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ABSTRACT

Discovery of flares in the M dwarf CzeV502 and our follow-up results are
presented. We classify it as a dMe eruptive variable of UV Ceti type due to
the X-ray activity, measured B —V of 1.5mag, Ha emission, and flares. Our
monitoring revealed only one reliable and one suspected superflare in 58 nights
(210hrs). The strongest flare with AR = 1.5mag (AB ~6-8mag) could have a
total energy of 3E4+34erg. The ASAS-SN data may contain 4 events up to AV
of 0.43mag and 12.55 d periodicity corresponding to the rotation or possible bi-
narity. Other brightenings in sky survey (ASAS-3, CRTS, NSVS, and KWS) are
doubtful. No event was unveiled on the 1600 photographic plates. The upper
rate limit of 1-2 superflares/1 640 hrs corresponds to activity several orders higher
than for other M-dwarfs, especially, for the slow rotators. The low amplitude flares
(AB < 0.5 mag) may be common (1 flare/4 hrs).

RESUMEN

Presentamos nuestro descubrimiento de réfagas en CzeV502, una enana tipo
M, asi como resultados subsecuentes. Clasificamos a CzeV502 como una variable
eruptiva dMe de tipo UV Ceti debido a su actividad en rayos X, su emision B—V
de 1.5 mag, su emision en He, y sus rafagas. Observamos sélo una rafaga confiable
y una posible superrdfaga en 58 noches (210hrs). La rdfaga mds intensa, con
AR = 1.5mag (AB ~6-8mag), pudo tener una energia total de 3E+34erg. Los
datos del ASAS-SN pueden contener 4 eventos hasta de AV of 0.43mag y una
periodicidad de 12.55d, que corresponde a rotacién o a posible binariedad. Los
datos de ASAS-3, CRTS, NSVS, y KWS son dudosos. No se encontré evento
alguno en 1600 placas fotograficas. El limite superior de 1-2 superrafagas /1640 hrs
implica una actividad de 6rdenes de magnitud mayor que la de otras enanas M. Las
rafagas de baja amplitud (AB < 0.5mag) pueden ser frecuentes (1rafaga/4 hrs).

Key Words: methods: observational — stars: flare — stars: variables: general —
surveys — techniques: photometric — X-rays: stars
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M dwarfs are one of the most common types
of stars in the solar neighbourhood and the whole
Galaxy. Catalogues of M dwarfs such as Lépine &
Gaidos (2011) containing 8889 stars or Lépine &
Gaidos (2013) with ~ 100 000 stars are based on mea-
surements of colour indexes of the stars, their dis-
tances, and proper motions, together with informa-
tion about X-ray emissions or other observed char-
acteristics. Many of them show high photospheric
activity (exceeding that of our Sun). Even though
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amplitudes of variations during flares can be high
(>1mag in the V-band), only the most active dwarfs
are monitored and studied. Due to a common low
brightness of M dwarfs”, at least 1m-class telescopes
are required to achieve a good time resolution of
multi-colour observation. The low rate of flares for
these objects makes observations tedious and time-
consuming, and therefore such telescopes are rarely
used for this kind of observation. This is the rea-
son why infrequent flare activity of M dwarfs was
proved sporadically. In the last decade, the situa-
tion has dramatically improved thanks to projects
producing both, multi-colour measurements — SDSS
(Kowalski et al. 2009) or white-light high-cadence
measurements — Kepler space telescope (Walkowicz
et al. 2011; Maehara et al. 2012; Davenport et al.
2014; Candelaresi et al. 2014; Doyle et al. 2018; Lin
et al. 2019; Raetz et al. 2020; Okamoto et al. 2021),
and TESS space mission (Doyle et al. 2019; Doyle,
Ramsay, & Doyle 2020; Tu et al. 2020).

In this paper, we describe a discovery of a strong-
flare activity in the M-dwarf CzeV502 using a small
telescope (§ 3) and our follow-up observing effort
with the same instrument and with several other
telescopes (§ 4). Our observational results are com-
pared with measurements from sky surveys (§ 5) and
photographic plates (§ 6). In § 7 we present detec-
tion of Ha line emission using low-resolution spec-
troscopy. Information about CzeV502 found in the
literature (§ 2) is compared with our observing re-
sults in § 8.

2. LITERATURE INFORMATION ABOUT THE
OBJECT

The position of the flaring object CzeV502, which
is the scope of this study, was determined by com-
paring our images and Aladin Lite image in DSS
(our discovery images have a low angular resolution
of 117 /pixel). There was identified object UCAC4
519-052095% in the Simbad database (Wenger et al.
2000). The object is a very red star with B— R =
2.4mag (B = 14.4mag, R = 12.0mag) and it be-
longs among M stars (Zickgraf et al. 2003). Its
brightnesses in infrared bands are J = 9.09(3) mag,
H = 852(4)mag, and K = 8.26(2) mag (2MASS

7Only about 1400 of M dwarfs are brighter than V =
12 mag according to the catalogue the brightest M dwarfs from
Lépine & Gaidos (2011).

8 =11P 18M 203307, § = +13° 47 39”04, J2000.0, = 2E
2442 = 2E 1115.841403 = 2MASS J11182030+1347392
= PM J11183+1347 = RX J1118.3+1347 = 1RXS

J111819.94134739 = [ZEH2003] RX J1118.341347 1 = Gaia
DR2 3966634844566024960.

TABLE 1

SUMMARY OF PROPER MOTIONS
PARALLAXES AND DISTANCES”

PMRA pmpeC T d Study®
[mas/yr]  [mas/yr] [mas] [pc]
+87 —38 52(16)P° 19 1
- - - 36 2
+80(5) —41(5) 49(8) 20 3
+85.25(9) —48.16(8) 40.16(6)  24.90(4) 4
+85.16(4) —48.24(2) 40.28(3)  24.83(2) 5

“From literature.

#1 — Lépine & Gaidos (2011), 2 — Bai et al. (2012), 3 —
Finch & Zacharias (2016), 4 — Gaia Collaboration (2018),
5 — Gaia Collaboration (2020).

Phoparallax based on photometry.

catalogue, Cutri et al. 2003). It is listed in the
all-sky catalogue of bright M dwarfs with an M3
spectral type (Lépine & Gaidos 2011). Bai et al.
(2012) determined a spectral type of M2.5 based
on the low-resolution optical spectroscopy. GAIA
DR2 and DR3 catalogues (Gaia Collaboration 2018,
2020) contain its effective temperature as 4013 K
and probably the most accurate values of its high
proper motion and parallax, corresponding to a small
distance to the Sun (25pc). The published re-
sults are summarised in Table 1. Other values of
temperature and radius are mentioned in Table 4.
In addition, the Einstein Observatory (space X-ray
telescope) found a source of X-rays with a count
rate of 0.0088(24) cts™! in this location (McDowell
1994). X-ray activity was confirmed using the Ront-
gen Satellite (ROSAT) and the object was included
in the ROSAT all-sky bright source catalogue (Voges
et al. 1999). Measurements of its X-ray variability
together with its X-ray spectrum are available in the
second ROSAT all-sky survey catalogue (Boller et
al. 2016).

No evidence about optical variability of the ob-
ject was found in the literature (SAO/NASA ADS,
SIMBAD, VizieR, GCVS, VSX) at the time of our
discovery (February 2012). Therefore, the star was
added as CzeV502 Leo in the CzeV Catalogue — the
Czech catalogue of discovered variable stars avail-
able on-line®(Brat 2006) and published in Skarka et
al. (2017). This catalogue is maintained by the Vari-
able Star and Exoplanet Section of the Czech As-
tronomical Society. Object CzeV502 was added also

9http://var2.astro.cz/czev.php.
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Fig. 1. Composite image of the Leo Triplet (exposure 58x15sec) obtained during the night 22/23 February 2012 (on
the left), selected area on individual images with the variable star at minimum brightness (time 23:13:29 UTC — top
centre) and at maximum brightness (time 23:17:30 UTC — bottom centre), and Malokuk telescope (on the right). The

color figure can be viewed online.

to the VSX database!® (Watson, Henden, & Price
2006). Recently, the star was identified as a rotat-
ing variable star with an amplitude of 0.09 mag and
elements

Thyp = 2,457,392.02128 + 12.5494014% - E (1)

in the ASAS-SN project (object ID ASASSN-V
J111820.37+134738.6). It is included in the ASAS-
SN Catalog of Variable Stars: VI (Jayasinghe et al.
2020). The ATLAS project catalogue (Heinze et al.
2018) contains information about a dubious variabil-
ity with a period of 6.286347d, a value very close to
half of the ASAS-SN period.

3. DISCOVERY OF FLARING ACTIVITY OF
CZEV502

In the night 22/23 February 2012 a field with
the Leo Triplet (group of galaxies M65, M66, and
NGC 3628) was observed. The observation was done
by JL in a private observatory in Brno using the
“Malokuk” telescope — a small photometric instru-
ment designed for measurements of very bright vari-
able stars (more e.g. in Zejda et al. 2011). The tele-
scope (see Figure 1, right panel) was composed of
a photographic lens Sonnar 4/135 (focal ratio/focal
length) with maximal diameter of aperture of 34 mm,
an ATIK 16IC CCD camera (chip Sony ICX424AL)
equipped with red non-standard long-pass filter sim-
ilar to an R-filter (see the spectral response in Fig-
ure 14)!1, and a simple mount EQ-1 Table Top (Sky-
Watcher). The exposure time was selected as 15 sec

LOhttps://www.aavso.org/vsx/index.php.
' The used red filter is completely impermeable between
400 nm and 550 nm, it has maximal transmission from 600 nm

to minimize the influence of mid-fast atmospheric
changes and the periodic error of the mount. The
optical setup was focused to obtain the sharpest im-
age (it was planned to create the “deepest” combined
image). A limiting magnitude in the single image
was below 12.5 mag, in the composite image close to
15mag (R).

All measurements were calibrated with the
proper dark frame and flat field images using the
photometric package C-Munipack (Motl 2009) vers.
1.1.28.  Stars BD+14 2375 (R = 8.94mag or
8.88 mag) and HD 98388 (R =6.84 mag or 6.81 mag)
with brightnesses adopted from USNO-B1.0 Catalog
(Monet et al. 2003), were chosen as the comparison
and check stars, respectively.

The observation started at 23:12:11 UTC
(HJD 2455980.4725) and after four minutes, a signif-
icant brightening of the faint star-like object in the
field was recorded (Figure 1). The object become
about 4 times brighter (1.5 mag) during 2 minutes
and then slowly faded, which is typical for stellar
flares (Davenport et al. 2014) see Figure 2. Unfor-
tunately, the observing interval was short (19min)
and the end of the flare is missing; the object did
not reach its brightness in the quiescent state.

The observed amplitude of the flare in the red
band AR (1.5mag) can be extrapolated into the
short-wavelengths adopting published results from
multi-colour observations of e.g. YY Gem (Gary et

to longer wavelengths and possible blue leak below 400 nm,
where the transmission of the Sonnar photographic lens to-
gether with a sensitivity of camera ATIK 16IC become poor.
The central wavelength was estimated as 670 nm similar to
the R filter concerning the total spectral response of the setup.
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Fig. 2. The first detected flare on the night 22/23 Febru-
ary 2012 (left) in comparison to the quiescent state on
3/4 March 2012 (right); instrument Malokuk, exposure
15sec, red filter. Amplitude of the flare was about
1.5 mag (maximal brightness 10.5 mag) and duration
more than 17 min. The color figure can be viewed on-
line.

al. 2012) or GJ 3236 (Smelcer et al. 2017). Their
flare spectral indexes for both objects show a lin-
ear dependency between log(amplitude) in mmag
and log(wavelength) in nm and with similar slopes
of —3.2(0.3) and —3.9(0.4). Possible flare ampli-
tudes for the V and B bands (with central wave-
lengths of 550 and 439 nm) were estimated as
AV ~ 2.8 —-32mag and AB ~ 5.8 — 7.8 mag, re-
spectively. To calculate the total bolometric energy
released during the flare, a procedure described by
Shibayama et al. (2013) was used. We obtained val-
ues of Fpare in the range 2.2 — 3.4 x 103* erg. More
details are given in Appendix A.

4. FOLLOW-UP CCD PHOTOMETRY

Many CCD photometric observations were ob-
tained in the next seasons to check the level of the
normal (quiescent) state, to determine the colour in-
dex of CzeV502, and to confirm the flaring activity
of this M dwarf star.

4.1. Malokuk — Sonnar 4/135

The majority of the follow-up measurements were
obtained by JL using the Malokuk telescope, the
same instrument as on the discovery night. Fol-
lowing observations with short exposures (3—30 sec,
typically 15 sec) for a good covering of eventual flares
were performed for a long time without any flaring
detection. Finally, more than one year after the first

8 ‘ 19/20 March 2013 —e— | | | ‘ W March 2012 o] |8
4 x uncertainty —e— 4 x uncertainty —e—
16} 1 1.6
Clouds
1.4} ;
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Fig. 3. The second detected flare on the night 19/20
March 2013 (left) and the quiescent state on 3/4 March
2012 (right), Malokuk telescope, red filter. Photometry
was performed on images composed of 10 individual CCD
frames to increase the S/N ratio. Uncertainty of each
measurement was multiplied by 4 for better visualization
(blue curves) and is used as an indicator of the stability of
the observing conditions. The color figure can be viewed
online.

flare (in the night 19/20 March 2013) the second sus-
pected flare was detected (Figure 3). On this night
the star brightened only 1.4 times (0.37mag). The
duration of the flare was probably a little over 60
min (observation time was too short). The detected
variation had a low amplitude and therefore the flare
light curve as well as the comparison quiescent one,
which are displayed in Figure 3, were measured from
composite images of 10 CCD frames. The uncer-
tainty of each measurement is used as an indicator of
the stability of the observing conditions (e.g. passing
clouds visible in Figure 3, the right panel). The cal-
culated total bolometric energy released during this
low-amplitude flare is in the range 0.7 —1.2 x 1034 erg
(see Appendix A).

The brightness of CzeV502 was often close to
the limiting magnitude of detection in the individ-
ual CCD frames (especially during moonlit nights).
These data were still usable for our purpose — detec-
tion of the star much brighter than usual. The final
light curve (Figure 4) was created from photometry
on composite images (typically 10 exposures, equiva-
lent to one 150-sec long exposure) with a higher S/N
ratio than a single image and removing points with
uncertainty > 0.25mag caused by clouds. Visible
variation of the normal level was caused by changes
in atmospheric conditions and moonlight in the in-
dividual nights and it also depends on the length of
exposures. Probably, it is not related to the real vari-
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Fig. 4. The complete light curve from instrument Mal-
okuk using red filter. The analysed images were compos-
ited from several individual frames. Evident brightness
variation outside the two flares was caused by variable
observing conditions. The color figure can be viewed on-
line.

ability of the star (see other examples of observations
which can be marked as false-positive candidates of
flares in Figure 5). A visual inspection of all individ-
ual observations was performed.

In sum, we obtained nearly 210 hours
(12578 min) of measurements of CzeV502 in
58 nights during the years 2012-2013. The star
was caught in a state of high activity probably only
in 17460 minutes. We estimate from this that
the chance for positive detection of a flare with an
amplitude similar or larger than AR =~ 0.37 mag is
1:163 or worse (flare rate of about 1 flare per 105
hours or 0.0095 flare per hour). We note that the
R-band is not ideal for the detection of flares in dMe
stars that have typically much larger amplitudes at
shorter wavelengths. However, the red filter was
selected as the best compromise for our small instru-
ment, because CzeV502 was at the limit of detection
when the V filter was used and almost undetectable
in the B filter (Johnson-Cousins system) with the
same instrument and much longer exposures. To get
information about the flaring activity of CzeV502 of
shorter wavelengths, we used larger telescopes and
the short-wavelength photometric filters B, V, b,
and y during 13 nights (about 11 observing hours)
which are described below.

4.2. D50

D50 is a robotic telescope (Newtonian reflector
with a diameter of 500 mm; the used focal length was
2277mm, Nekola et al. 2010) at the Astronomical
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4 x uncertainty —e—|

8 -
‘ 22/23 March 2012 —e— ‘
L 4 x uncertainty —e— [ 1

N
o

o
©

10.8

Relative Intensity (red)

¥ 106

10.4

0.2r 1T 10.2
Begin HJD 2456009.41236 Begin HJD 2456050.37636

0 50 100 150 200 250 300 O 50 100 150 200 250
Time [minl Time [minl

0.0

Fig. 5. Example of light curves from other nights (22/23
March 2012 — left, 2/3 May 2012 — right) showing higher
relative intensity. High uncertainty and its growing value
at the end of each night (blue curves, for better visu-
alization uncertainty was multiplied by 4) support the
quiescent state of CzeV502 measured during deteriorat-
ing observing conditions rather than flaring activity. The
photometry was performed on images composed of 10 in-
dividual CCD frames to increase the S/N ratio. The color
figure can be viewed online.

Institute in Ondiejov, supplemented by CCD cam-
era FLI IMG 4710 with Johnson-Cousins photomet-
ric filters BVRI. D50 was used by JS for monitor-
ing CzeV502 in 2 nights (26/27 February and 3/4
March 2012) without detection of any flare (total
3.1 hours). These measurements were transformed
into the standard Johnson-Cousins photometric sys-
tem: B = 14.57(5)mag, V = 13.08(2) mag, and
R = 11.95(2) mag.

4.3. Other Telescopes

Several other telescopes were used to detect flares
of CzeV502 but without success. Therefore we only
summarize total observing time with the used tele-
scopes: 2 hours (1 night) using the 40-cm telescope
at Vyskov Observatory (BVRI), 0.5 hour (1 night)
using the 23.5-cm telescope at Mt. Suhora Observa-
tory, Poland (by - Stromgren), 4.9 hours (6 nights)
using the 35.5-cm telescope at Brno Observatory and
Planetarium (by - Stromgren), 0.3 hour (1 night) us-
ing the 5-cm telescope at a private observatory in
Frenstat p. R. (Clear), and 0.01 hour (2 pre-discovery
nights) with the 7-cm telescope at a private observa-
tory in Brno (red).

The Leo Triplet is often recorded by amateur as-
trophotographers. We were looking visually for re-
brightening of CzeV502 on photos among the on-line
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photographer community. We found one good candi-
date for a flare on the composite colour CCD photo.
However, our detailed inspection of the raw images
did not allow us to confirm the flare (the star was
close to the saturation limit in most CCD images).

5. SKY SURVEYS

We have found data for CzeV502 in several all-
sky surveys. Unfortunately, surveys such as the All
Sky Automated Survey (ASAS) contain typically a
few hundred measurements for one object obtained
during a few years and using them for analysis of ran-
dom short-time variations is very complicated due to
insufficient sampling during some time periods or un-
satisfactory time resolution. Therefore, we focused
only on ‘bright outliers’ at greater than three times
the standard deviation (3 ¢) from the mean bright-
ness m of the used dataset, which could be consid-
ered as marks of flares.

After a quick inspection, released data for
CzeV502 from the Lincoln Near-Earth Asteroid Re-
search (LINEAR, Sesar et al. 2011) and Pi of the Sky
databases (Burd et al. 2004) were found to be unus-
able for our purpose due to poor quality; CzeV502
is probably too bright (LINEAR) or too faint (Pi of
the sky). On the other hand, data in ASAS-3'? (Po-
jmanski 2002), the Northern Sky Variability Survey
(NSVS, Wozniak et al. 2004), the Catalina Real-time
Transient Survey (CRTS, Drake et al. 2009), the
Kamogata/Kiso/Kyoto Wide-field Survey (KWS)*?,
and ASAS-SN (Shappee et al. 2014; Kochanek et al.
2017) are quite homogeneous, and we identified sev-
eral bright points which may indicate flares (one in
ASAS-3, two in NSVS, eleven in CRTS, one in KWS,
four in ASAS-SN).

The use of outlying points as a proof of a flare is
inconclusive when a light curve from the immediate
time vicinity is missing. The same is true without the
image on which the object is significantly brighter
than usual. The deviated point can be a systematic
error that arose during the observation (e.g. pass-
ing clouds) or during automatic processing. Despite
that, we tried to estimate how high is the proba-
bility of catching the star during its brightening by
calculation of a ratio between the number of bright
outlier points Ny, (points with m < m — 30) and
the total number of observations Ngps. The results
are summarized in Table 2.

12ASAS data from the night JD 2452654 (151 points) were
removed. These measurements are scattered and contain for
CzeV502 and other stars evident trends.

B3http://kws.cetus-net.org/~maehara/VSdata.py.

TABLE 2
RESULTS FROM ANALYSIS OF SKY SURVEYS

Sky survey Nobs m 0 Nbr Ny : Nobs
ASAS-3 (V) 261 13.04 0.08 1 1:261

CRTS (C) 377 11.89 0.09 11 1:34
NSVS (C) 99  12.02 0.03 2 1:50
KWS (V) 353 13.17 038 1 1:353

ASAS-SN (V) 226 13.08 0.05 4 1:56.5

Notes. “Columns contain the following parameters: Sky
survey — abbreviation of the sky survey (available photo-
metric filter), Nobs — number of available / usable observa-
tions, M — mean brightness of used dataset, o — standard
deviation for brightness of used dataset, Ny, — number of
bright outlier points, Nu, : Nobs — ratio between number
of bright outlier points and total number of observations.

The ASAS-3 database, which contains typically
only 1 or 2 measurements per night for one target,
shows for CzeV502 only one point representing a
possible brightening. This measurement stays alone
on one night without any confirmation. A similar
situation holds for brightening in KWS data (their
accuracy for our star is poor). The ASAS-SN ac-
curate data with a similar cadence (one data point
per night) contains four possible brightenings. The
NSVS brings for our target a more precise measure-
ments than ASAS-3, but the brightest two values
have a lower accuracy (2 times lower than is the
accuracy of other values) and therefore they repre-
sent rather incorrect measurements. The CRTS con-
tains the largest number of bright points belonging
to three events that could be caused by flares and
each measurement is confirmed typically by three
other measurements during the same night.

To verify these findings, data for CzeV502 were
compared with data for five non-variable stars in
close vicinity (brightness from 10.5 to 12.6 mag in
R-band, distance from 3 to 16.5’ which is far from
the angular resolution limit of the selected surveys —
below 17). For four of the used surveys, it was found
that the brightenings of CzeV502 were identified at
the same times also for other stars (see comparison
of measurements for CzeV502 and USNO-A2.0 0975-
06694156 with mutual distance 16.5’ in Figures 6, 7,
and 8). In the case of NSVS data, the bright outliers
for CzeV502 have the highest uncertainty (Figure 9)
and measurements for the comparison stars corre-
sponding in time suffer from high scatter. Based on
this information, we conclude that all the detected
brightenings from these four surveys represent ob-
serving artifacts. This is an alarming finding of this
research.
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Fig. 6. The light curve for CzeV502 and comparison

star USNO-A2.0 0975-06694156 from ASAS-3. The color
figure can be viewed online.
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Fig. 7. The light curve for CzeV502 and comparison star
USNO-A2.0 0975-06694156 from CRTS. The color figure
can be viewed online.

The most promising results come from ASAS-SN.
Data for the selected comparison stars do not show
the same bright artifacts (Figure 10). The largest
recorded brightening was AV 0.43 mag. To cal-
culate the hour rate of flares, four possible flares
were recorded among 226 measurements. Each data
point was created from three 90-sec long exposures,
which means a total duration of 17 hours and a rate
of 0.235 flare/hour. In addition, accurate observed
changes phased with ephemeris in equation 1 (Jayas-
inghe et al. 2020) display the proposed rotation pe-
riodic variation with a 0.09 mag amplitude very well
(Figure 11). Our own period analysis of ASAS-SN
data using the Period04 software (Lenz & Breger
2005) showed two close frequencies (f; = 0.15933(2)
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Fig. 8. The light curve for CzeV502 and comparison star
USNO-A2.0 0975-06694156 from KWS. The color figure
can be viewed online.
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Fig. 9. The light curve for CzeV502 and comparison star
USNO-A2.0 0975-06694156 from NSVS. The color figure
can be viewed online.

and fo = 0.15798(4)cd™!) and twice the value of
the period calculated from the strongest frequency
2/f1 = 12.5523(14)d confirm the published value
(12.5494014d) very well. Nevertheless, data from
other surveys or from our measurements do not sup-
port this periodicity. Only the ATLAS catalogue
contains information about dubious variability with

the half period (Heinze et al. 2018).

6. PHOTOGRAPHIC PLATES AT SONNEBERG

The Sonneberg Observatory Plate Archive con-
tains roughly 280 000 plates obtained between 1928 —
2009 and thus it is the largest European astronomi-
cal plate collection. The limiting brightness of stars
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Fig. 10. The light curve for CzeV502 and comparison star
USNO-A2.0 0975-06694156 from ASAS-SN. The color
figure can be viewed online.

in the plates is 14—17 mag in the B-band (most
plates were taken in blue colour). Thus, our object
(B = 14.6 mag in normal state) was well detectable
(see Figure 12).

The star was checked by eye estimation under
a microscope by RH on 1600 selected plates repre-
senting 1400 hours of exposure to the flaring activity.
The method is much faster than any alternative tech-
nique. But no light change exceeding 0.2-0.3 mag in
B was found. Hence, the flares with an amplitude
of the order of 1 mag must be very rare (roughly less
than 1 per 1400 hours).

7. LOW-RESOLUTION SPECTROSCOPY

We estimated that our flaring M dwarf, as an
X-ray source, could be also a dMe star with emission
lines of Ca II H& K or Ha in its spectrum, which
is typical for chromospherically active stars (Hall
2008). We attempted to use a small telescope Sky-
Watcher 102/500 mm with a low-resolution spectro-
graph Star Analyser 100 (diffraction grating with
transmission of 100 lines/mm) of Paton Hawksley
Education Ltd firm, and an ATIK 16IC CCD cam-
era.

Two series of spectra were obtained at Brno Ob-
servatory and Planetarium in the night 15/16 April
2013, 15x30sec for the comparison star HD 54377,
spectral class A0, and 51x30sec for CzeV502. The
obtained spectra, containing zero and first diffrac-
tion orders, were calibrated and subsequently com-
posed into a single image. Wavelength calibration
was done using the comparison star. The contin-
uum in the spectra was determined using a 4" order
polynomial in the wavelength range 500 —700 nm.
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Fig. 11. The light curve for CzeV502 from ASAS-SN
(zoomed) phased with ephemeris of equation 1. The color
figure can be viewed online.

The high noise spectrum for the CzeV502 (Fig-
ure 13) has a clearly seen strong emission Ha line
(A=656.28 nm) and contains probably the Na dou-
blet and several TiO bands (absorption about 590,
620, and 690 nm). The star is very red and thus its
signal is close to zero in the range of the H& K Ca
lines (396.85nm, 393.37nm). The comparison star
has an evident absorption Ha line as was expected.
Emission of Ha in CzeV502 and its classification as
a dMe star was independently confirmed by Bai et
al. (2012). Their spectrum of CzeV502 shows a pro-
nounced Ha emission line.

8. DISCUSSION AND CONCLUSIONS

The detection of the flaring activity of star
CzeV502 = RX J1118.3+1347, unknown as a vari-
able object before our discovery, is described. The
first discovered flare in the night 22/23 February
2012 with a brightening of about 4 times (amplitude
AR =~ 1.5mag) had a duration of more than 17 min.
The amplitude in shorter wavelengths was estimated
as AV ~ 2.8 — 3.2mag or AB = 5.8 — 7.8 mag ac-
cording to the results from Gary et al. (2012) and
Smelcer et al. (2017). The second suspected flare
on 19/20 March 2013 with a brightening of only
about 1.4 times (amplitude AR ~ 0.37 mag) lasted
more than 60min. The amplitude was estimated
as AB =~ 1.4 — 1.9mag. The total bolometric en-
ergy released during the first and the second flares
was estimated as Faare,1 = 2.2 — 3.4 X 103* erg and
FEfare.2 = 0.7 — 1.2 x 103* erg, respectively (see Ap-
pendix A) and both flares can be classified as su-
perflares (typically set as E > 1033 erg). Such a
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Fig. 12. Flare star CzeV502 in quiescent state on digitized Sonneberg Sky Patrol plate (left) and Sonneberg Astrograph

Plate (right). The color figure can be viewed online.
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Fig. 13. Spectra for the comparison star HD 54377, spec-

tral class AO (top panel), and CzeV502, with significant

Ha emission (bottom panel). The color figure can be

viewed online.

large released energy for M2-3 dwarfs is quite unique
(Lin et al. 2019; Raetz et al. 2020), especially for
slow rotators with rotation periods > 10d. No fur-
ther significant mark of flaring activity was found
in 58 nights (/210 hours) of photometric monitor-
ing with a 3.4-cm Malokuk telescope (red filter).
Our pre-discovery archive images from two nights
show CzeV502 in a normal state. Additional multi-
colour photometry was obtained in 13 nights (about
11 hours) using larger telescopes also with short-
wavelength photometric filters (B, V, b, and y) with-
out however succeeding in detecting another flare.
All-sky surveys data (ASAS-3, NSVS, CRTS,
KWS, and ASAS-SN) were used to verify the

flares. We focused on measurements showing evi-
dent brightening (more than 3 ¢ from the mean sur-
vey brightness). The numbers of these bright out-
liers were compared with the number of the whole
datasets and probabilities for detecting flares were
roughly estimated as 1:261 (ASAS-3), 1:50 (NSVS),
1:34 (CRTS), 1:353 (KWS), and 1:56.5 (ASAS-SN).
Our data provide a better-proven value of 1:163
based on two well-recorded flares. Unfortunately, we
found that analogous brightenings as those detected
for CzeV502 in surveys data were recorded also for
other stars at the same time. Therefore, they are not
flares but only some kind of measurement artifacts
(passing clouds or bad data reduction).

A different situation was found only in the
ASAS-SN V-band data. Four recorded brightenings
of CzeV502 are not visible in nearby stars and we ac-
cept them as flares. The ASAS-SN brightening ratio
was determined as 1:56.5 and the flaring rate was
calculated as 0.235 flare/hour according to the total
duration of 17 hours. This value is much higher than
the rate estimated based on our red band measure-
ments (0.0095 flare/hour). The large discrepancy be-
tween both identified rates can be related to the fact
that two strong expected dependencies were not con-
sidered so far; the dependency between flaring rate
and flaring energy and the dependency between flare
amplitude and observed wavelength. For a more rig-
orous comparison between these two datasets, and
also for the results from the plate collection discussed
below, we decided to estimate the amplitude of de-
tected flares in the B-band using results from Gary
et al. (2012), Smelcer et al. (2017). According to
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TABLE 3
SUMMARY OF OBSERVED FLARING ACTIVITY
Dataset Nhour Observed Number of flares based on AB [mag] estimation
(filter) flare amplitude AB < 0.5 AB=05-1 AB=1-2 AB=2-8
Malokuk 210 1x 1.5mag 0* 0* 1 1
(red) 1x 0.37 mag
ASAS-SN 17 1x 0.43 mag 3 1 0 0
V) 1x 0.2mag
2x 0.1 mag
Sonneberg 1400 0x 0* 0* 0 0

(B)

Notes. “Columns contain the following parameters: Dataset (filter) — dataset designation (photometric filter/colour),
Nhour — the total number of observing hours, Observed flare amplitude — the number of flares with the mentioned
amplitude in the measured band, Number of flares based on AB [mag] estimation — the number of flares with amplitude
in the AB-band range, detailed explanation in the main text. Symbol * means that this amplitude range is under/close

to the detection limit of the dataset.

these two studies, the flare amplitude (in mag) is 1.9
or 2.1 times higher in the V' band than in the red
band and 2.1 or 2.4 times higher in B band than
in the V band (central wavelengths were adopted as
follows: Ap = 439nm, Ay = 550nm, and Ayeq =
670nm). The observed flare amplitudes are summa-
rized in Table 3; we split their estimated B band
values into four amplitude bins (AB < 0.5, 0.5 — 1,
1 -2, and 2 — 8mag). From the comparison it is
apparent that our Malokuk data recorded only the
flares with the largest amplitude (and the largest re-
leased energy) in contrast to ASAS-SN data. This
is probably a consequence of the filter selection and
also the data quality. ASAS-SN data have higher ac-
curacy (oasas—sny = 0.05mag) than the data from
Malokuk (opmaLokuk = 0.12mag with the upper
limit of 0.25 mag)'4. The largest recorded ASAS-SN
brightening of AV = 0.43mag is close to the limit
for flares detectable using a small Malokuk telescope
in the red band.

Apart from the CCD photometry, we visu-
ally controlled 1600 plates of the photographic
archive at Sonneberg Observatory (the equivalent of
1400 hours of observations) and no sign of flaring
activity larger than 0.2—-0.3mag in the B-band was
found. Nevertheless, longer exposures of plates (typ-
ically 45 min) could blur the possible flare event if
AB < 1mag and duration < 20 min. Probably only
high amplitude flares (> 1mag) with a long dura-

14These uncertainties can be accepted as detection limits.
Their estimations for the B-band are the following: 0.10 or
0.12mag for ASAS-SN data and 0.46 or 0.62 mag for Malokuk
data (up to 1.0 or 1.3 mag in the worst nights).

tion (>20min) are detectable on photographic plates
with long exposure times.

To sum up results related to the flaring activity,
the upper limit for the flaring rate of very bright
flares (AB = 2 — 8 mag) can be estimated as 1 flare
per 1640 hours (1 flare per 68 days) when the to-
tal duration includes the whole observing time (our
CCD and ASAS-SN photometry and photographic
plates). This estimated flaring rate can be an over-
estimate because it is based only on one such bright
flare and the duration of observation is still very
short. Data from other surveys even ignoring proba-
ble artifacts did not detect flares falling into this cat-
egory. Nevertheless, their duration is dozens of hours
and this does not significantly affect the statistic,
which is particularly based on photographic plates.
Flares with a AB amplitude larger than 1 mag have
a rate of 1 flare per 820 hours = 0.093 yr (based on
2 flares). We estimate the total released bolometric
energies of both flares as Fgare,1 = 2.2—3.4% 103 erg
and Ffare,20 = 0.7 — 1.2 X 103* erg, a more than
an order of magnitude higher rate for these super-
flares than mentioned Lin et al. (2019). Their es-
timated rate of flares among M dwarfs considering
a released energy Egae > 1 x 1033 erg is one in
0.6 yr, with Eqare > 1034 erg one in 6.5 yr, and with
Efare > 10 erg one in 350 yr. The CzeV502 is
even more unique if it is a slow rotator with an ex-
pected rotation period of 12.55d (more about rota-
tion below). The rate of superflares can be about
50 times smaller among the M-dwarf slow rotators
(period > 10d, Raetz et al. 2020).
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A different flaring rate was observed for the low-
amplitude flares AB < 1mag, unfortunately, only
ASAS-SN data are fully usable for this purpose and
cannot be simply combined with Malokuk or Son-
neberg numbers due to their detection limits. The
brighter flares from this class could occur every 17
hours, flares with AB < 0.5 mag can occur every 4
hours.

In addition, we determined the brightness of
the star during its quiescent state from mea-
surements by D50 telescope. These values were
transformed into the standard Johnson-Cousins
system B =14.57(5)mag, V = 13.08(2)mag,
R = 11.95(2)mag. Our determined colour in-
dex B—R = 2.62(5) mag is close to value B—R =
2.4 mag based on Zickgraf et al. (2003). Our colour
B—V = 1.49(5) mag, corresponding to spectral type
M2 (based on Tsvetkov et al. 2008) and it is in agree-
ment with M3 (Lépine & Gaidos 2011) or M2.5 type
(Bai et al. 2012).

As a source of X-rays (McDowell 1994; Voges et
al. 1999; Boller et al. 2016) and catalogued as an
M dwarf (Zickgraf et al. 2003) we conclude that this
object belongs to the UV Ceti type of eruptive vari-
ables and it is dMe flare star. The emission of the Ha
line was detected by our low-resolution spectroscopy
and it is also known from Bai et al. (2012). This ob-
ject is probably similar to the EXOSAT X-ray source
EXO 020528 +1454.8 = WW Ari with dMe flare star
counterpart detected by Hudec et al. (1988).

Our frequency analysis of the ASAS-SN data
identified two close frequencies corresponding to one
half of the 12.55-d period mentioned in the ASAS-SN
catalogue (Jayasinghe et al. 2020). The 12.55-d pe-
riod is not directly apparent in our frequency spec-
trum, which is a consequence of the searching algo-
rithm. The same or half value of the period were not
revealed in any other datasets, probably due to worse
data quality. This periodic (or semi-periodic) vari-
ation with an amplitude of 0.09mag (V-band) can
correspond to rotational variability as was already
proposed (Jayasinghe et al. 2020). This kind of vari-
ability is common for other M dwarf stars (McQuil-
lan, Aigrain, & Mazeh 2013; Doyle et al. 2018, 2019)
and can be classified as BY Draconis type, as men-
tioned in VSX. Among other possible explanations
a close companion orbiting the M dwarf component
causing mutual eclipses or non-eclipsing variability
can be considered. Our spectroscopic data with a low
dispersion obtained in only one night do not allow
us to discard/confirm binarity using radial velocity
measurements. However, a possible close compan-

ion in the binary system would influence our results
by additional light and appropriate reduction of the
flare amplitudes. A brighter star than the M dwarf
itself can be ruled out due to the observed colour
indices or spectrum (Bai et al. 2012). Nevertheless,
a less-luminous object such as a brown dwarf can be
present, and additional spectroscopic measurements
will be helpful. There is no apparent background
star brighter than 17.5 mag (R) closer than 1 arcmin
using SDSS.

In this work, we have demonstrated the usability
of a small and inexpensive instrument for the study
of the flaring activity of stars. It can be used for
full-time monitoring of one particular object to ob-
tain a high time resolution. As we showed, it can
provide more dense and more precise data than data
from plate collections or sky surveys. A large field
of view allows one to observe many stars simultane-
ously and thus its benefit is in the study of numer-
ous variable stars at the same time. Such an instru-
ment is ideal for photometric observations of very
bright stars, which are often neglected (see Zejda et
al. 2011).
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TABLE 4

PUBLISHED TEMPERATURE, RADIUS OF CZEV502 AND CALCULATED BOLOMETRIC ENERGY
OF STRONGEST FLARES

Study Tstar Rstar Eﬂare,l [el“g} Eﬁare,? [el"g]
[K] [Rsun] 22/23 Feb. 2012 19/20 Mar. 2013
Muirhead et al. (2018) 3380 0.345 2.2 x10%* 0.7 x10%
Suissa et al. (2020) 3385 0.40371 3.0 x10** 1.0 x10%*
Sebastian et al. (2021) 3474 0.4 3.4 x10%* 1.2 x10%

Spectral response of Malokuk CCD photometer
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Fig. 14. Spectral response of the Malokuk photometer in-
cluding a relative transmission of the red filter, a relative
transmission of the photographic lens Sonnar 4/135, and
a spectral response of the CCD chip Sony ICX424AL in
the ATIK 16IC camera. The color figure can be viewed
online.

APPENDIX
A. FLARE ENERGY ESTIMATION
The flare energy was determined using the pro-
cedure described by Shibayama et al. (2013). The

calculation of the total bolometric flare energy Fgare
can be summarized in the following equation

4
Ehare = / 0SB Tﬂare Cobs, flare, () X
flare

/RA BA; (Tstar) d)\

/ Rx By, (Tyare) dA

where ogg is the Stefan-Boltzmann constant, Tqa.e
and Ty, are the effective temperatures of the flare
and the star, Cops, flare, (+) i the time-dependent ob-
served flare amplitude in a flux, 7 is a constant equal
3.141..., Rgtar is the star radius, R, is the spec-
tral response of the used photometer, By (ry,..) and

7 R2

star

dt, (A2)

B, max = 4.1E+14 W sr'm™3 Bj max = 1.9E+12 W sr—im™3
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Fig. 15. Black body curve for the flare (effective temper-
ature of 10000K), for the star CzeV502 (temperature
of 3400K) and total spectral response of the Malokuk
photometer. The color figure can be viewed online.

By, (1....) are Planck’s curves for the flare and the
star (spectral radiance of the black body depending
on the wavelength \). This equation corresponds to
the integral of the flare luminosity during the flare
duration.

The total spectral response of the Malokuk pho-
tometer setup (Figure 14) was used as a combi-
nation of the spectral response of the CCD chip
Sony ICX424AL available in the product data sheet,
and two transmission curves for the red filter and
for the photographic lens Sonnar 4/135. These
two curves were obtained by visible-near infrared
transmission spectroscopy using an Avantes AVS-
S2000 spectrometer (laboratory at the Institute of
Physical Engineering, Brno University Technology)
and an ANDOR, Shamrock SR-303i-A spectrograph
equipped with a CCD camera ANDOR iDUS Sham-
rock DU420A from Oxford Instruments (laboratory
at CEITEC Nano RI, Brno University Technology).
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The effective temperature of the flare was
adopted as Thare = 10000 K, which is a commonly
used approximation. However, the real flare tem-
perature evolves during the flare. The star tem-
perature Ty, and radius Rg.r were adopted from
three studies (Table 4). Figure 15 contains a com-
parison of a black body curve for the flare, the star
CzeV502, and the Malokuk spectral response. The
calculated total bolometric energies released during
both flares recorded with the Malokuk setup are
shown in Table 4. The strongest flare (released en-
ergy 2.1 — 3.4 x 103% erg), together with the much
fainter flare (0.7 — 1.1 x 103* erg) belong among the
superflares.
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