected Flare Events in AST3-II 2016 Data Set

AST3 ID Tpeak Tpeak– Tpeak+ F _av whitened F _av whitened– F _av whitened+ Fhigh Fhigh– Fhigh+ λr λr– λr+ λd λd– λd+
AST3II+J (min) ×10−2 ×10−2 ×10−3 ×10−3 ×10−3 ×10−2 ×10−3 ×10−3 ×10−2 ×10−5 ×10−5 ×10−2 ×10−5 ×10−5

097.9925–71.2737 14.51 −1.95 1.95 0.88 −0.59 0.56 24.94 −0.60 0.48 9.50 −252.07 258.37 5.45 −3.71 3.93
091.0116–70.9974 15.78 −17.51 328.39 −4.45 −19.21 17.97 51.88 −45.06 9.74 7.07 −5705.72 829.15 3.92 −109.69 91.95
097.1786–70.0076 30.79 −3.03 3.18 −10.42 −31.87 30.09 26.56 −3.27 3.46 0.51 −14.21 14.17 5.51 −14.31 14.06
102.7728–73.1227 46.88 −12.22 11.89 −3.65 −39.87 37.63 28.15 −4.07 4.33 0.11 −3.40 3.53 4.69 −97.45 92.94
104.1761–68.5776 14.14 −34.85 25.14 −0.42 −33.09 31.19 19.49 −6.78 6.42 1.48 −35.02 53.20 3.70 −152.99 128.01
114.4795–73.5119 16.83 −9.48 4.15 −0.32 −0.52 0.49 41.05 −1.20 2.57 7.35 −150.34 360.62 6.71 −1.04 0.98
111.2878–70.4038 31.66 −10.92 2.99 −0.79 −0.30 0.29 22.73 −0.16 0.52 2.13 −36.72 140.47 2.15 −1.04 0.98
098.9784–73.9968 38.92 −26.49 26.97 −12.86 −6.69 6.32 44.61 −3.06 3.02 0.27 −8.76 8.91 2.73 −0.05 0.04
104.5848-71.1608 14.35 −3.41 3.94 −2.67 −6.44 6.08 20.08 −1.53 1.73 9.52 −334.94 273.53 4.77 −19.37 19.78
099.2446–69.4442 14.77 −1.32 1.33 −7.27 −0.55 0.52 43.00 −0.44 0.49 9.57 −147.77 148.37 6.99 −2.48 2.34
099.4817–69.3284 16.93 −3.71 0.75 −0.58 −18.72 17.61 14.05 −2.55 2.35 1.23 −80.20 93.27 4.18 −256.75 226.00
097.7243–69.7140 19.45 −303.07 73.60 −8.54 −39.44 37.12 44.60 −19.58 77.29 1.36 −354.51 5217.17 4.94 −83.80 71.84
094.4999–73.2403 12.68 −0.00 0.00 −2.89 −43.94 41.54 25.33 −7.15 6.80 2.98 −243.65 1439.27 5.58 −223.62 210.42
116.8346–72.5818 20.62 −6.53 6.66 −1.20 −4.71 4.45 8.42 −0.28 0.28 0.69 −6.31 6.03 5.37 −77.69 79.08
091.4219–73.1003 15.25 −10.48 18.84 1.69 −22.29 21.02 15.79 −1.35 1.28 6.44 −530.93 634.42 9.17 −808.16 1138.14
104.3087-70.3423 14.68 −3.65 7.12 −7.41 −31.29 29.55 76.16 −2.59 2.01 8.33 −724.76 416.13 1.95 −8.50 8.16
101.1033–70.4762 48.59 −17.13 16.74 −3.76 −18.82 17.76 20.80 −3.54 3.26 0.06 −3.53 3.88 3.56 −0.76 0.22
101.8995–70.1340 16.05 −63.93 175.77 −0.33 −28.55 26.23 15.93 −2.83 9.49 4.66 −3588.33 2589.51 4.86 −519.52 520.03
114.1914–71.6653 16.02 −52.05 125.26 1.41 −19.60 18.32 38.10 −23.92 10.36 6.70 −2673.83 1380.04 10.54 −2149.91 2536.42
097.5071–71.3911 15.12 −4.85 3.96 −3.62 −9.41 8.88 17.30 −0.27 0.40 8.19 −241.64 324.96 5.98 −14.43 15.03

Note. Fitted parameters of all detected flare events in the AST3-II 2016 data set based on Equation (1), where TPeak is the fitted peak time of each flare event after the jump point, Fav is the average of the fitted quiescent
flux after local whitening, Fhigh is the fitted highest point, and λr and λd are the rise and the decay parameters of each detected flare event, respectively. The signs (−, +) following each parameter denote the lower and
upper limit of each fitted parameter.
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Estimating the energies of the flare events, on the other hand,
is more complicated than calculating the parameters above. As
discussed in Davenport (2016) and Kowalski et al. (2013), it is
known that the spectra of the energy dissipation phase during a
flare has changing temperatures and non-thermal emission,
making estimating the total energy of a flare event impossible
using observations from only one band. We therefore take a
step back and estimate only the i-band energy of each flare
event.

We first compute the equivalent duration (ED; in units of
seconds) of each flare event by integrating for the total area
under the fitted flare event between its start and end as defined
above. The Sloan i-band magnitude of each flaring source is
then converted to its corresponding energy value based on
Fukugita et al. (1996). Lastly, by making use of the accurate

distance data from the Gaia DR2 database (Gaia Collaboration
et al. 2016, 2018; Bailer-Jones et al. 2018), we calculate the i-
band energy each flare event released.
Even though the energies of the detected stellar flares are of

only one band, all of them are still larger than the largest flare
event ever recorded on the surface of the Sun by two orders of
magnitude, with the most energetic one releasing at least 1038

erg energy (AST3II J114.4795-73.5119) during one eruption,
enough to cause catastrophic effects on the atmospheres of
nearby planets. It is also shown in the lower left panel of
Figure 6 that, on average, flare events on giant stars are more
energetic than those on dwarf stars. This result is all the more
interesting since on evolved stars, magnetic activities should
have died down during their evolution, indicating that the
flaring mechanism for giant stars could potentially be different
from that of the main-sequence stars. We will discuss the
determination of the luminosity class and the spectral type of
the flaring sources later in this section.
Following Liang et al. (2016), we also use the skewness

parameter to investigate the energy injection and dissipation
phase of a flare event. The skewness parameter κ is in the form
of

k =
T

T
, 3des

asc
( )

where Tasc represents the time from the start of the flare to its
peak, and Tdes is the time from the peak to the end. The seventh
column of Table 2 shows the skewness of all detected stellar
flares. The upper left panel of Figure 6 shows that the skewness
parameters of flares on giant stars are on average the same with
those of dwarf stars, with one dwarf case reaching 22,
indicating an extremely skewed flare shape. The dispersion of
skewness seems large, in the middle left panel of Figure 6,
however, the decay time (Tdes) of a flare and its corresponding
duration shows the same linear relation as first pointed out by
Liang et al. (2016). In this work, we improved this plot by
better defining the start and end of a flare event. Using a linear
fit with only the slope as the fitted parameter, we obtain a slope
value of 0.75 for flares on all sources. A simple mathematical
transformation then gives the corresponding average skewness
as three, which is similar with that of Liang et al. (2016),
indicating that the energy dissipation phase typically takes
three times longer than the energy injection phase.

4.4. Stellar Properties

Aiming to better understand the detected flare events, it is
necessary to collect stellar information of all flaring sources. To
achieve this, we make use of the VizieR database (Ochsenbein
et al. 2000) and cross-match for the same source in different
catalogs in a 2″radius circle. The BV magnitudes are from the
AAVSO Photometric All-Sky Survey (APASS) catalog
(Henden et al. 2015, 2016), the JHK magnitudes are from the
Two Micron All Sky Survey (2MASS) catalog (Skrutskie et al.
2006), and the proper motions, radii, distances, and effective
temperatures of the flaring sources are all extracted from
Gaia DR2 (Gaia Collaboration et al. 2016, 2018; Bailer-Jones
et al. 2018).
Existing information on the spectral types and luminosity

classes of the 20 flaring sources is fairly sparse. Classifying the
stars, however, is important, since current understanding of the

Figure 4. Fitted flare model to demonstrate the importance of fitting detected
flares. Based on Equation (1), the red curve denotes the fitted flare model, and
the green points are locally whitened photometric points. The relatively larger
cyan point sitting at the junction at the top marks the fitted peak, which
observations usually miss. The lower panel shows the difference between the
original data points and the fitted model.

Figure 5. Histogram of the durations of detected AST3-II flares. Green bars
show the number of flares in each interval, from 25 to 120 minutes, with a
20 minute bin size. Though the number of detected flares is small, a decreasing
trend is apparent, where flares with longer durations are fewer, as predicted by
theories.
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flaring mechanism requires a magnetically active star, making
flaring stars thought to be magnetically weak precious cases.
With the high-precision parallax data from Gaia DR2, we
determine the luminosity class of each flaring source using a
color–magnitude diagram (MV versus V−K ), as shown in
Figure 7, where MV is the absolute V-band magnitude of each
flaring source calculated using the Vmag value and distance data
listed in the tenth and twentieth column of Table 2. Two of the
detected sources are known Type III giant stars that are on the
upper right part of the plot where giant stars normally reside; 15
of the rest are classified as dwarf stars while the other three are
giant stars. We then calculate the spectral types of the dwarf
stars using the effective temperatures from Gaia DR2 and
B−V magnitudes from the APASS catalog based on Pecaut &
Mamajek (2013). Interestingly, of all 15 dwarf flaring sources
detected, the latest type is K6, not even a very late K-type
dwarf, while the earliest one is of spectral type F7, a type
originally to thought to be magnetically weak. We note that the
radii of AST3II J102.7728-73.1227 and AST3II J099.4817-
69.3284 are not available in the VizieR database; for
consistency reasons, we plot these two sources with radii of

R0.8  and R5.0  in Figures 6 and 7 based on their spectral
types and luminosity classes.

By cross-matching with the first two works of this series, we
have also found four of the flaring sources to be variables. A
particular interesting case is the flaring source AST3II

J097.9925–71.2737, which has a transit signal with a period
and a duration of 3.4102 days and 3.838 hr, respectively. Even
though the Gaia mission measures its radius to be R60.6 ,
making any transiting companions more likely to be stellar
objects, the TESS Input Catalog (TIC; Stassun et al. 2018)
assigns it a radius of R0.18 , making it a good candidate for a
planetary host. Assuming this target to be a planet-harboring
star, using the mid-transit epoch from Zhang et al. (2019b), the
flare event on this source occurred only 2.02 hr after mid-
transit, when the planet just moved out of transit. Though the
total energy of stellar flares cannot be accurately determined
without spontaneous spectral observation (Kowalski et al.
2013), larger flares have a higher chance of emitting more
radiation in the EUV, FUV, and XUV bands, which are the
directly responsible for the photoevaporation process in
planetary atmospheres (Sanz-Forcada et al. 2011). In the case
of AST3II J097.9925–71.2737, its flare with an i-band energy
of 7.3×1037 erg, could be the indicator of enough UV
radiation that is able to permanently destroy the atmosphere of
that planet (Rubenstein & Schaefer 2000; Chadney et al. 2017;
Lingam & Loeb 2017).
Of all the flaring dwarfs we have detected, three are F-type

dwarfs, seven are G-type dwarfs, and five are K-type dwarfs.
Even though flares on late-type stars (such as late K-type and
M-type) are theoretically more frequent and energetic com-
pared to their quiescent state, large rms due to low stellar

Figure 6. Statistical plots of the properties of detected stellar flares. In the order of left to right, and upper to lower, the panels show duration vs. skewness, duration vs.
amplitude, duration vs. decaying time, amplitude vs. skewness, duration vs. energy, and skewness vs. energy. In all six panels, cyan points are giant stars (both known
and estimated), and green points show estimated dwarf stars, with the sizes of the points logarithmically scaled to represent the stellar radii. In the middle left panel, the
red line shows the linear fit of the decay time against the duration of the flares detected. We note that in the lower right panel, one source with a large skewness
parameter is not shown for aesthetic reasons.
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Table 2
Confirmed i-band Flares in AST3-II 2016 Data

AST3 ID i T0 Duration Amplitude Energy Skewness B−V B V J H K μα μδ

Sp.
Type

Lum.
Class Teff R* Distance Variability

AST3II+J (mag) (2456000.0+) (minutes) % (erg) (mag) (mag) (mag) (mag) (mag) (mag) ( -mas yr 1) ( -mas yr 1) (K) R (pc)

097.9925–71.2737 08.39 1530.08568 47.8 24.8 7.3e
+037

8.6 1.61 12.35 10.74 5.42 4.54 4.13 −2.83 14.70 N/A Giant 3670.15 60.60 1154.95 TC?

091.0116–70.9974 13.48 1530.14006 62.2 52.3 1.7e
+036

10.1 0.90 14.96 14.06 12.30 11.82 11.73 0.93 −2.83 K3V Dwarf 4927.00 2.56 1131.48 0

097.1786–70.0076 14.04 1530.24625 55.4 27.6 2.9e
+035

1.8 0.59 14.91 14.32 13.17 12.86 12.77 −5.39 20.89 G0V Dwarf 5927.50 1.01 833.60 0

102.7728–73.1227 13.91 1532.58623 91.7 28.5 2.4e
+037

1.0 1.08 15.63 14.55 12.62 12.01 11.94 −1.38 5.96 K3.5V Dwarf 5046.75 0.80 5264.31 0

104.1761–68.5776 14.08 1533.99494 74.0 19.5 2.5e
+035

5.0 0.77 15.26 14.49 13.11 12.78 12.71 −1.69 20.84 G8V Dwarf 5402.67 1.16 828.93 0

114.4795–73.5119 08.49 1534.73405 39.8 41.1 1.1e
+038

6.1 1.65 11.91 10.26 6.09 5.24 4.89 −6.15 8.37 N/A Giant 3530.57 71.75 1254.54 0

111.2878–70.4038 07.57 1536.86298 115.9 22.8 9.5e
+036

10.2 1.20 8.95 7.75 5.72 5.25 4.95 11.39 12.85 K3 III 4626.57 9.56 192.08 EW

098.9784-73.9968 12.34 1537.15633 102.6 45.9 1.7e
+035

2.7 1.01 14.06 13.05 10.99 10.44 10.32 2.72 17.85 K3V Dwarf 4958.50 0.58 166.73 RR

104.5848-71.1608 13.01 1542.64935 50.4 20.3 3.6e
+035

9.5 0.74 14.14 13.40 12.10 11.77 11.64 −9.12 5.72 G8V Dwarf 5427.00 1.68 737.07 0

099.2446–69.4442 08.22 1542.75571 35.5 43.7 1.4e
+037

6.5 1.09 9.94 8.85 6.98 6.48 6.31 0.54 7.29 K1 III 4721.76 11.03 406.32 0

099.4817–69.3284 14.04 1542.94366 67.7 14.1 5.6e
+035

4.0 0.86 15.40 14.53 12.93 12.46 12.37 −0.45 0.97 N/A Giant 4939.54 5.00 1495.69 0

097.7243–69.7140 14.54 1544.91055 55.5 45.5 1.0e
+036

3.4 0.77 15.62 14.85 13.48 13.12 13.05 3.04 19.71 G9V Dwarf 5503.70 1.77 1546.97 0

094.4999–73.2403 14.69 1544.93897 47.9 25.6 7.5e
+034

4.6 0.78 15.88 15.10 13.54 13.17 13.08 −8.11 −14.29 G9V Dwarf 5095.00 0.80 654.69 0

116.8346–72.5818 11.73 1545.71292 58.2 8.5 1.0e
+036

2.3 0.54 12.61 12.06 10.81 10.55 10.51 −0.67 3.96 F7V Dwarf 5798.50 3.45 945.94 0

091.4219–73.1003 13.65 1545.76257 32.5 15.6 1.9e
+035

4.3 0.78 14.86 14.08 12.52 12.14 12.09 1.51 8.42 G9V Dwarf 5053.09 2.01 1000.24 0

104.3087–70.3423 14.08 1545.88485 118.5 76.9 3.1e
+035

22.0 1.20 16.35 15.16 12.57 11.91 11.79 −2.24 2.15 K6V Dwarf 4188.03 0.92 379.47 RR

101.1033–70.4762 12.78 1546.46458 117.7 21.2 3.8e
+036

1.0 0.55 13.60 13.05 12.01 11.69 11.64 −0.04 10.39 F9V Dwarf 6169.33 2.53 1280.92 0

101.8995–70.1340 13.62 1549.18287 54.0 16.0 1.4e
+035

6.7 0.87 14.98 14.11 12.52 12.10 11.97 3.21 23.78 K2V Dwarf 5039.50 1.31 652.54 0

114.1914–71.6653 14.05 1550.09355 28.1 38.0 4.2e
+035

3.8 0.55 14.89 14.34 13.10 12.83 12.76 −3.62 7.08 F9V Dwarf 5832.00 1.56 1229.56 0

097.5071–71.3911 12.98 1550.72682 40.4 17.7 7.1e
+034

7.0 0.78 14.12 13.34 11.98 11.63 11.52 3.74 8.40 G9V Dwarf 6021.44 0.70 384.02 0

Note. Flare events are sorted by the start times of each flare. The definition of each column is as follows. Column (1): designation of each flaring source in AST3-II catalog Column (2): i-band magnitude of each flaring
source after photometric calibration. Column (3): starting date of each flare event, in Julian date. Column (4): duration of each flare event, in minutes. Column (5): amplitude of each flare event, expressed as a percentage.
Column (6): i-band energy of each flare event, in unit of energy. Column (7): skewness of each flare event. Column (8): color index of B−V from the APASS catalog. Column (9–13): BVJHK magnitudes of the flaring
sources from the APASS catalog and the 2MASS catalog. Columns (14, 15): proper motions of each flaring source from Gaia DR2. Column (16): spectral type of each flaring source from the VizieR database (if
available) and Pecaut & Mamajek (2013) based on the color index of the source. Column (17): luminosity class of each flaring source from the VizieR database (if available) and our calculation using the color–
magnitude diagram. Column (18): effective temperature of each flaring source from Gaia DR2. Column (19): radius of each flaring source from Gaia DR2 (if available). Column (20): distance of each flaring source from
Gaia DR2. Column (21): variability of each flaring source from the first two papers of this series, where TC? is transit candidate that needs further investigation, EW is W Ursae Majoris type eclipsing variables, and RR
is variable of the RR Lyrae type.
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luminosity makes them harder to identify or confirm especially
when observed using a wide-field telescope and short cadence,
which is the case this work.

5. Discussion

Located at Dome A, Antarctica, CHESPA made use of the
AST3-II telescope and observed the southern CVZ of the TESS
spacecraft during the polar nights of 2016 and 2017. It
provided us with a valuable data set to search for transiting
exoplanets, periodic variables, and transient events such as
stellar flares. From 26,578 light curves we have confirmed 20
stellar flares from different sources. By fitting the flare events
we provide detailed properties of the detected flares, as well as
their stellar properties.

We used an improved model based on Liang et al. (2016) to
fit the detected flares that can better account for whitened light
curves. Limited by the sampling cadence of the AST3-II
telescope and the requirement of the detection method, the
durations of the detected stellar flares range from 28 minutes to
119 minutes, with most of them concentrating under 1 hr.
Nineteen of 20 detected flare events have amplitudes larger
than 10%, with the one on AST3II J104.3087-70.3423 being as
large as 77%. We only calculated the i-band energies of the
flare events, since it is impossible to constrain the whole flare
spectra with data from single-band observations. Nevertheless,
the energies of all detected flare events are larger than the
Carrington event by at least two orders of magnitude, and
energies of flares on giant stars are, on average, larger than
those of dwarf stars, indicating further work is needed on the
magnetic activities of evolved stars. The skewness parameter
from Liang et al. (2016) is also investigated in this work. The
typical ratio between the decay time and the rise time of a flare
event is found to be around three.

Four of the detected flaring sources are also found to be
variables, with two of them being RR Lyrae variables, one being a
W Ursae Majoris eclipsing binary, and one being a transit
candidate. The flare event on AST3II J097.9925–71.2737 would

be energetic enough to completely wipe out the atmosphere on its
tentative planet.
As the third work of the series exoplanets in the Antarctic

sky, mainly focusing on stellar flares, along with the first two
works that have reported discoveries of new variables and
transit candidates, we have shown the power of the AST3-II
telescope. After the reduction of the 2017 observation data,
which is three times more than the 2016 data set, we hope our
works can be useful supplement to the TESS mission.
As the second telescope of the AST3 telescope family,

AST3-II has successfully proved the feasibility of utilizing the
extraordinary observing conditions of Dome A during the polar
night. With the successful deployment of the third AST3
telescope with a K-band camera (Burton et al. 2016),
astronomical observations at Dome A will surely be fruitful
in the future.
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