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PREFACE

The metre-class telescopes are still vital for current astrophysics. Although
large telescopes excel in the studies of faint objects at the edge of the observ-
able Universe and provide high-angular and spectral resolution of astrophysically
important objects, small telescopes (diameter < 2m) are valuable in long-term
monitoring, continuous observations, or large-scale surveys. A large flotilla of
small telescopes can often provide observations which would be cost-prohibitive
for large telescopes. Most of astrophysically crucial objects/events are still be-
ing discovered through extensive all-sky surveys run by robotic telescopes, or
by very small telescopes of well-organized amateur astronomers. Apart from
that, small telescopes continue to play a vital role in recruiting and training
the next generation of astronomers and instrumentalists and serve as test beds
for development of novel instruments and experimental methods for larger tele-
scopes. Moreover, a metre-class telescope is available at almost any historical
observatory and, after some effort, can be turned into a powerful instrument.
This requires better focal instrumentation and modern telescope control.

This book contains proceedings of the 3rd international conference on the
role of small telescopes in astrophysics. Observing techniques, instrumentation,

and science for metre-class telescopes III. It took place in the Congress Center
Academia near a village called Tatranská Lomnica at the foothill of the scenic
High Tatra mountains in northern Slovakia from September 11 to September 15,
2024. Its program was divided into three sessions: A: Observing techniques and

instrumentation for metre-class telescopes, B: Science with small telescopes, and

C: Ground-based support of cosmic missions and telescope networks. The first
conference of this series was held at the same place in 2013. The conference com-
memorates the 80th anniversary of the very first observation performed at the
Skalnaté Pleso Observatory. Currently, its bigger dome houses a 1.3m Nasmyth-
Cassegrain telescope equipped with several advanced focal instruments.

The SOC thanks all the participants for their high-level contributions. Seventy-
five participants from 18 countries took part in the meeting. The organizers are
indebted to the Astronomical Institute of the Slovak Academy of Sciences for
general support and also to the Congress Center Academia for smooth coopera-
tion during the conference. We thank the members of the LOC: Ján Adamčák,
Ľubomír Hambálek (chair), Richard Komžík, Emil Kundra, Andrii Maliuk, and
Natalia Shagatova for their help in preparing and running this workshop. We
also thank all the referees for their hard work in peer-reviewing all contribu-
tions. The conference was supported mainly by project APVV-20-0148 of the
Slovak Development and Research Agency and VEGA grant 2/0031/22 from
the Slovak Academy of Sciences.

T. Pribulla, J. Budaj, A. Skopal, M. Vaňko
the editors
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Technical performance and first light of the new

1.5-meter telescope at the National

Astronomical Observatory Rozhen

M.Minev, N.Petrov and E. Semkov

Institute of Astronomy and National Astronomical Observatory, Bulgarian
Academy of Science, 72 Tsarigradsko Chaussee Blvd., 1784 Sofia, Bulgaria

(E-mail: msminev13@gmail.com)

Received: October 29, 2023; Accepted: January 22, 2024

Abstract. A new 1.5-meter Ritchey-Chretien telescope has been inaugurated
as part of the observational equipment of the Institute of Astronomy and
the National Astronomical Observatory Rozhen (IANAO) at the Bulgarian
Academy of Science (BAS). The telescope, designed with advanced optical and
mechanical components, aims to enhance observational capabilities from NAO
Rozhen. Here, we present the initial tests and setup procedures conducted for
the new telescope and we describe the assembly process, alignment procedures,
and calibration techniques implemented to ensure optimal performance. The
tests involved nighttime observations and preliminary results highlight the suc-
cessful alignment of the telescope’s optics, the stability of its tracking mech-
anism, and the establishment of an efficient data acquisition workflow. The
findings from these initial tests provide valuable insights into the telescope’s
capabilities and help us to set up a fully robotic telescope for observational
campaigns and scientific research. This new observational instrument will pri-
marily perform photometric and astrometric tasks. However, there is also the
possibility of conducting low-dispersion spectral observations.

Key words: telescopes – instrumentation: miscellaneous – site testing

1. Introduction

In the middle of the last century, there was significant global interest in as-
tronomy, both among scientists and the general population. Bulgaria was no
exception to this trend, and there was a growing appreciation for this scien-
tific discipline in the country. This led to the construction of numerous public
observatories with planetariums throughout Bulgaria. Additionally, important
decisions were made in the country that laid the groundwork for the develop-
ment of modern astronomical observatories. On March 13, 1981, the Bulgarian
National Astronomical Observatory (NAO) Rozhen was officially opened. It was
the final result in the long sequence of dreams, ideas, projects, decisions, and ac-
tions of many people and institutions which placed Bulgaria among the modern
nations possessing their own resources to investigate the Cosmos (Petrov et al.,
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2018). NAO Rozhen is the main observatory of the Institute of Astronomy, BAS.
From the beginning, the observatory has featured several optical telescopes for
photometric and spectral observations in the visible part of the electromag-
netic spectrum. The primary instrument is the 2-meter RCC telescope, comple-
mented by the 50/70 cm Schmidt telescope and the 60 cm Cassegrain telescope,
all produced by the Carl Zeiss factories in Jena. Since 2005 NAO Rozhen has
also had a 15 cm Lyot coronagraph with Ha filter, designed for observations of
prominences on the solar limb. In 2021, this telescope was replaced by a 30 cm
chromospheric telescope for observing and researching active formations on the
solar disk (Tsvetkov & Petrov, 2020).

In addition to its strictly scientific observational and research activities, the
National Astronomical Observatory Rozhen has, in the past decade, provided
opportunities for collaborative work with amateur astronomers from both Bul-
garia and abroad. The observatory grounds smaller optical telescopes with re-
mote access capabilities for observations. An excellent example of such collab-
orative work is the IRIDA observatory, which includes two separate telescopes
for night observations (https://www.irida-observatory.org/). The results of this
joint effort have led to numerous scientific publications in reputable journals
(Popov & Petrov (2022) and Kjurkchieva et al. (2018)).

NAO Rozhen is continually evolving, striving for improvement by incorpo-
rating new light detectors and technologies. This commitment to progress led
to the realization and operation of a new telescope for observations. In the
summer of 2023, the observatory achieved first light with its new 1.5-meter Alt-
Azimuth telescope. This telescope allows remote control access or can execute
fully robotic observational programs. All the tests and adjustments described in
this work are made in remote control mode but our goal is to use fully robotic
mode when everything adjusted.

2. Specifications and science programs of the new telescope

The AZ1500 is a 1.5m f/6 Ritchey-Chrétien Alt-Az telescope equipped with
quartz optics from ASA (Astro Systeme Austria) GmbH that guarantees
diffraction-limited performance and best micro-roughness values with higher
contrast and less obstruction1. The optical system is designed with two Nas-
myth focus positions (configurable up to four) with an image field of 200mm
or 1.27◦. This design results in a more compact system with a weight of only
5.5 tons that fits perfectly in a 6m diameter dome. All drives are direct drives
and they are equipped with high-resolution absolute encoders. To improve the
accuracy of a telescope’s pointing and tracking capabilities first we had to cre-
ate and refine a T-Point model (Wallace, 1994). The best model with 60 points
brings us good results with a pointing accuracy of less than 5′′ RMS (<60 pixels)
and a tracking accuracy of 0.07′′ RMS/min.

1https://www.astrosysteme.com/products/asa-az1500/
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The telescope is equipped with a Moravian C3-61000 Pro camera with a
back-illuminated Sony IMX455 CMOS sensor, offering very low dark current,
full-well capacity over 50 ke− and quantum efficiency of about 90%. The sensor
format is 9576×6388 pixels (36×24mm) with a square pixel size of 3.76µm.With
a corresponding optical system that results in an image scale of 0.086′′/pixel and
a field of view 13.75′×9.17′.

The telescopes at NAO Rozhen conduct a wide range of astronomical obser-
vations (photometric and spectral) on various celestial objects from the night
sky, as well as research in the field of heliophysics and space weather (Tsvetkov
(2020); Myshyakov & Tsvetkov (2020) and Bogomolov et al. (2018)). Objects
observed from the night sky include small bodies from the Solar System, primar-
ily asteroids and comets (Borisov et al. (2023) and Bebekovska et al. (2023)).
Objects from our galaxy include young stars and star-forming regions (Ibryamov
et al., 2023), binary and symbiotic stars (Zamanov et al. (2022) and Stoyanov
et al. (2020)), supernovae remnants (SNR) (Vučetić et al. (2023) and Vučetić
et al. (2019)); star clusters and exoplanets. Additionally, extragalactic objects
such as galaxies and quasars are observed (Bachev et al. (2023) and Agar-
wal et al. (2021)). The new telescope will complement these observations and
enhance efficiency in terms of observational time. This undoubtedly provides
greater opportunities for new collaborative observations by astronomers in Bul-
garia and the potential for new projects with international participation. In
addition, due to the fast pointing and robotic mode, the telescope can join in-
ternational networks for transient observations, such as supernova explosions,
gravitational microlensing events, gamma-ray burst (GRB) afterglows, and grav-
itational wave events follow-ups. Currently, only photometric observations will
be conducted, but we plan to install a low-dispersion spectrograph in a few years
to significantly expand the scientific capabilities.

3. Photometry tests

We performed the first photometry tests on globular cluster M92 (NGC6341).
It is one of the Stetson targets with standard stars2. During a good photometric
night with seeing ∼0.7′′, we obtained 3× 3min exposures in Johnson-Cousinns
photometric BVR filters. For data reduction (dark current subtraction and flat
fielding normalization) and aperture photometry, we used standard procedures
in IRAF3 (Image Reduction and Analysis Facility). Images in each filter were
combined median. The results of photometry in the R filter show a perfect linear

2This research used the Canadian Advanced Network For Astronomy Research (CANFAR)
operated in partnership with the Canadian Astronomy Data Centre and The Digital Research
Alliance of Canada with support from the National Research Council of Canada the Canadian
Space Agency, CANARIE and the Canadian Foundation for Innovation.
3IRAF is distributed by the National Optical Astronomy Observatory, which is operated by
the Association of Universities for Research in Astronomy under a cooperative agreement with
the National Science Foundation.
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trend between instrumental and Stetson standard magnitudes for the whole
range of magnitudes with constant value RStetson − Rinst = 3.994 ± 0.004mag
(Fig.1, left). The photometric error for R < 17mag is about Rerr ≈ 3mmag,
shown on the right panel of Fig.1. Radial flux variation in the field of view was
not found. We also construct a color-magnitude diagram for M92 to compare
the results with others in the literature and the results are indistinguishable
down to 22mag (Fig.2).

Figure 1. Photometry of a few thousand stars in the field of M92 cluster. On the left

panel are shown instrumental versus Stetson standard magnitudes and photometric

error on the right panel.

4. Conclusion

Nearly half a century after opening the doors of our NAO Rozhen, we now
have another new, modern optical telescope for night observations. The initial
observations and results demonstrate the telescope’s precise performance. The
AZ1500 has a fast pointing speed (up to 6◦/sec). After creating a pointing
model, we achieved a pointing deviation of less than 5′′, which is up to 60 pixels
of the currently used digital camera. Under favorable meteorological conditions,
our new telescope achieved a resolution of 0.4′′.

Photometric evaluations were conducted on star clusters (such as M92 pre-
sented here), galaxies, variable stars, and exoplanet transits. The results are
entirely consistent with our expectations for accuracy and are scientifically justi-
fied. The initial results from the new telescope serve as the basis for presentation
at scientific forums and as publications in scientific journals.
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Figure 2. Colour-magnitude diagram for M92 – comparison between our photometry

(left) and photometry from Ruelas-Mayorga & Sánchez (2008) (right).

Figure 3. M16 – Pillars of Creation in Ha filter. Stack of 15 images with 5 min expo-

sure.
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Automated observing programs with the new telescope are in progress. We
believe that this can enhance our observational efficiency.

One of the first images taken with the AZ1500 telescope is shown in Fig.3.
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Abstract. We present ObsMap, a Python framework that allows for the inter-
active creation of various alternative observation maps to maximize the poten-
tial of each observing night. The code requires the user to input the star’s name
or equatorial coordinates, the passband of observation, field of view (FoV), and
desired count level together with the minimum and maximum count limits in
ADUs for the detector. ObsMap queries the stars in the Gaia DR3 archive
within an area four times the size of the FoV, as the target star could be lo-
cated anywhere within the FoV. It then generates a list of stars in that area,
along with additional information about each star. Variable stars are elimi-
nated from the list using Gaia’s variability flag. The total incoming light in
the specified filter is calculated with the blackbody approach for the remaining
stars, utilizing Gaia’s effective temperature, stellar radius, and parallax data.
Using the filter-specific fluxes, the count levels of the stars are determined rel-
ative to that input by the user for the target. As a result, ObsMap creates
three maps: a) A large map that is four times the size of the FoV, where the
effective temperature and count levels of the stars are annotated. The user
can manually select the appropriate FoV, based on this map. b) A suggested
map that minimizes photon noise (scatter). c) A suggested map to maximize
the number of comparison stars. In some cases, a single comparison star with
a high count level could outperform a combination of dim comparison stars.
However, if that bright comparison star is variable and not flagged as such in
the Gaia archive, choosing dimmer comparison stars could be a better option.

Key words: observation maps

1. Introduction

Accurate and precise light curves are always desired in photometry, regardless
of the observed object. These two elements depend not only on the brightness of
the target object but also on the properties of comparison stars within the field
of view (FoV). An ideal comparison star should not be a variable star, should be
bright enough to increase the precision while staying within the limits of linear
response of the detector and also its color should be as close as possible to that
of the target star.
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In order to minmize atmospheric effects such as airmass on the final light
curve, the relative flux of the target is acquired using the differential photom-
etry method. The relative flux can be measured using one or a combination
of comparison stars (Collins et al., 2017). According to equation (9) in Collins
et al. (2017), precision increases with the total integrated count of comparison
stars. For the cases where only a single comparison star is used, this is limited
by the saturation level or the linearity limit of the detector. In other cases where
the combination of comparison stars is used, precision is limited by the total
number of comparison stars.

As the target star can be placed anywhere on the detector, the observable
sky region varies depending on the location of the target star. For rectangular-
shaped FoV, the target star can be placed in close proximity to one of the four
corners, making the potentially observable region including the target four times
bigger than the FoV. This raises a problem: determining the optimal location
of the target star on the detector to maximize the total count of comparison
stars, and assessing whether they are suitable for use as comparison stars, for
instance, checking if they are variable stars.

In the selection of suitable comparison stars, the data provided by Gaia
can be very helpful. Gaia is a multi-purpose space telescope that can measure
parallaxes, atmospheric parameters, radial velocities, positions of stars on the
sky plane, and even perform photometry (Gaia Collaboration et al., 2016, 2018,
2023; Riello et al., 2021). Employing these measurements from Gaia, an obser-
vational map optimized for the best possible precision can be created.

2. Predetermination of comparison stars

2.1. Noise types

Final light curves have basically two types of noise sources, which are the so-
called random scatter and correlated noise. Random scatter is also called photon
noise, Poisson noise or white noise (e.g. Southworth et al. 2009), and is generally
parameterized by the Photon Noise Rate (PNR, Fulton et al. 2011). White noise
is dependent on the amount of light acquired in unit time by the detector. Since
the light from the target and comparison stars is recorded by the same telescope
and camera setup in the same exposure time, white noise will be dependent on
the brightness of these stars. If a dim star is used as a comparison, then the
relative fluxes will have a high scatter. It is possible to use a combination of
dimmer stars to achieve better precision. Nevertheless, a better comparison star
could be constituted with a combination of bright stars to reduce the white noise.
The other noise type, correlated noise is due to the light variation correlated
with astrophysical and/or observational variables, generally parameterized with
β-factor (Winn et al., 2008). If a variable star is used as a comparison star, then
the relative fluxes of the target will vary in the reverse direction as a result
of the differential photometry technique. Consequently, one should have prior
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knowledge of the variability, color and brightness of the stars within the specified
passband to select them for comparison in differential photometry.

2.2. Predetermination of relative fluxes

An estimation of precision in photometric measurements requires predetermi-
nation of relative fluxes. In order to have an estimate on the relative fluxes of
a target star prior to photometric measurements, we make use of the following
equation inspired by Wong et al. (2021) based on blackbody radiation (Bλ):

Relativeflux =
(dcomparison

dtarget

)2( Rtarget

Rcomparison

)2
∫

Bλ(Ttarget)t(λ)d(λ)
∫

Bλ(Tcomparison)t(λ)d(λ)
(1)

where d is the distance, R is the radius, and T is the effective tempera-
ture of the stars, which can be assumed to be equal to Gaia values, while the
transmission curve of the passband can be obtained from the Spanish Virtual
Observatory’s (SVO) filter profile service1.

2.3. Creating observing maps

Assuming the FoV of the detector is a rectangle, the target star can be located
on any of the four corners of the FoV, which makes the potential observable
area four times bigger than the FoV. We have developed an open source code2

in Python that generates three maps. a) A large map that is four times the
area of the FoV, where the effective temperature and count levels of the stars are
annotated, allowing the user to adjust their real FoV with a visual inspection.
b) a map that has the same size as the FoV and maximizes the total count of
comparison stars to achieve optimum precision. c) a map that has the same size
as the FoV and maximizes the number of acceptable comparison stars. This map
can be useful in the case of a single bright star, which can induce more counts
than a combination of dim comparison stars does on the detector. However, a
single bright star can be an undetected variable. In that case, it should be ideal
to choose the map that maximizes the number of comparison stars.

To create such maps, the code requires the target name (or its equatorial
coordinates), detector’s FoV in both axes in units of arcminutes, filter name,
target’s desired count level in units of Analog-to-Digital Units (ADU), max-
imum and minimum count levels for the comparison stars to be input. Then
the code converts the FoV of the detector to the World Coordinate System
(WCS) using astropy’s (Astropy Collaboration et al., 2013, 2018, 2022) WCS
tool3 and queries the stars in a field four times bigger than the FoV around

1http://svo2.cab.inta-csic.es/theory/fps/
2https://github.com/selcukyalcinkaya
3https://docs.astropy.org/en/stable/wcs



ObsMap: Preparing observing maps with the best comparison stars for photometry 25

W ←  Detector Axis 1 →  E

S 
←

 D
et

ec
to

r A
xi

s 2
 →

 N

8992 K
6008 K 6054 K5814 K

6233 K

5220 K

6496 K6212 K

5778 K
5882 K

5532 K

6326 K

6056 K

5473 K

5977 K

4957 K

5783 K

5120 K
5684 K

5291 K
5961 K

6242 K

5913 K

5258 K
5562 K

5598 K

5930 K 4903 K5905 K

5870 K

5053 K
4755 K

5758 K

5546 K5811 K5013 K

5780 K
4701 K

6133 K

3598 K

5275 K5005 K

5886 K

4676 K

4895 K

4798 K
5824 K

3499 K5685 K

6196 K
5492 K

4396 K

5625 K

5744 K

4324 K 5051 K

6847 K

4599 K

6065 K

5466 K

6021 K

5619 K

6623 K

5406 K

5761 K 5739 K

5267 K

5878 K

4910 K

5933 K

5720 K

6310 K
6320 K

4930 K 4893 K

4968 K

4963 K
5664 K

4933 K

6024 K5683 K
5670 K

4871 K

5723 K

5951 K

4972 K

5332 K
6629 K

6203 K

5522 K
6122 K

4794 K

4765 K
4987 K

5863 K

5761 K

4608 K

4953 K

6043 K

6153 K

5088 K

5923 K

5690 K

5811 K

5761 K

5944 K
6636 K

5875 K

5937 K4229 K 5838 K

5759 K

4404 K 4838 K

5362 K

5330 K

5677 K

5942 K

5977 K
5878 K

5728 K

5088 K

4478 K

5436 K

5878 K

5448 K

5929 K6080 K

5625 K

6040 K

5934 K

5678 K

5743 K5076 K5440 K

5161 K

5976 K

5847 K

4812 K

4989 K

6044 K5950 K

5503 K
5016 K

4373 K5492 K

5169 K

5913 K

17650 ADU
27400 ADU18921 ADU32709 ADU

10024 ADU

29886 ADU

30844 ADU24090 ADU

32135 ADU
29315 ADU

26017 ADU

16774 ADU

22696 ADU

12254 ADU

22252 ADU

25890 ADU

14358 ADU

21178 ADU
14551 ADU

26225 ADU
13311 ADU

11140 ADU

11789 ADU

15100 ADU
10564 ADU

12963 ADU

15761 ADU 29223 ADU15048 ADU

14786 ADU

49362 ADU
30429 ADU

31088 ADU

15340 ADU20775 ADU11213 ADU

17059 ADU
23577 ADU

10091 ADU

12773 ADU

13251 ADU22413 ADU

36960 ADU

12443 ADU

39729 ADU

25293 ADU
14016 ADU

13515 ADU10082 ADU

14509 ADU
21598 ADU

11064 ADU

10792 ADU

31873 ADU

31451 ADU28450 ADU

43910 ADU

12152 ADU

17027 ADU

14957 ADU

24102 ADU

24961 ADU

31291 ADU

10677 ADU

28829 ADU 30000 ADU

33674 ADU

16637 ADU

53800 ADU

16831 ADU

10798 ADU

12104 ADU
14045 ADU

36193 ADU 23629 ADU

33304 ADU

26627 ADU
25501 ADU

12956 ADU

35246 ADU17746 ADU
19620 ADU

33803 ADU

18208 ADU

25841 ADU

15597 ADU

44637 ADU
15557 ADU

13085 ADU

14261 ADU
22649 ADU

14314 ADU

13666 ADU
17995 ADU

45256 ADU

12427 ADU

14079 ADU

23000 ADU

24376 ADU

11353 ADU

15298 ADU

10323 ADU

17774 ADU

15363 ADU

10577 ADU

45983 ADU
18489 ADU

17750 ADU

43403 ADU18982 ADU 11397 ADU

16608 ADU

34988 ADU33053 ADU

10403 ADU

35757 ADU

21843 ADU

22147 ADU

29952 ADU
36824 ADU

17511 ADU

32181 ADU

17482 ADU

21777 ADU

17426 ADU

36806 ADU

10752 ADU16612 ADU

19838 ADU

29600 ADU

10443 ADU

11844 ADU

37855 ADU16079 ADU11484 ADU

45113 ADU

26465 ADU

21904 ADU

22197 ADU

12969 ADU

15695 ADU11200 ADU

11624 ADU
17224 ADU

36867 ADU17370 ADU

14081 ADU

15164 ADU

field stars
Comparisons
Target

Figure 1. Example of the large map for Kepler-111. The red frame indicates the map

that provides the maximum number of comparison stars, while the cyan frame offers

the best comparisons in terms of maximum comparison counts. FoV is set at 12’×12’,

target adu is 30000 ADU, linearity limits are between 10000 and 55000 ADU, scan-step

is 3”, and edge threshold is 5%. Declination increases upwards along the Y-axis, while

right ascension decreases towards the right on the X-axis. The unused field stars are

represented by gray circles, while comparison stars are depicted with a red cross. The

target star is situated in the center of the large map and is marked with a prominent

red cross.
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the target star. We use astroquery’s (Ginsburg et al., 2019) Gaia function4

for this purpose. Querying is performed by an SQL code that discards variable
stars detected by Gaia and it is possible to put a magnitude offset between
the target and the field stars to avoid very dim stars. The parallax, radius,
equatorial coordinates, magnitudes in the g-band, and the Teff parameters are
retrieved. Then the transmission function of the filter is retrieved from SVO us-
ing the astroquery’s relevant function5. The relative fluxes of the field stars
are calculated using Eq-1 and the desired counts for the target as provided by
the user. If the stars are out of the user-defined count limits (out of linearity
limit or saturation), they are eliminated from the list. The code creates a ”large
map”, centered on the target star by marking potential comparison stars and
other stars (fig-1 as an example). The real observed area (FoV) is scanned with
an arbitrary value of arcsecond-steps through the large map in each of which
the number of comparison stars and the total counts from them are determined.
Step size can be determined by the user depending on the proximity of the stars
in the large map. We suggest small values such as seeing value for populated
fields (e.g. galactic plane). When the scanning is complete, the maximum aver-
age distance of the target and comparison stars to the edges of the detector are
selected for both optimum precision and a maximum number of comparisons
stars maps because there can be more than one way to fit the stars inside FoV.
The minimum distance of a star to the any edge of the detector is also an input
parameter between 0 and 1, in units of related axis of detector. If the value is
0, then the target or comparison star can be placed on the edges and a value of
0.1 means the target or comparison star can be placed as close as 10% of the
length of each axes from the edge.

3. Discussion

ObsMap interactively allows observers to prepare observing maps with an opti-
mal set of available comparison stars to obtain high-quality light curves in terms
of precision and accuracy. Knowing the exact location of comparison stars al-
lows the user to observe Regions of Interest (RoI) by cutting out unused pixels,
which significantly reduces the readout time and reduces the size of CCD images.
ObsMap is also very useful to avoid bad/hot pixel regions.

We would like to note that ObsMap uses blackbody approximation for the
estimation of relative fluxes. Therefore, photometric measurements in narrow-
band filters around specific strong lines may not be accurate. In addition, inter-
stellar extinction is not taken into account. Gaia is also not sensitive to short-
period, low amplitude variations due to its poor timing resolution, which makes
it difficult to detect every observed variable star, especially those that have
such variations. In the presence of only a couple of good comparison stars, we

4https://astroquery.readthedocs.io/en/latest/gaia/gaia.html
5https://astroquery.readthedocs.io/en/latest/svo fps/svo fps.html
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suggest checking these stars in other databases for variability. The light curves
from Transiting Exoplanet Survey Satellite (TESS) (Ricker et al., 2015) can be
employed to check variability.

ObsMap is an open-source code, allowing the user to edit it at will. Users
can upload a variable star database, specify a photometric filter by importing
its transmission function, or improve the code further by using observed spectra
from Gaia instead of the blackbody approach to eliminate stellar extinction.
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Abstract. Fast sub-second optical variability exists in some important classes
of astrophysical sources, in particular pulsars and X-ray binaries. We regularly
perform ultra-fast optical photometric campaigns on some of the most inter-
esting targets and transient events. At the same time, we are tackling new
campaigns searching for fast optical variability in other types of sources (Fast
Radio Bursts, magnetars). To this end we use and develop dedicated fast pho-
ton counting instrumentation in the visible band, an area in which our team
is the leader. Observations are carried out within the framework of multiwave-
length campaigns and in synergy with facilities operating at other wavelengths.
Here we report on some of the most recent observing campaigns and technolog-
ical developments, and on the outcome of a km-baseline experiment of stellar
intensity interferometry carried out in photon counting mode.

Key words: Astronomical instrumentation, methods and techniques – In-
strumentation: photometers – Techniques: interferometric – stars: magnetars
– pulsars: general – pulsars: individual: PSR J1023+0038 – pulsars: individ-
ual: SGR J1935+2154 – radio continuum: transients – fast radio bursts – FRB
20180916B

1. Introduction

The project of Fast Photon Counting Optical Astronomy (FPC-OA) in Padova
is focused on the study of sub-second optical variability in various types of astro-
physical sources, and on experimental applications of Quantum Optics concepts
to astronomical observations. We also design and develop optical fast photon
counting instrumentation for these observations and applications.

The two main instruments that we realized and operate are AQuEye+ (Asi-
ago Quantum Eye+; Barbieri et al. 2009; Naletto et al. 2013; Zampieri et al.
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2015, 2019b), mounted at the Copernicus telescope in Asiago, and IQuEye (Ital-
ian Quantum Eye; Naletto et al. 2009), that was mounted at several telescopes
around the world and is now attached at the Galileo telescope in Asiago. Other
technological activities involve the low-impact fiber-feeding of FPC-OA instru-
mentation to telescopes (Iqueye Fiber Interface, IFI; Zampieri et al. 2019b).
With the goal of carrying out further technological activities within the frame-
work of this project, we recently realized a dedicated laboratory at Cima Ekar,
in Asiago, where the Copernicus telescope is located. This ASTRI-AQUEYE
laboratory serves jointly for the assembly, test, and verification activities of
the FPC-OA project and for those of the ASTRI Mini-Array Stellar Intensity
Interferometry Instrument (Zampieri et al., 2022a).

Several observing FPC-OA programs are currently undertaken, such as the
simultaneous multicolor observations of optical pulsars, the timing of optical
transients and X-ray binaries, the searches for optical flashes from Fast Radio
Bursts (FRBs) and magnetars, the monitoring of the intra-night variability of
Blazars, Lunar and asteroidal occultations, and Stellar Intensity Interferometry
experiments. Time at the telescopes is granted through two approved proposals
for visitor instruments, for a total of 28 nights/year at the Copernicus telescope
(cycles 22-24) and 2-3 nights/month at the 1.2-m Galileo telescope.1 Observa-
tions are often carried out within the framework of simultaneous or coordinated
multiwavelength (MWL) campaigns with other facilities from the radio to the
gamma-ray bands (e.g. SRT, NC, GMRT, TNG, NICER, HXMT, MAGIC).

This paper reports a summary of the results and activities in FPC-OA that
we carried out in the last few years.

2. Aqueye+ and Iqueye

Aqueye+ and Iqueye2 are non-imaging instruments with a field of view of a
few arcseconds tailored to performing very fast photon counting observations in
the optical band (Barbieri et al. 2009; Naletto et al. 2009, 2013; Zampieri et al.
2015, 2019b). Their distinctive features are: an optical design with an entrance
pupil split, four on-source Single Photon Avalanche Detectors (SPADs), one
on-sky SPAD detector (offset by 10 arcmin), an acquisition system capable of
sub-nanosecond time tagging accuracy with respect to UTC.

Both instruments adopt the same concept of splitting the telescope entrance
pupil proposed for QuantEYE (Dravins et al., 2005). The pupil is divided into
four parts, each of them focused on a single SPAD detector. SPADs have < 50
ps time resolution, ∼100 cts/s dark count rate, ∼8 MHz maximum count rate,
and ∼50% photon detection efficiency. The acquisition electronics time tags
and stores the arrival time of each detected photon with < 100 ps relative time
accuracy and < 500 ps absolute time accuracy with respect to UTC. All times

1For requests of observations, contact our team at: aqueye.iqueye@gmail.com
2http://web.oapd.inaf.it/zampieri/aqueye-iqueye/index.html
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are stored in event lists that can be analyzed in post-processing. The maximum
data rate in the linear regime is a few MHz.

Aqueye+ is regularly mounted at the 1.8-m Copernicus telescope in Asiago,
while Iqueye was mounted at the New Technology Telescope at La Silla, the
William Hershel Telescope in La Palma, and the Telescopio Nazionale Galileo
in La Palma. Since 2015, it is fiber-fed at the 1.2-m Galileo telescope in Asiago
through a dedicated instrument (the Iqueye Fiber Interface, IFI).

3. PSR J1023+0038: The first ms optical and UV pulsar

Since the beginning, one of the main goals of the project was to study optical
pulsars at the highest time resolution and to search for new optical pulsators. In
2017, millisecond optical pulsations were indeed discovered in PSR J1023+0038
by Ambrosino et al. (2017). Soon after, we succeeded in detecting them with
Aqueye+@Copernicus, for the first time with a 2-m class telescope (Zampieri
et al., 2019a). Other detections both in the optical (Karpov et al., 2019) and
UV bands (Jaodand et al., 2021) were also reported since then.

PSR J1023+0038 is a pulsar in a binary system (Papitto & Martino, 2022).
The neutron star is rotating with an amazingly small spin period of 1.69 mil-
liseconds, and is weakly magnetized (108 − 109 G), while the companion is a
low mass (< 1M⊙) star. Old millisecond radio pulsars in binary systems are
’recycled’ and spun up by deposition of angular momentum from the compan-
ion in an accreting Low Mass X-ray Binary phase (Wijnands & van der Klis,
1998). PSR J1023+0038 was discovered as a radio pulsar in 2009 (Archibald
et al., 2009) and later observed to switch from a rotation-powered ms pulsar to
an accretion (subluminous) X-ray binary phase. It is probably crossing an un-
stable evolutionary phase, swinging between the two states and, for this reason,
it is called a transitional Millisecond Pulsar (tMP). Besides PSR J1023+0038,
two similar systems are known at present: XSS J1227-4853 (de Martino et al.,
2010) and IGR J1824-2452 (Papitto et al., 2013). They are clearly instrumental
to understanding the formation of ms pulsars and the accretion physics in low
magnetic field neutron stars.

3.1. Optical versus X-ray pulse

From 2017 through 2023 we have extensively monitored PSR J1023+0038 with
Aqueye+. Nearly simultaneous observations were carried out in the optical band
with the fast photometer SiFAP2 at Telescopio Nazionale Galileo, and in the X
band with the satellites XMM-Newton and NICER.

We found that the optical pulse lags that in the X-rays by ∼ 150µs (Fig-
ure 1; Illiano et al. 2023), with Aqueye+ and NICER providing the best ab-
solute temporal uncertainty with respect to UTC. We note, in passing, that
measurements are performed after correcting for the orbital motion, with the
parameters (in particular the time of passage at the ascending node) estimated
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Figure 1. Optical - X-ray delay of the second harmonic component of the pulse profile

of PSR J1023+0038. The dashed line indicates a zero time lag. Measurements indicate

that the optical pulse lags that in the X-rays by ∼ 150µs. Colored error bars represent

1σ statistical uncertainties, while the black error bars indicate the total error (includ-

ing systematics). The best timing accuracy is provided by the Aqueye+ and NICER

measurements (from Illiano et al. 2023).

as described in Illiano et al. (2023). In principle, if the optical observations are
not exactly simultaneous with those of the satellite in orbit, the timing of the
orbital ephemeris could affect the lags. For this reason, in the future, we plan
to repeat this measurement using only strictly simultaneous observations.

This result indicates that both the optical and X-ray pulsations come from
the same region, confirming a common emission mechanism. Both pulsations
could originate from synchrotron emission in the shocked region that forms
within a few light cylinder radii away (∼ 100 km) from the pulsar, where its
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striped wind encounters the accretion disc inflow (Papitto et al., 2019).
This result is also consistent with the spin-down rate measured from Aqu-

eye+ data, which is only ∼5% faster than that measured in the radio band
during the radio pulsar phase (Burtovoi et al., 2020), suggesting that the pulsar
engine is still active during the subluminous X-ray binary phase.

4. Fast Radio Bursts and magnetars

In the last three years we started a new observing program aiming at searching
for prompt/delayed optical emission from Fast Radio Bursts (FRB 20180916B;
Pilia et al. 2020; Trudu et al. 2023) and magnetars during outburst/flaring ac-
tivity phases (SGR J1935+2154; Zampieri et al. 2022b).

Fast Radio Bursts (FRBs) are transient radio pulses lasting from a millisec-
ond to a few seconds. They have luminosity between 1038 erg s−1 and 1046 erg
s−1, large dispersion measure and isotropic sky distribution. FRBs are detected
in the range 150 MHz-8 GHz and their radio emission is likely to be coherent
emission from relativistic particles. The first FRB was discovered by Lorimer &
Narkevic in 2007, looking through archival pulsar survey data (Lorimer et al.,
2007). Many FRBs have since been recorded (> 500), including several that
have been detected to repeat (∼ 4%; e.g. Petroff et al. 2022).

The origin of FRBs is still not understood, but several of them are associated
to normal galaxies (at z < 0.5). A number of models predict the existence of
multiwavelength (MWL) counterparts of FRBs in the form of an afterglow or
an impulsive event (e.g. Nicastro et al. 2021). A MWL and/or optical detection
would provide critical information on the nature of the progenitor and would
greatly enhance our understanding of the FRB phenomenon.

4.1. Searching for prompt/delayed optical flashes in FRB 20180916B

FRB 20180916B shows repeating burst activity (CHIME/FRB Collaboration
et al., 2019), detected from 150 MHz (Pastor-Marazuela et al. 2021; Pleunis
et al. 2021) up to 6 GHz (Bethapudi et al., 2023). It is localized with high
accuracy and associated to a star-forming region in a nearby (redshift z =
0.0337 ± 0.0002) massive spiral galaxy (Marcote et al., 2020). A 16.33 days
periodicity in the arrival times of the radio bursts (with an activity window
of ±2.6 days) has been reported (Chime/Frb Collaboration et al. 2020; Pleunis
et al. 2021). Clearly, such a periodicity allows for dedicated searches for bursts
at other wavelengths during time intervals of possible radio activity.

Between 2020 and 2021 we carried out simultaneous multi-instrument/MWL
campaigns on FRB 20180916B (Pilia et al. 2020; Trudu et al. 2023). Within the
framework of this collaboration, we performed a fast photometric campaign in
the optical band with our instruments in Asiago. In the observations carried out
between Oct 2020 and Aug 2021, the net on-target observing time was 122 ks
for Aqueye+@Copernicus and 62 ks for IFI+Iqueye@Galileo. The count rate,
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averaged over all acquisitions, was ∼3000 c/s for Aqueye+ and ∼1300 c/s for
IFI+Iqueye (Trudu et al., 2023).

A total of 14 radio bursts were detected during optical observing windows,
9 of which in Nov 2020 with the Sardinia Radio Telescope (SRT) and another 5
between Feb and Aug 2021 with the Giant Metrewave Radio Telescope (GMRT)
(Trudu et al., 2023). No prompt emission has been detected in any of the ob-
servations. For Aqueye+, the upper limit in an interval of ±100 ms around the
detection of the radio bursts with a sampling time 1 ms is Vmin = 14.25− 14.64
mag per ms, corresponding to a fluence Fmax = 4.6 × 10−15 erg cm−2 (fluence
density 0.005 Jy ms) and a luminosity Lmax = 1.2× 1043 erg s−1 at 150 Mpc.

In fact, a 1 ms-long Fast Optical Burst (FOB) was detected (at the 90%
confidence level) 13.971 s before the arrival time of the second SRT radio burst
(barycentric time of arrival at infinity frequency MJD 59162.8343320911; see
Figure 2). The FOB has V = 14.4 mag per ms, corresponding to a fluence
Fmax = 6.4×10−15 erg cm−2 (0.007 Jy ms) and a luminosity Lmax = 1.6×1043

erg s−1 at 150 Mpc. We calculate a detection threshold nt corresponding to a
chance probability of 0.0027/Ntrials to exceed a Poissonian distribution at the
average rate in any of the bins, where Ntrials is the total number of bins in the
time interval considered. The peak is statistically above the threshold (nt = 15
counts/bin) for a window of ±15 s centered around the time of arrival of the
radio burst, but it is below the threshold obtained considering the bins of the
entire observation (nt = 19 counts/bin). We then can not robustly tag it as the
optical counterpart of the radio burst.

The nature of this event is under investigation. It could be a faint foreground
event produced by a field meteor. The rate of this type of events at this mag-
nitude level (14.5) is completely unknown. Extrapolations from measurements
made with fast photomultipliers in the ’80s (Cook et al., 1980) could be roughly
consistent with our observations. However, this conclusion is highly uncertain
and needs further investigation in the future.

5. Stellar Intensity Interferometry: The pilot Asiago km-

baseline experiment on Vega

One of the most innovative activities that we have undertaken within the frame-
work of the FPC-OA project is certainly the photon counting, the km-baseline
experiment of Stellar Intensity Interferometry (SII) in Asiago (Zampieri et al.,
2021). It consists in a measurement of the (2nd order) spatial correlation of
the intensity of the light from a star with two Asiago telescopes (Copernicus
and Galileo), equipped with Aqueye+ and IFI+Iqueye. A pioneering astronom-
ical experiment devoted to measuring stellar radii with SII was performed by
Hanbury Brown and Twiss from 1964 through 1972 (see, e.g., Hanbury Brown
1974).
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Figure 2. Light curves (binned at 1 ms) of the on-source (blue) and sky (orange)

detectors of the Aqueye+ observation corresponding to the detection of an SRT radio

burst (Obs ID 20201109-200635, on 2020/11/09; the Aqueye+ starting time has been

barycentred). An interval of ±15 s around the time of arrival of the burst (red vertical

line) is shown (from Trudu et al. 2023).

This pilot Asiago experiment turned out to be successful. We performed
for the first time measurements of the correlation of the star Vega counting
photon coincidences with sub-nanosecond time resolution in post-processing by
means of a single photon software correlator and exploiting entirely the quan-
tum properties of the light emitted from the star. We successfully detected
the temporal correlation of Vega at zero baseline (discrete degree of coherence
< g(2) >= 1.0034±0.0008) and also performed a measurement of the correlation
on a projected baseline of ∼2 km.

Measurements are consistent with the expected degree of coherence for a
source with the 3.3 mas diameter of Vega. We can also place a constraint on the
size of any potential bright feature on the star surface, that has to be > 30 µas
(3× 109 cm) to be consistent with the absence of correlation on ∼2 km.

This experiment represented a crucial for addressing the feasibility of po-
tential future implementations of SII in photon counting mode on arrays of
Cherenkov telescopes (like the INAF ASTRI Mini-Array; Zampieri et al. 2022a).

6. Technological Developments

6.1. Iqueye Fiber Interface+ (IFI+)

The Iqueye Fiber Interface (IFI) is the instrument that allows to fiber-feed
Iqueye at the 1.2-m Galileo telescope. It was designed and realized during 2014-
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2016 to perform the Asiago SII experiment. It consists of a focal reducer with a
demagnification 1:2, that injects light in an optical fiber, and a field camera for
pointing and guiding, fed by an 8-92% beam splitter (Zampieri et al., 2019b).
The specifications of the optical fiber are carefully chosen so as to match the
telescope Point Spread Function (PSF) and minimize the beam aperture. The
overall efficiency of IFI tested in the laboratory is ∼80%.

At the beginning of 2023, IFI was completely re-aligned with the telescope
optical axis and refurbished. New more robust supports for the lenses and the
field camera have been installed. Two optical fiber patches with core diameters
365 µm and 200 µm (that can work alternately) were included to couple IFI di-
rectly with the Extended Fiber Interface (see below). An additional optical fiber
with a core diameter of 365 µm can be positioned directly on the telescope focal
plane with a movable arm. We refer to this upgraded version of the instrument
as IFI+ (see Figure 3).

6.2. Fiber-fed Aqueye+

During the last few years, a parallel technological activity for the implementation
of an optical fiber interface for Aqueye+@Copernicus was also performed, with
the main purpose to trigger a prompt use of Aqueye+ in Target of Opportunity
mode for observing transients. The main requirement is coupling the large field
of view (400 µm) at the focal plane with the small instrument detector area
(100 µm). To this end, we positioned a dedicated tapered optical fiber with
a low numerical aperture directly off-axis at the Cassegrain focus (exploiting
the mechanical support provided by the spectrograph AFOSC). The taper has
inner and outer diameters of 400µm and 200µm, respectively, and a numerical
aperture 0.12. For pointing and guiding we use the telescope field camera. Light
from the optical fiber is then injected into Aqueye+ through a separate module
positioned in front of Aqueye+. The system is still in the testing phase and can
reach at present an overall efficiency of ∼ 20% (compared to Aqueye+ directly
mounted).

6.3. Extended Fiber Interface (EFI)

To improve the optical efficiency in fiber-fed mode at the Copernicus telescope,
we decided to realize an additional module (Extended Fiber Interface, EFI;
see Figure 4) with an on-board SPAD detector fed directly through the optical
taper positioned at the Cassegrain focus. EFI consists essentially of a focal
reducer with a demagnification 1:2.5. The incoming beam is collimated through
an achromatic lens doublet and then focused on the SPAD detector with a second
achromatic doublet. The focal lengths of the two doublets are 75 mm and 30
mm, respectively. The second doublet is centered and focussed on the detector
through a xyz translation stage. Filters can be inserted in the collimated portion
of the beam. At the polychromatic autofocus, the spot radius is 31µm, while
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Figure 3. Iqueye Fiber Interface+ (IFI+) mounted at the Nasmyth focus of the 1.2-m

Galileo telescope in Asiago. The optical components indicated on the image are: Achro-

matic lens doublet with focal length 200 mm (I1), achromatic lens doublet with focal

length 100 mm (I2), 8-92% reflecting mirror (I3), field camera (FC), optical fiber with

365 µm core (OF-365), optical fiber with 200 µm core (OF-200), optical fiber connector

(OC).
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Figure 4. Extended Fiber Interface (EFI). The components indicated on the image

are: Achromatic lens doublet with focal length 75 mm (I1), achromatic lens doublet

with focal length 30 mm (I2), xyz translation stage (XYZ), SPAD detector (SPAD),

optical fiber connector (OC).

the ensquared energy distributions is 98%. The overall transmission efficiency
of the focal reducer in the V band, measured in the laboratory, is 80%.

The module can host a second SPAD detector fed with an additional optical
fiber also positioned at the telescope focus for monitoring the sky. Both SPADs
are connected to the Aqueye+ acquisition electronics so that the entire system
can work as a stand-alone instrument. EFI can, in fact, also work together with
IFI+ and be fed through it at the Galileo telescope. The entire system is still
under test and development.

7. Conclusions

From 2017 through 2023 we have extensively monitored the optical ms pulsar
PSR J1023+0038 with Aqueye+. Nearly simultaneous observations were carried
out in the optical and X-ray bands. We found that the optical pulse lags in the
X-rays by ∼ 150µs, with Aqueye+ and NICER providing the best absolute
temporal uncertainty with respect to UTC. This result indicates that both the
optical and X-ray pulsations come from the same region, confirming a common
emission mechanism and supporting the model of a mini pulsar wind nebula
fueled by the shock between the pulsar wind and the accretion disk.

We also perform regular observations and participate to multiwavelength
campaigns of repeating Fast Radio Bursts and magnetars in outbursts. The main
goal is searching for prompt/delayed optical flashes in these sources. We pre-
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sented the results of the most recent campaign carried out on FRB 20180916B,
which, together with a similar campaign on the magnetar SGR J1935+2154,
provide the deepest upper limits for optical emission coincident with bursts for
these sources to date. A 1 ms-long Fast Optical Burst was detected (at the
90% confidence level) 13.971 s before the arrival time of a radio burst in FRB
20180916B, but we can not robustly tag it as the optical counterpart of the
radio burst.

One of the most innovative activities that we have undertaken within the
framework of the FPC-OA project is certainly the photon counting, km-baseline
experiment of Stellar Intensity Interferometry in Asiago. We successfully de-
tected the temporal correlation of the star Vega at zero baseline and also per-
formed a measurement of the correlation on a projected baseline of ∼2 km. This
experiment represented a crucial step for addressing the feasibility of potential
future implementations of SII in photon counting mode on arrays of Cherenkov
telescopes (like the INAF ASTRI Mini-Array).

Finally, we reported on new technological developments in our work on ef-
ficient fiber coupling and our photon counting instrumentation on meter-class
telescopes. In particular, we presented the new design and prototype realization
of the Extended Fiber Interface.
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Abstract. A clone of échelle spectrograph MUSICOS (MUlti-SIte COntinuous
Spectroscopy) is mounted in the Nasmyth-Cassegrain focus of the 1.3m tele-
scope at Skalnaté Pleso Observatory. The spectrograph is a cross-dispersed,
bench-mounted, fiber-fed instrument giving a resolving power in the range of
25 000 to 38 500 (FWHM). Fifty-six orders cover the spectral range between
4250 and 7375 Å. The spectrograph is primarily used to observe novae, sym-
biotic stars, pulsating variables, binaries, and multiple stellar systems. The
radial-velocity stability (100 – 200 m s−1) is sufficient to detect easily the or-
bital motion of hot Jupiters orbiting bright stars. In order to improve the spec-
trograph throughput and radial-velocity stability, several technical changes are
planned in the near future.

Key words: instrument – spectrograph

1. Introduction

Skalnaté Pleso Observatory (20◦ 14′ 02′′ E, 49◦ 11′ 22′′ N, 1786 m a.s.l.) is one
of the three observatories of the Astronomical Institute of the Slovak Academy
of Sciences. Its bigger, 8m dome shelters a 1.3m (f/8.36) Nasmyth-Cassegrain
telescope (Astelco GmbH, Germany). This is a fully automated instrument with
an active optics system on a fast-slewing alt-azimuth fork mount. The first ob-
servations were performed in November 2016. The telescope is equipped with
a fiber-fed échelle spectrograph following the MUSICOS design (Baudrand &
Bohm, 1992). Its Fiber Injection and Guiding Unit (FIGU) is mounted in one of
the Nasmyth foci of the telescope using a simple focal reducer to meet the focal
ratio of the telescope (f/8.36) and collimator (f/4). The fiber fore-optics is tele-
centric. A simple video camera WATEC 120N is used to guide the telescope on
the entrance of the 50µm hole. The spectrograph throughput is mainly limited
by strongly variable seeing at the site (1.5 – 4′′). During times when seeing is
<1.5′′, part of the light is lost due to the point-spread-function imperfections.
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Figure 1. Schematic layout of the MUSICOS spectrograph.

Figure 2. MUSICOS on the optical bench.
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2. Components of the MUSICOS spectrograph

Fiber injection and guiding unit, fibers: Made by Shelyak, 200µm cali-
bration fiber, 50µm object fiber (UV grade) – both multimode;

Calibration lamps: Thorium-Argon (ThAr), halogen lamp, and blue diodes
in a unit made by Shelyak;

Collimator: f/4 (480mm focal length) on-axis dielectrically multi-coated
parabolic mirror;

Grating: 31.6 lines/mm, R2 échelle, 128×254mm;

Crossdisperser: SF5 glass prism with 57◦ apex angle; optimized antireflection
coatings on both sides;

Camera: Canon lens FD 2.8/400L;

Detector: Andor iKon-L DZ936N-BV CCD, 2048 × 2048 array, 13.5 µm pixels,
read-out noise 2.9 e−, with water assist -95 ◦C;

Spectral range: 4250-7375 Å in 56 échelle orders;

Spectral resolution: R = 25 000 to 38 500 (FWHM), depending on the focus-
ing

RV stability: 100-200 m.s−1

3. Data reduction

The raw spectroscopic data are being reduced using IRAF package tasks, LINUX
shell scripts, and FORTRAN programs. In the first step, master dark and flat-
field frames are produced, based on the spectra from the tungsten lamp and
blue LED. In the second step, the photometric calibration of the frames is per-
formed using dark and flat-field frames. Bad pixels are cleaned using a bad-pixel
mask, and cosmic ray hits are removed using the program of Pych (2004). Order
positions are defined by fitting sixth-order Chebyshev polynomials to tungsten-
lamp and blue LED spectra on the frames. The resulting two-dimensional (2D)
spectra are then extracted and dispersion-solved using ThAr line positions. In
the final step, 2D spectra are normalised to the continuum and combined to
one-dimensional spectra.

4. Future prospects

It is planned to improve the capabilities of the spectrograph by (i) increasing
its throughput, and (ii) improving its radial-velocity (RV) stability. Currently,
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the optical throughput of the spectrograph and telescope system is only around
3%. The typical signal-to-noise ratio (per pixel) for a V = 11 star is about 15
in a 900-second exposure. The largest light losses are due to seeing and fiber
injection. The seeing losses are planned to be mitigated by using two-times
thicker fiber (100 µm) and a 50 µm slit (on the spectrograph fiber end) and later
using an image slicer to preserve the original spectrograph resolution. A direct
injection of light to the fiber is also considered. This would exclude complicated
aligning and light losses in the fiber foreoptics. The RV stability is planned to
be improved using a bifurcated fiber enabling simultaneous ThAr calibration.
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Abstract. Results are reviewed of a long-term program of binary systems ob-
serving since 2013 at the 0.81m telescope of the Three College Observatory
in North Carolina, USA, with an échelle spectrograph at a medium spectral
resolution. The target list includes recognized and suspected binary systems
with normal stars (no spectral lines in emission), classical Be stars, and ob-
jects with the B[e] phenomenon. The results include refinement of the orbital
elements of bright binaries previously observed with photographic plates, fur-
ther evidence for phased-locked peak intensity variations of double-peaked line
profiles in Be binaries, and recent discoveries of binaries among objects with
the B[e] phenomenon.

Key words: spectroscopy – emission-line stars – binary systems
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1. Introduction

Many Galactic stars exist in binary systems, whose studies allow us to measure
stellar masses and study the process and consequences of the mass exchange be-
tween the system components. It turns out that a noticeable fraction of bright
(naked-eye or somewhat fainter) binaries have been observed during the epoch
before the appearance of CCD detectors that resulted in determination of their
orbital and physical properties with a relatively low accuracy. Revisiting these
objects with higher quality detectors is necessary to better constrain their prop-
erties. This task is doable today with telescopes that are meter-class or smaller.

Binary systems that contain normal (not emission-line) stars can show spec-
tral lines of either one (single-lined) or both (double-lined) components. De-
termining orbital properties, such as periods, radial velocity (RV) amplitudes,
and eccentricities, from spectroscopic data of double-lined systems allows us to
measure masses of the components directly. Dealing with single-lined binaries is
more complicated, because in addition to the inclination angle of the system’s
orbital axis other orbital parameters need to be known for both components in
order to determine their masses. If the inclination angle in a double-lined spec-
troscopic binary is unknown, one may determine the mass ratio of the pair from
the inverse ratio of the RV amplitudes but it may not be possible to determine
each individual mass. The latter is possible with the knowledge of the stellar
fundamental parameters (temperature and luminosity).

Stars and stellar systems of all masses go through periods of being sur-
rounded by large amounts of gaseous and dusty circumstellar (CS) material.
The duration of these periods mostly depends on the objects’ masses and or-
bital separations. Some reasons for the presence of the CS matter include for-
mation of stars in molecular clouds, stellar winds, and mass transfer between
components in binary systems. The CS matter processes starlight and becomes
partially ionized; that results in the formation of emission lines, while CS dust
can form in more distant and mostly neutral areas of the CS matter.

Although many phenomena due to the CS matter have been successfully ex-
plained by the theory of stellar evolution, some remain puzzling even with the
currently available wealth of data and sophisticated modeling methods. Two
of them, the Be and B[e] phenomenon, are still under investigation aimed at
revealing their causes. The Be phenomenon is defined as the presence of per-
mitted emission lines in the spectra of mostly B–type dwarf stars (effective
temperatures, Teff = 9,000–30,000 K), while the B[e] phenomenon also includes
the presence of both forbidden emission lines and infrared (IR) excesses due to
the radiation of CS dust. Explanations of both the phenomena went through
periods of alternatively favoring or mostly ignoring the binary nature of the un-
derlying stars. However, recent evidence that comes from traditional observing
techniques (photometry and spectroscopy) and more advanced ones (e.g., in-
terferometry, spectro-astrometry) shows that binary systems play an important
role in formation of these objects.
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Our observations are described in Sect. 2, examples of our results are shown
in Sect. 3, and conclusions and future plans are presented in Sect. 4.

2. Observations

Our team uses the 0.81m telescope of the Three College Observatory (TCO)
located in the central North Carolina, USA, to monitor various binary systems
in nearly the entire optical region with a fiber-fed échelle spectrograph. The
Observatory was open in the early 1980’s, and was used for public viewing and
photometric observations until 2011, when the spectrograph eShel from Shelyk
Instruments 1 was installed on the telescope. A focal reducer changes the original
focal ratio of F/13.6 to F/9 that matches the input focal ratio of the fiber optics.

The spectrograph with an ATIK-460EX detector (2749×2199 pixels, pixel
size 4.54 µm ×4.54 µm) provides a spectral resolving power of R ∼ 12, 000 in a
spectral range from 3,800 Å to 7,900 Å without gaps between the spectral orders.
The location latitude (35◦56′ N) allow observations of the entire northern sky
and a big portion of the southern sky (down to a declination of about −40◦).

The signal gets low near the blue and red boundaries of the above spec-
tral range due to a decreasing sensitivity of the detector. The maximum signal
is achieved at wavelengths of ∼5800–6200 Å. The spectrograph is stored in a
refrigerator at a stable temperature ∼10–15◦C, one floor below the telescope
and connected to it with a 10-meter long fiber. The one-stage Peltier cooler al-
lows achieving working temperatures of −2◦C to −20◦C at the detector, which
fortunately has a low temperature dependence of the quantum efficiency.

Final spectra typically consist of several individual exposures, which are
summed up during the data reduction process. The latter uses the IRAF package
echelle and includes bias subtraction, spectral order separation, and wavelength
calibration using spectra from a ThAr lamp. The number of comparison lines
identified in the calibration spectra range from ∼800 to over 1,000. A typical
scatter of the comparison line positions from a polynomial solution is ∼0.03 Å
which results in a potential RV accuracy of ∼300 m s−1.

Flat field images are not taken, because the detector has a pixel sensitivity
difference of ≤ 1.5% and the flat field lamp does not cover the entire extracted
spectral range. The spectra contained 24 orders between 4200 Å to 7900 Å dur-
ing the first 7 years of observations. In the Fall of 2018 the number of orders
increased to 31 after the installation of an optical fiber with better UV trans-
mission. Since 2022 we also extract two additional spectral orders that extend
the spectra to ∼8450 Å.

The location of TCO at a low elevation of ∼180 meters above the sea level
has both advantages and disadvantages. The main advantage is that most cos-
mic rays get absorbed in the Earth’s atmosphere before reaching the telescope.
Another advantage is that the place has a relatively low humidity, which rarely

1https://www.shelyak.com
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reaches 80–85% on clear nights. Typically there are ∼150 clear and semi-clear
nights a year. One of the main disadvantages is that an average seeing is 2–3
arcseconds, but it can be better during nights with a high humidity. Another
problem is high temperatures during summer time reaching 35◦C.

The ATIK-460EX detector was installed in January 2013, while a Watec
120N TV camera has been used to view the observed targets since the very
beginning of the spectroscopic program in October 2011. Observers (A.M. and
S.D. and later A.A., who joined the team in 2018) were taking spectra on-site
until 2020. TCO was automated in the Fall of 2019. Remote observations began
in April 2020 and allowed us to increase the number of used nights from ∼80–85
to ∼150–160.

3. Results

Our observing projects target a variety of objects that include nearly 140 dwarfs
and roughly the same number of supergiants of the spectral types B, A, and F
for the purpose of calibration of fundamental parameters and studying spectral
variations; ∼30 classical Be stars, ∼10 objects with the B[e] phenomenon, ∼10
pre-main-sequence Herbig Ae/Be stars, 5 horizontal branch stars, 5 post-AGB
dusty binaries, and some other peculiar objects. In particular, we have been
monitoring ∼20 binary systems of different kinds (with and without emission
lines) and some stars suspected of binarity.

The total number of spectra taken since the beginning of spectroscopic obser-
vations during ∼ 1,150 nights approaches 12,000. Radial velocity (RV) standard
stars of early and late spectral types from such lists as Stefanik et al. (1999)
and Soubiran et al. (2018) are being observed every night. The fraction of RV
standard observations in our entire set of data is nearly 12%. The latter allows
us to constantly keep track of the wavelength calibration quality.

In this paper, we will present several results from our observing program
mostly concerning very bright known binary systems undergoing different evo-
lutionary stages. However, we first go over the observed features of binaries and
difficulties of different kinds of object. The features include but are not limited
to the following: the presence of two systems of spectral lines in the spectrum,
periodic RV variations of spectral lines, periodic intensity variations in double-
peaked line profiles (e.g., orbital phase-locked, found in Be stars), differing po-
sitions of the continuum and spectral lines on detectors (spectro-astrometry),
and direct detection of secondary components by imaging or interferometry. The
difficulties include the presence of broad spectral lines due to fast rotation of the
underlying star (e.g., in Be stars), distortion of absorption lines by CS emission
or replacement some absorption lines with emission lines (most often of hydro-
gen lines), and much fainer secondary components (≥2 mag in the visual part of
the spectrum found in Be and B[e] stars) that hampers spectroscopic detection
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of the secondaries. The methods used for the data approximation, when periodic
processes were found, are described in Andronov (2020).

A selection of recently published results on binary systems with a significant
fraction of observations taken at TCO includes the following.

1. Refining orbital parameters of bright “normal” binaries MizarB, 2 Lac, φAql
(Miroshnichenko et al., 2023b)

2. A systematic study of the peak intensity variations of double-peaked line
profiles in Be stars to detect faint secondary companion (Miroshnichenko
et al., 2023a)

3. First reliable detection of the secondary companion in the brightest B[e]
binary 3 Pup (Miroshnichenko et al., 2020)

4. Monitoring the pulsational period and surface temperature variations of Po-
larisA and refining its binary orbit (Usenko et al., 2020)

Examples of the results from some of the mentioned papers are given below.

3.1. MizarB

MizarB is the fainter among the two binary systems visible with the naked
eye as one star, Mizar. Both systems are spectroscopic binaries easily resolved
with a small telescope. MizarB (V = 3.9 mag) is a single-lined binary. The RV
variations in its spectrum were first announced by Frost (1908), while the first
orbit determination attempt was made by Abt (1961) based on 24 photographic
spectra taken in 1959 at the McDonald Observatory (Texas, USA) and found a
wrong period of 361 days. Gutmann (1965) took 89 photographic spectra at the
Dominion Astrophysical Observatory (DAO, Victoria, BC, Canada) between
1941 and 1963. These data covered several orbital cycles, but only 3 of them in
detail. The latter is important due to a large orbital eccentricity. No new studies
of MizarB have been reported since that time to the best of our knowledge.

We took nearly 120 spectra of MizarB in 2016–2021 and derived RVs by
cross-correlation in a spectral region between ∼5100 and ∼5300 Å using the
IRAF package rvsao. The cross-correlation template was obtained from averag-
ing several exposures of the RV standard star δ03 Tau = HR1389, heliocentric
RV = 39.0±0.1 km s−1 (Stefanik et al., 1999; Soubiran et al., 2018).

Our data along with those from Gutmann (1965) are shown in Fig. 1. Both
data sets are folded with the best-fit orbital period 175.11±0.10 days found from
the TCO data, which exhibit a significantly lower scatter and a systemic RV of
−14.34± 0.04 km s−1 that is 5 km s−1 more negative.

Based on the fundamental parameters of the primary component of MizarB
derived from published photometry and the Gaia distance (24.81±0.17 pc,
Bailer-Jones et al., 2021), its evolutionary mass is 1.8 M⊙. From the mass func-
tion calculated from our orbital parameters and the absence of signs of the
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Figure 1. RV curves of MizarB from Gutmann (1965) and from TCO data. The DAO

data are shown by open squares, and the best fit to these data is shown by the dashed

line. The TCO data are shown by filled circles, and the best fit is shown by the solid

line. The RVs of both data sets are heliocentric.

secondary component, one can conclude that the secondary is a much lower
mass star. It would be a K3 v star with a mass of 0.77±0.03 M⊙ at the orbital
inclination angle of i = 20◦ or an M3 v star with a mass of 0.37±0.02 M⊙ at
i = 40◦. The orbital parameters of the MizarB binary system and more detailed
conclusions from it are published in Miroshnichenko et al. (2023b).

3.2. PolarisA

Another bright interesting objects is PolarisA, a Cepheid that is the closest to
our Solar system. A few facts about this object: it is a multiple system with
three visual components (Polaris B = BD+88◦9, C, and D) and a member of
an anonymous open cluster; one of four Cepheids with a radius measured by
optical interferometry (46±3 R⊙, Nordgren et al., 1999). On top of that, it has
the largest number of RV measurements among Cepheids for over 120 years.

The pulsation period of PolarisA was found gradually increasing by 4.45±0.03
s yr−1 from 3.9669 to 3.9707 days in 1896-2004 (Turner et al., 2005). The pul-
sation amplitude dropped from ∼5 km s−1 before 1950 to ∼0.05 km s−1 in the
1980s, then increased from ∼1.5 km s−1 in 1987 to ∼2.4 km s−1 in 2007.
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We started observing it at TCO in 2015 and took over 500 spectra to-date.
Some of our results include measuring changes in the pulsation period and re-
fining the orbit of the PolarisA binary. In particular, TCO data covered the
most recent periastron passage of Polaris B. Figure 2 shows our RV data taken
in 2015–2020 along with those from Anderson (2019). This is the only perias-
tron passage in this system that has been covered with modern high-quality
spectroscopy, as the orbital period of this binary system is 29.3 years. We plan
to keep monitoring PolarisA to further constrain its pulsational properties and
orbit.
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Figure 2. RV variations of Polaris over the last ten years. Red squares show TCO

data, black circles show data from Anderson (2019).

3.3. Be stars

Our program studying classical Be stars includes ∼40 objects with a V –band
brightness from ∼ 2.9 and ∼ 8.0 mag. It aims at long-term monitoring of vari-
ous features, such as emission lines appearance/disappearance, variations of the
emission peak intensities in double-peaked spectral lines (“V/R” variations),
and absorption-line positional variations. It covers known and suspected bina-
ries as well as those currently considered single. One of our goals is to verify
previously published results and improve our knowledge of binarity by using
different spectroscopic diagnostics based on large sets of homogeneous data.
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The objects for this program were selected based of the following criteria: 1)
sufficiently bright (V ≤ 6 mag) to achieve high signal-to-noise ratios with the
TCO telescope in a wide spectral region, and 2) the presence of double-peaked
Balmer emission lines that are not very strong to avoid possible longer-term
periodicities observed in some objects of this class (e.g., 48 Lib). We intended to
study the V/R behavior in more detail than previously, test the V/R variations
as an indicator of binarity, and put more constraints on the applicability of this
method. Our data on some of the program stars were supplemented by other
data either published or taken from public data archives, such as the BeSS
database (Neiner et al., 2011).

The results of our Be star program include include confirmation of the orbital
periods in νGeminorum, ǫCapricorni, κ Draconis, 60Cygni, and V2119Cygni,
refinement of the orbital period of oPuppis, and suggestions of binarity in
oAquarii, BK Camelopardalis, and 10Cassiopeae. Monitoring of the Hα line
profile variations of β Canis Minoris for over the last 10 years gives further sup-
port to the existence of a 182.5–day period found earlier in a smaller set of data.
A similar but still preliminary period (179.6 days) was found the Hα line profile
variations of ψPersei.

Perhaps the most important result of the TCO program concerns the 4th
magnitude star νGeminorum. History of studies of this multiple system was
recently reviewed in Klement et al. (2021) and focused on the inner binary and
the distant tertiary component. Following the first measurement of the inner
binary orbital period (53.73 days) and the conclusion on the absence of phase-
locked V/R variations of the double-peaked Hα line profile Rivinius et al. (2006),
it was assumed that the Be star is the tertiary component, while the inner pair
consists of two B-type stars of nearly equal masses. However, the latest long-
baseline interferometry results (Gardner et al., 2021) revealed an inconsistency
between the astrometric and the mentioned spectroscopic orbital solutions.

We have been monitoring ν Gem since 2014 at TCO, and our data always
showed double-peaked Hα line profiles with small V/R variations. However,
earlier observations published in Rivinius et al. (2006) as well as some others
found in public archives showed a much larger range of the V/R ratios and a
more complex structure the Hα line profile with three and even four emission
peaks around the year 2000. The line profile returned back to a double-peaked
in the beginning of 2003, but large V/R variations remained until mid–2006
matching the time period reported in Rivinius et al. (2006), when no regular
V/R variations were detected.

Our spectra showed a V/R amplitude of ∼0.2 and a temporal trend toward
smaller V/R. Also, the V/R ratio exhibited a strictly periodic phase-locked be-
havior, which became especially obvious after subtracting a linear trend. There-
fore, the Be star takes part in the 53.78-day orbital period and cannot be iden-
tified with the tertiary component of the ν Gem system. The RVs derived by
cross-correlation with in a spectral region near 4500 Å and a detrended V/R
data are shown in Fig. 3.
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Figure 3. Top panel: RV variations of the absorption lines in the spectrum of

νGeminorum in a region 4450–4555 Å folded with the orbital period (53.73 days).

Red line shows our circular solution. Bottom panel: V/R variations of the Hα line

profile de-trended with a quadratic function and folded with the same period.

We also found the phase-locked V/R variations in ǫCapricorni, κ Draconis,
60Cygni, and V2119Cygni, and oPuppis. Our results show that such variations
are observed in more Be binary systems than previously known and can be
used to search for binarity of Be stars when application of other methods is
inconclusive. A detailed description of the results of our Be star program has
been recently published in Miroshnichenko et al. (2023a).

4. Conclusions

Spectroscopy of binary systems is still important, because even very bright ob-
jects may not have well-constrained orbital and hence physical parameters. Spec-
tral resolving powers of R ≥ 5,000 are needed to reliably search for RV and in-
tensity variations. Observations needs to be taken as frequently as possible and
for a period of at least several years. The V/R variation method successfully
complements other methods of discovering binarity of Be stars.

These projects can be successfully performed with meter-class telescopes
equipped with inexpensive échelle and long-slit spectrographs. Sensitivities of
modern CCD detectors allow taking high-quality data of many stars and stel-
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lar systems down to V ∼11 mag. at intermediate R ∼ 10,000–20,000. Overall,
performing these observations not only helps refining older results on binary sys-
tems but also discover new phenomena and contribute to a better understanding
of stellar evolution.
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taken at the 2m telescope of the Ondřejov Obsevatory (Czech Republic). The
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Abstract. Gravitational interaction is important for nearly every aspect of
Astrophysics. Theoretical models are tough tested in cases where strong, stel-
lar winds, angular momentum loss, and mass transfer take place in the course
of stellar evolution within a common envelope. Stellar interaction impacts the
formation and evolution of diverse types of binary and multiple stellar sys-
tems. Therefore, evolution in a binary (and a multiple) stellar environment
is still an open question in Astrophysics while contact binaries are challeng-
ing the well-established and solid theories that concern thermal equilibrium
and orbital stability. There is a vast number of such systems observed in the
Milky Way and the Magellanic Clouds. Systematic (independent or combined)
observations, all-sky surveys, ground-based and space telescopes have offered
very detailed photometric and spectroscopic information about these systems.
Special attention is given when extreme cases are observed, such as ultra-short
orbital period contact binaries or extremely low mass ratio systems. These cases
can give insights into the physical and orbital parameters of low-mass contact
binaries and their temporal variations. For example, one can investigate the
orbital period modulation, the spot activity, and the possibility of contact bi-
naries to host planets, as well as predict a stellar merger, red nova events, and a
possible connection with exotic stellar populations such as blue stragglers. The
purpose of this work is to present the recent developments in observations of
low-mass contact binaries, highlighting the most important findings, in combi-
nation with existing theories. The research of such systems, at an international
level, is constantly challenging our current knowledge of stellar interactions
and advances our understanding of stellar dynamics in common envelope and
contact phases.

Key words: Stars: low-mass – Stars: evolution – (Stars:) binaries (including
multiple): close – (Stars:) binaries: eclipsing

1. Introduction

Binarity in nature is something very common, expressed in a wide range of
scales, from binary asteroids and dwarf planets to binary stars, clusters, and
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galaxies. Kepler’s law and the two-body theory can be simply applied to un-
derstand the orbital behavior of the involved objects, assuming that there is
no intrinsic variability or evolution that alters their physical properties. Con-
sequently, the binary system behavior is dominated by the stellar interaction
between the two components. This process is the dominant mechanism that
leads the individual components and the system itself through the paths of
binary evolution. Although most of the eclipsing binaries are observed to be
members of triple, quadruple, or multiple systems in general, they are formed
in a hierarchical configuration. Stellar evolution in a contact binary system is
different than a single-star evolution in many aspects. Evolution alters the phys-
ical parameters of single (solar-type) stars in a timescale of 5–10 Gyr. On the
contrary, the current theoretical models support that evolution within a binary
environment can be even slower, exceeding the timescale of 10–15 Gyr (Gazeas &
Stȩpień, 2008). Therefore, what we see today as a contact binary stellar system
is just a snapshot of this long-lasting process.

Stellar evolution theories indicate that we should be able to observe stellar
merging events (Webbink, 1976; Stȩpień, 2006) due to the gradual coalescence
of contact binaries. However, this has not been the case until the detection of
the merging event of V1309 Sco in 2008 (Tylenda et al., 2011). Even in this case,
the contact binary nature of the progenitor was discovered only after the red
nova event (Nova Sco 2008). Numerous observations of V1309 Sco are available
in the OGLE-III and IV surveys (Udalski, 2003) before the red nova event and
they helped to identify the nova progenitor as a low mass ratio contact binary
in deep contact configuration with an orbital period of about 1.4 days.

A merging event is presumed to be driven by the instability of the two
involved stellar components. A contact binary system can experience mass and
angular momentum loss via mass outflow from the Lagrange point L2 or via
stellar wind and magnetic activity (e.g. flares). The system can be also unstable
if the orbital angular momentum is less than three times the total spin angular
momentum (Hut, 1980), also known as ”Darwin instability”. Systematic studies
of such systems started to appear only very recently, suggesting that low mass
ratio contact binary systems are promising merger candidates (Li et al., 2022;
Wadhwa et al., 2023b,a; Liu et al., 2023).

2. Challenging theoretical models

From the observational aspect, there are efforts to increase the sample of well-
studied systems, derive their physical and orbital parameters with high accuracy,
and eventually understand the nature of the contact binary configuration. For-
tunately, there is a vast number of contact binary systems in the Milky Way
and the Magellanic Clouds, and the majority of them (over 60%) are accompa-
nied by tertiary members, as shown in past and recent studies (D’Angelo et al.,
2006), (Loukaidou et al., 2022). Low-mass and low-temperature contact bina-
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ries are the most frequently observed types of eclipsing binary systems. Their
components have smaller sizes in comparison with other main-sequence stars,
and they belong to the old stellar population group (Rucinski, 2000).

In parallel to the observations, there are several attempts to understand the
evolution processes within a binary environment. We have more than a century
of knowledge of the existence of contact binary systems. In the early 50’s and
60’s, we had the first attempts to understand the physics within a common en-
velope environment. It was only after the 80’s that the first statistical studies
showed that low-mass contact binaries share common orbital and physical char-
acteristics. It was also found that the members in such systems are surrounded
by a common convective envelope that lies between the inner and outer critical
Roche surfaces.

In most of cases, low-mass contact binaries are low-temperature Main Se-
quence (MS) stars of F, G, and K spectral type. They have solar-type character-
istics and they belong to the old population group of our Galaxy, confirming that
they are old stars that did not evolve towards the Red Giant Branch (RGB),
remaining at the MS together with the rest of the young dwarf (single) stars.
According to (Bilir et al., 2005) contact binaries have a kinematic age of 5–12
Gyr. Observations also show that there are several low-mass contact binaries
with their total mass close to 1–1.4 M⊙ (Gazeas & Niarchos, 2006; Gazeas &
Stȩpień, 2008). Magnetic activity (expressed by cool photospheric spots or even
hot chromospheric flares) is something expected in cool stars with convection
zone. Low-mass contact binaries are among the binary systems with the high-
est level of chromospheric activity. Therefore, they lose angular momentum and
mass by the magnetized wind, as is observed in single, highly active stars. Cool
spots can explain the observed asymmetries in light curves sufficiently. In ad-
dition, the heavily covered surface of the components by cool spots is the most
likely explanation of the so-called ’W–phenomenon’ (Stepien, 1980; Eaton et al.,
1980; Zola et al., 2010).

Their contact configuration puts several constraints on their physical prop-
erties due to the Roche geometry. In addition, there is a link between the orbital
and the physical properties, i.e. the mass, radius, temperature, and luminosity.
This is how the first empirical relations started to appear in literature, corre-
lating the physical parameters with quantities that are directly derived from
observations, such as the orbital period or the mass ratio, as shown in Fig. 1.

3. Why contact binaries are so interesting?

A low-mass contact binary is formed when a short orbital period system under-
goes stable mass transfer between its components. Angular momentum is lost
due to stellar wind and magnetic braking phenomena, while both stars overflow
their Roche lobes. This process eventually leads towards a contact configura-
tion. The components of low-mass and low-temperature contact binaries follow
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Figure 1. The above 3D diagrams show that there is a direct correlation of the ab-

solute physical parameters (M, R, L) with the directly observed parameters (orbital

period P and mass ratio q) of low mass contact binary systems. The extracted empirical

relations express the equations of the shaded flat surfaces (Gazeas, 2009).

certain empirical relationships, which closely correlate physical parameters with
each other, due to the Roche geometry. As a result, contact binaries are ex-
cellent astrophysical tools for the determination of the fundamental physical
parameters (mass, radius, luminosity) of low-temperature stellar components,
that can be used to trace their evolutionary paths. They are of great interest
to the study of stellar populations since they provide an excellent opportunity
to investigate stellar merging scenarios. They can be very successfully used as
distance indicators, a fact that was proposed and tested in several studies in the
past (Rucinski, 1997; Rubenstein & Bailyn, 1996; Edmonds et al., 1996; Yan &
Mateo, 1994). They provide an excellent opportunity to investigate evolution
paths such as stellar merging, while their parameters can be measured or de-
rived in a highly accurate way. This leads to the close monitoring of the orbital
(and physical) parameter modulations, which can provide evidence of evolution
toward merging.

Following careful methodology in data treatment, negligible modulation of
parameters can be traced and therefore their temporal variation can be mon-
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Figure 2. The diagrams present the observed (O) minus the calculated (C) value

of orbital period in two low mass contact binaries with ultra-short orbital period

(Loukaidou et al., 2022). Both systems show an orbital period decrease (expressed as

a negative parabolic trend), while the second one additionally shows the existence of

a tertiary component orbiting the close binary.

itored. For example, Fig. 2 shows the O–C diagrams of two selected contact
binaries with ultra-short orbital period (Loukaidou et al., 2022). Both systems
exhibit a negative parabolic trend on their orbital period modulation, which is
translated as an orbital shrinkage. On top of that, 1SWASPJ173003.21+344509.4
shows an additional periodic modulation, as a consequence of a tertiary com-
ponent orbiting the contact binary. The diagrams are so sensitive, that even
tiny fluctuations of the orbital parameters can be detected. The overall trend,
as derived from the diagrams, can quantify the orbital shrinkage, and there-
fore the merging timescale. Angular momentum and mass loss of the system
via stellar wind may be the dominating mechanism, that explains the observed
orbital period modulation. In addition, mass transfer between the components
may alter the orbital period, and it can reverse the mass ratio between the two
components (Stȩpień & Gazeas, 2008).

4. Physical and orbital properties of contact binaries

An alternative model of stellar evolution in a binary environment was proposed
by Stȩpień & Gazeas (2012). The model is based on the idea that a detached
binary system with an orbital period of ∼1.5-2 days loses angular momentum
through stellar wind. Such a process can be dramatically accelerated through
Kozai-Lindov cycles (Kozai, 1962), by the existence of a tertiary component that
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pumps angular momentum out of the close binary. The angular momentum loss
shrinks the orbit and the two components come in contact, sharing a common
photosphere, and therefore sharing thermal energy. However, such a process
requires an exceptional amount of time, of about 10-12 Gyr. To have a good
agreement of the model with the observed parameters in low mass contact binary
systems as we observe them today, the angular momentum loss rate, as well as
the mass loss rate, should be constrained within narrow limits (Fig. 3).

Figure 3. Left panel: The distribution of angular momentum of 112 contact binaries

in cgs units (×1051). Evolutionary tracks of models given by Stȩpień & Gazeas (2012)

are also shown. Parts of the tracks plotted with dotted lines correspond to pre-contact

phases and those plotted with solid lines describe binary evolution while in contact

configuration. Right panel: The components of low-mass contact binaries (open and

filled circles) and of other contact binary systems (’plus’ signs and triangles). These

values are compared with parameters derived after direct observations of contact bi-

naries (Gazeas & Stȩpień, 2008).

5. Observations of low mass contact binaries

Information about the properties of contact binaries comes almost explicitly
from photometric and spectroscopic observations. Dedicated observing cam-
paigns collect high-resolution data, to provide analytical solutions to match
theoretical models with the observations.

Space telescopes provide ultra-high precision photometric data for a long
uninterrupted period of time, which is essential for the orbital period determi-
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nation and its modulation. However, in most cases, space-borne spectroscopic
data are still limited to low-resolution data, which are adequate for temperature
determination, but not for radial velocity measurements.

On the other hand, ground-based sky surveys can also contribute to the
long-term monitoring of the contact binaries with several photometric data and
(again) limited spectroscopic observations. Large telescope facilities are needed
for high-resolution spectra, which is not always easy, since long-term photomet-
ric observations are almost impossible, due to the limited observing time and
availability in large aperture telescopes.

Small telescope networks can contribute significantly to this field. Some ex-
amples are AAVSO (Watson et al., 2006), ASAS (Pojmanski, 2002), ASAS-
SN (Jayasinghe et al., 2019), CoRoT (Deleuil et al., 2018), CSS (Drake et al.,
2014), GCVS (Samus et al., 2018), Kepler (Kirk et al., 2016), LAMOST (Qian
et al., 2020), OGLE (Szymański et al., 2001), SWASP (Norton et al., 2011),
WISE (Petrosky et al., 2021), and ZTF (Chen et al., 2020). Survey observations
can provide a uniform data set for the long-term monitoring of such systems
and their study can trace the orbital and physical parameter modulations for
decades.

6. CoBiToM Project

The Contact Binaries Towards Merging (CoBiToM Project, Gazeas et al. (2021))
was initiated in 2012 under the idea of the long-term monitoring of low mass
contact binaries and the modulations of their physical parameters. The ultimate
goal is to investigate stellar coalescence and merging processes towards red nova
events, as the final state of stellar evolution of low-mass contact binary systems.
The program aspires to give insights into their physical and orbital parameters
and their temporal variations, e.g. the orbital period modulation, spot activity,
etc. The innovation of CoBiToM Project is based on a multi-method approach
and a detailed investigation, that will shed light on the origin of stellar mergers
and rapidly rotating stars for the first time. CoBiToM Project is closely con-
nected with the WUMa program (Kreiner et al., 2003), which was initiated in
2002 and resulted in a list of 160 contact binary systems with high-resolution
spectroscopy and mass ratio determination.

Fig. 4 shows the mass distribution over the orbital period of 118 well-studied
contact binaries with combined photometric and spectroscopic techniques. The
current investigation, in the frame of CoBiToM Project, focuses on the study
of ultra-short orbital period systems (extreme left part of the plot), and investi-
gates the systems with an extremely small secondary component, and therefore
ultra-low mass ratio (systems with the smallest mass at the lower part of the
plot). The preliminary results show that the ultra-short orbital period contact
binaries are very stable systems, while over 60% of them are hosted within triple
or multiple systems. In addition, half of them present orbital period modulation.
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Figure 4. The mass distribution for the two components of all 118 contact binaries in

our sample. The mass of the primary components is plotted with full circles, while the

mass of the secondary ones is plotted with open circles. Triangles represent the low-q

systems with secondary components of very small mass. Note that the mass of the

secondaries lies within the range of 0–1 M⊙, while the mass of the primaries gradually

increases proportionally to logP (Gazeas & Niarchos, 2006).

7. Observing challenges and future goals

The current and future trend of the research on low mass contact binaries is to
further study the ultra-short orbital period systems and the prominent cut-off
limit, detect systems with significant orbital period modulation via the O-C
diagrams, investigate the ultra-low mass ratio systems, and search for possi-
ble unstable orbits among them. Furthermore, the study of contact binaries as
common envelope systems investigates the possibility of discovering exoplanets
hidden within the circumbinary material and the stellar ejecta from the stellar
wind and the mass loss processes. Dedicated observing programs seek for red
nova progenitors and future merger candidates and aspire to connect the merger
results with fast rotating stars, such as the population of Blue Stragglers.
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8. Summary

The evolution of low-mass contact binaries is mostly driven by mass transfer and
angular momentum loss via the magnetized wind, which shrinks the orbit and
makes both components overflow their outer Roche lobes. It is known that all
low-mass contact binaries are old, with a typical age of 7–8 Gyr, although their
contact phase lasts less than 1 Gyr, leading into coalescence (Stȩpień & Gazeas,
2012). There is an obvious need for dedicated sky surveys focusing on high-
resolution spectroscopy on such systems. Ground-based surveys and telescope
networking, play an important role in time-domain Astrophysics and this is a
key aspect for future research in this field. Long-term observing campaigns and
active Pro-Am collaborations in data acquisition are essential for monitoring
temporal modulations of physical and orbital parameters.
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Stȩpień, K., The Low-Mass Limit for Total Mass of W UMa-type Binaries. 2006,
Acta Astronomica, 56, 347
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Abstract. Asteroseismology coupled with eclipsing binary modelling shows
great potential in improving the efficiency of measurements or calibrations of
the interior mixing profile in massive stars. This helps, for instance in treating
the challenging and mysterious discrepancies between observations and models
of its stellar structure and evolution. This paper discusses the findings in our
work titled β Cephei pulsators in eclipsing binaries observed with TESS, which
aimed to compile a comprehensive catalogue of β Cep pulsators in eclipsing
binaries. Seventy-eight (78) pulsators of the β Cep type in eclipsing binaries
among which 59 new discoveries were reported. Here, we also report a fresh
analysis of eight additional stars that were outside the scope of the earlier-
mentioned work. Six β Cep pulsators in eclipsing binaries are reported, among
which 5 are new discoveries and 1 is a confirmation of a candidate earlier
suggested in the literature. Our sample allows for future ensemble asteroseismic
modelling of massive pulsators in eclipsing binaries to treat the discrepancy
between observations and models.

Key words: asteroseismology -binaries: general - stars: evolution - massive
stars: oscillations (including pulsations) - stars: rotation

1. Introduction

Asteroseismology is the study of the interior structure of stars via their pulsa-
tions (e.g., Gough, 1985). Massive stars also show pulsations and offer unique
opportunities to constrain their properties via asteroseismology (Aerts et al.,
2010). Three classes of massive pulsators exist, among which are β Cephei stars.
Beta Cephei stars are main sequence stars with masses of approximately 9 – 17
M⊙ (e.g., Stankov & Handler, 2005). They have low radial order pressure (p),
gravity (g), and mixed modes, pulsation amplitudes up to a few tenths of mag-
nitudes, and pulsation periods of several hours (approximately 2 to 6 hours)
(e.g., Stankov & Handler, 2005). Studying massive pulsators in eclipsing bina-
ries proves to be very beneficial as it combines the strengths of asteroseismology
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and eclipsing binary modelling to probe the stars. Unfortunately, the number
of such reported systems is much smaller compared to that of their low-mass
counterparts (Kirk et al., 2016; Pedersen et al., 2019). This, however, impedes
a more holistic asteroseismic study of massive stars.

The present paper discusses the findings in the work titled β Cephei pulsators
in eclipsing binaries observed with TESS by Eze & Handler (ApJS, submitted),
which aimed to compile a comprehensive catalogue of early B-type (B0 – B3)
pulsators in eclipsing binaries observed by TESS with a particular focus on
β Cep pulsators, to probe the evolution and properties of massive stars by har-
nessing the combined potentials of eclipsing binary stars and asteroseismology.
In this paper, we also conduct a fresh analysis of eight additional stars which
were outside the scope of our earlier-mentioned work. Here, we briefly describe
the analysis in Sect. 2, discuss the results in Sect. 3 and conclude in Sect. 4.

2. Analysis

A total of 8055 stars of spectral types B0 – B3 were analyzed in our referenced
paper (see the paper for the details of the analysis and results). Here, as already
pointed out, we also analyzed eight additional stars of spectral types O8 – B0
and B3 – B5. The analysis was done using the methods described in detail in
the referenced work. The result is shown in Table 1.

We examined the TESS light curves (Ricker et al., 2015) of the targets for in-
dependent pulsations via successive prewhitening of their Fourier spectra using
the Period04 software (Lenz & Breger, 2005) and accounted for blends in their
TESS pixels using Eleanor (Feinstein et al., 2019) and TESS-Localize (Higgins
& Bell, 2022). In each case, we removed the effect of binarity by subtracting
the harmonic binary model from the light curves before the pulsation analy-
sis. The orbital periods of the stars with their analytical uncertainties are also
determined using the Period04 program (Lenz & Breger, 2005). The binned
phase diagrams and Fourier spectra of the stars’ TESS light curves are shown
in Figures 1 and 2 respectively.

3. Results and discussion

Eze & Handler (ApJS, submitted) reported 78 pulsators of the β Cephei type
in eclipsing binaries, 59 of which are new discoveries. Ten ellipsoidal variables
with β Cep pulsating components are also reported in the paper. Here, we
report three definite and three candidate β Cep pulsators in eclipsing binaries
as shown in Table 1. The stars adjudged candidates have nearby contaminators
and signals that are too weak to be localized. They are denoted with ′?′ in
their variability in Table 1. The binarity and β Cep variability are reported for
the first time here for the stars TIC 2323229 (HD 330666; Sp. type: B8), TIC
155286121 (HD 319702; Sp. type: O8III), TIC 237173297 (HD 329034; Sp. type:
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Figure 1. Binned Phase diagrams of light curves of the additional new definite and

candidate β Cep pulsators in eclipsing binaries after prewhitening the strongest pul-

sations. TIC 336660284 is not included in Figure 1 as it has insufficient data (an

incomplete orbital cycle) to be accurately phased but showed the first primary eclipse

at 1606.35(30) BTJD. TIC 2323229, TIC 140309502, and TIC 443410592 are definite

β Cep pulsators in eclipsing binaries whereas TIC 155286121, TIC 237173297, and

TIC 336660284 are candidate β Cep pulsators in eclipsing binaries.

B3V) and TIC 336660284 (HD 125206; Sp. type: O9.7IVn). TIC 237173297 has
an eccentric orbit and shows a likely reflection effect in its light curves. The
binarity of TIC 443410592 (HD 115282; Sp. type: B2III) was first identified
by IJspeert et al. (2021), but the β Cep pulsations are reported here for the
first time. Labadie-Bartz et al. (2020) first reported the β variability of TIC
140309502 (CD-44 4484; Sp. type: B5) and also observed shallow eclipses in
its light curves, for which they recommended further photometric confirmation.
Using TESS photometry, this work confirms TIC 140309502 to be a definite β

Cep pulsator in an eclipsing binary as both the eclipses and the β Cep pulsations
are localized to the position of this target. However, contrary to the orbital
period of 13.721(7) d reported by Labadie-Bartz et al. (2020), an orbital period
of 4.649(5) or twice as much is obtained with the TESS photometry. Two stars
TIC 72211082 and TIC 141903541 with no eclipses are rejected here. They,
however, show β Cep pulsations with dominant pulsational frequencies 12.48585
c/d and 7.14297 c/d respectively. TIC 72211082 appears more like a rotational
or ellipsoidal variable with pulsating component(s).

4. Conclusion

In this paper, we report the findings from our work which analyzed 8055 stars
for β Cep pulsations in eclipsing binaries and that resulted in 78 pulsators of
the β Cephei type in eclipsing binaries, among which 59 are new discoveries.
Here, six β Cep pulsators in eclipsing binaries are also reported, five of which
are new additional discoveries and one is a confirmation of a candidate earlier
mentioned in the literature. The present paper adds a few stars to the sample
of β Cep pulsators, reported to date, for a more general and homogeneous in-
depth asteroseismic analysis of massive stars. We have already started follow-up
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Figure 2. Fourier spectra of the additional new definite and candidate β Cep pulsators

in eclipsing binaries after removing the orbital light variations. Whereas TIC 2323229,

TIC 140309502, and TIC 443410592 are definite β Cep pulsators in eclipsing binaries,

TIC 155286121, TIC 237173297, and TIC 336660284 are candidates.

Table 1. The lists of the additional new definite and candidate β Cep pulsators in

eclipsing binaries not reported in the earlier work. Fd is the dominant β Cep pulsational

frequency in c/d, A is the amplitude of the dominant pulsational frequency in mmag

and S/N is the signal-to-noise ratio of the dominant frequency

TIC ID Variability P (d) Fd (c/d) A (mmag) S/N

TIC 2323229 EB+bCep 1.0170(1) 6.0782 13.55 81.5
TIC 140309502 EB+bCep 9.298(5) 7.1382 3.51 78.6
TIC 155286121 EB+bCep+SPB? 2.01443(9) 11.4033 0.34 8.6
TIC 237173297 EB+bCep+SPB? 2.9907(2) 11.7226 1.4 10.2
TIC 336660284 EB+bCep? 13.35781(3) 13.7379 0.98 48.6
TIC 443410592 EB+bCep 4.2311(3) 6.5731 2.99 59.1

of some of the most interesting candidates. The spectroscopic observations of
some of the candidates have been conducted using four different instruments
among which is Skalnaté Pleso Observatory (SPO). Four β Cep pulsators in
eclipsing binaries listed in the referenced work were observed using the echelle
spectrograph at SPO and are currently under analysis.
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Abstract. Symbiotic stars are interacting binary systems consisting of a pri-
mary star, usually a red giant, and a companion star, usually a white dwarf. In
general, there are two phases of symbiotic stars: a burning phase characterized
by a rich emission line spectrum and an accreting-only phase in which the op-
tical spectrum is dominated by the red giant, making them difficult to detect
as a symbiotic star. The characterization and quantification of the entire pop-
ulation of symbiotic stars can provide crucial insights into the evolution and
properties of our Galaxy. Our research is based on the GALAH spectroscopic
survey, where we aim to identify symbiotic stars with the lowest accretion
rates through spectral emission lines such as Hα and Hβ. In the search for
new accreting-only symbiotic star candidates, we focus on spectroscopic and
photometric properties that distinguish these systems from single giants.

Key words: symbiotic stars – outbursts – photometry – spectroscopy

1. Symbiotic stars

Symbiotic stars are close binary systems consisting of a cool giant (either a red
giant branch, RGB, or an asymptotic giant branch, AGB giant) and a degenerate
companion, typically a white dwarf (see Munari (2019)). In symbiotic binary
systems, the separation between two stars is relatively large, and the mass is
transferred from red giant onto the surface of the white dwarf mostly in the form
of a stellar wind emitted by the giant (Mürset & Schmid, 1999). The accretion
leads to a buildup of material on the white dwarf, eventually resulting in the
nuclear burning of the accreted shell. This process can happen either explosively,
which can be observed as a nova eruption, or in thermal equilibrium, depending
on the degree of degeneracy and mixing (Shen & Bildsten, 2007). Symbiotic
stars have been known to have long orbital periods ranging from a few hundred
days to more than a few hundred years (Zamanov et al., 2021).

In symbiotic systems, the white dwarf is accreting material onto its surface.
When it accretes enough material, the nuclear burning of accreted material
begins. If the accreted matter is electron degenerate, the burning process can
be explosive. However, if the accreted matter is not electron degenerate, the
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nuclear burning is slow and in thermal equilibrium. It can take a few years
to reach maximum brightness and a few decades to burn the accreted envelope
and return to the quiet phase. Therefore, symbiotic stars can be broadly divided
into two distinct phases: an accreting-only and a burning-type star. There are
several hundred known symbiotic systems (see recent catalogs by Merc et al.
(2019a) and Akras et al. (2019a)), most of which are the burning-type stars,
but we believe that this is due to an observational bias (Munari et al., 2021a).
In the burning-type case, we observe a strong nebular continuum and a rich
emission line spectrum, so systems in this phase can be easily detected at the
optical part of the spectrum throughout the Galaxy and beyond, with about 400
systems known so far (Zamanov et al., 2021; Mukai et al., 2016). In the case of
accreting-only symbiotic systems, the optical part of the spectrum is dominated
by the red giant. There are generally none or only very weak emission lines
present in the spectrum, and only a few tens of systems were discovered until
recently (Merc et al., 2019b; Munari et al., 2021a).

In accreting-only symbiotic star systems, the accreted material from the
red giant slowly accumulates on the surface of the white dwarf. This is a very
slow process in comparison with the nuclear burning of the material. The latter
can last several decades or even centuries, as also observed thus far (Munari
et al., 2021a), while the accretion time is supposedly several orders of magnitude
longer, which is why we assume that most of the symbiotic stars belong to the
accreting-only type. This is in stark contrast to previously stated numbers of
observed systems where the burning-type symbiotic stars dominate, and we
aim to statistically evaluate this observational bias. This can further lead to
determining the significance of symbiotic stars in the Galaxy, for which we need
to characterize and quantify the entire population, not just the easily observed
burning-type systems (Munari et al., 2021a).

Symbiotic stars are important for a better understanding of the evolution and
properties of our Galaxy. They are considered one of the candidates responsible
for the enrichment of the interstellar medium with lithium and other elements
due to their nova outbursts. Furthermore, in the case of a white dwarf reach-
ing critical mass, the subsequent accretion process may result in an explosion,
making them promising Type Ia supernova progenitors, as initially proposed by
Munari & Renzini (1992) (see also Hachisu et al. (1999)). For these reasons, ob-
taining better knowledge about the properties of accreting-only symbiotic stars
and quantifying their total number in the Galaxy is essential.

This research aims to uncover the hidden population of symbiotic stars by
examining their spectral and photometric characteristics and quantifying their
total number in the Galaxy, ultimately shedding light on their significance in
the evolution of our Galaxy.

In this contribution are presented two (and three additional) of the vali-
dation criteria for confirming the symbiotic star candidates by analysing their
spectral and photometric properties using primarily spectroscopic data from
the GALAH survey, complemented with follow-up spectroscopic and photomet-
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ric observations from Asiago, and archival data from large photometric surveys,
such as Gaia, 2MASS and ASAS-SN.

2. Properties of symbiotic stars

Symbiotic stars have unique properties that allow us to distinguish them from
single red giants and can be broadly divided into two categories: the ones related
to their stellar spectrum and the ones related to their photometric nature.

The optical spectrum of accreting-only symbiotic stars is dominated by a red
giant, where we can observe distinct absorption features, including molecular
absorption bands, and generally weak emission lines forming presumably in the
accretion disk and showing both irregular and periodic variability (Chen et al.,
2019).

In symbiotic systems, we can detect excess light, which serves as another
indication of the presence of a white dwarf in these systems, and such excess
light can be observed across different wavelengths:

– Ultraviolet excess

The UV excess is a direct manifestation of the presence of an accretion disk,
with direct emission from the central white dwarf (Luna et al., 2013). A
higher accretion rate causes a brightening of the accretion disk around the
white dwarf, manifesting as an excess in near-UV luminosity and detectable
emission lines.

– X-ray excess

The X-rays are emitted from regions of the accretion disk positioned closer
to the white dwarf than the UV-dominated regions. The hardness of the
X-ray spectrum also depends on the strength of the gravitational potential
well, signifying that more massive white dwarfs yield harder X-ray spectra.
In the case of white dwarfs with a mass exceeding 0.6M⊙, these systems may
experience recurrent nova outbursts or produce strong X-ray emission. The
X-ray production also depends on the accretion rate (Luna et al., 2013),

– Infrared excess

The IR radiation of symbiotic stars is caused by either stellar photosphere
of the giant, free-free/free-bound emission from the ionized portion of the
wind and from the outer portions of the accretion disk (Chen et al., 2019).

Two spectra of a symbiotic star SU Lyn taken with the Asiago telescope are
shown in Figure 1, illustrating the differences between very low (black) and
moderately high (red) accretion rates (Munari et al., 2021a). At low rates, the
spectrum is dominated by a red giant and resembles a typical spectrum of a
single giant. This presents a difficulty in the search for symbiotic stars with the
lowest accretion rates. A higher rate causes a brightening of the accretion disk
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around the white dwarf, which manifests as an excess near-UV brightness and
detectable emission lines.

Figure 1. There are two spectra of an accreting-only symbiotic star SU Lyn presented:

one at low (black) and one at high (red) accretion rates, the latter showing an excess

in the near-UV regions and detectable emission lines (Munari et al., 2021a).

Among the most important photometric properties of symbiotic stars is the
presence of flickering. Flickering is a rapid, non-periodic change in magnitude re-
sulting from chaotic processes, such as density fluctuations within the accretion
stream flowing from the primary to the accreting star. It develops on timescales
of a few minutes, significantly shorter than the timescales associated with other
sources of variability (Zamanov et al., 2022), typical for active accretion disks
(Zamanov et al., 2021). Moreover, the photometric data provides information
on the detection of excess light in the UV and X-ray regions.

Photometric data analysis also allows the opportunity to explore the pres-
ence of IR excess caused by either the stellar photosphere of the giant, free-
free/bound-free emission emanating from the wind of the giant, or by the ther-
mal dust emission surrounding the binary system (Chen et al., 2019; Akras
et al., 2019c).

3. Observational data and sample selection

Our research includes the analysis of both spectroscopic and photometric datasets.
In addition to the publicly available data from the spectroscopic and photomet-
ric surveys, we are conducting follow-up observations of a selected sample of
symbiotic star candidates using the Copernico 1.82m telescope with a high-
resolution Echelle spectrograph in Asiago. Simultaneously, we are executing
photometric observations using the Schmidt 67/92cm telescope in Asiago.
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3.1. Spectroscopic data

The selection of our large primary sample of red giant stars was based on spectro-
scopic observations from the GALactic Archaeology with HERMES (GALAH)
survey (Buder et al., 2021) using the HERMES instrument with the Anglo-
Australian 4m telescope. The focus of our research is giants of spectral type
M, which appear to be the most common among the known symbiotic stars
(Akras et al., 2019b), selected and described in detail in the paper of Munari
et al. (2021a). The identification of potential symbiotic star candidates within
the sample was achieved by examining characteristic features that can be used
to distinguish a symbiotic star from a single giant; more specifically, we were
looking for emission in the Hα and Hβ spectral lines. For these selected candi-
dates, the data set is complemented by high-resolution spectra obtained with
the Copernico telescope and the Echelle spectrograph in Asiago. The repeated
observations enable us to monitor any temporal changes in emission lines.

3.2. Photometric data

To isolate the cool giants from the other objects in our primary sample, we first
apply selection criteria based on their color. The photometric data was used
from the Gaia and the Two Micron All-Sky (2MASS) surveys. In addition, the
light curves of the selected candidates were obtained from the All Sky Auto-
mated Survey for SuperNovae (ASAS-SN) and used to exclude false positives
due to pulsating stars. Photometric follow-up observations of our symbiotic star
candidates are carried out with the Schmidt telescope in Asiago.

4. Validation criteria for symbiotic star candidates

The search for symbiotic stars has only recently begun. The theoretical mod-
els predict that many more accreting-only symbiotic stars can be found. Now,
through the confirmation of the accreting-only symbiotic stars, we continue the
search for the hidden population. Among the selected candidates, we are focus-
ing on the variability in Hα and Hβ emission lines and searching for the presence
of flickering.

4.1. Emission line variability

Our research involves the search for characteristic signatures that indicate the
presence of the accretion process within the binary star system. The main focus
is on the study of emission lines present in the spectrum, such as Hα and Hβ,
both originating from the area of the accretion disk or from the wind of the giant
in the vicinity of the disk and ionized by it. The presence of strong emission
lines can serve as a potential indicator of a symbiotic nature. However, it is
crucial to investigate other properties of symbiotic stars, as such emission lines
may also be the result of other processes.
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In the spectra of our symbiotic star candidates, we are searching for the
variability in emission lines. An example of such variability in the Hα emission
line is shown in Figure 2. The figure shows eight low-resolution spectra of the
symbiotic star 2SXPS taken with the 0.84m telescope in Varese, Italy, under the
direction of the collaboration. Over a four-month period, an apparent change
in the profile and intensity of the Hα emission line can be seen, indicating the
degree of accretion and the state of the accretion disk around a white dwarf
(Munari et al., 2021b).

Figure 2. Low-resolution spectra of a symbiotic star 2SXPS were obtained on eight

separate nights in 2020. They illustrate the temporal evolution of the Hα emission

line over a four-month interval, indicating the presence of the accretion disk. The

observational dates (red) and equivalent width of Hα line (green) are provided above

each spectrum (Munari et al., 2021b).
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4.2. Optical flickering

Symbiotic stars exhibit a significant photometric feature known as flickering.
Detecting this rapid change in magnitude could confirm the presence and nature
of a compact object.

The left panels of Figure 3 show two examples of the B-band time series
for two distinct symbiotic star candidates in the search for evidence of ickering
emanating from the accretion disk. The measurements of each symbiotic star
are presented in blue dots, along with the nearby eld stars of similar brightness
and photometric color shown in different colors. Beneath the measurements for
each object is provided the dispersion around the median of the B-band data.
The accompanying plots in the right panels of Figure 3 show the relationship
between dispersion and B-band magnitude, with the symbiotic star indicated
by a red star and the nearby field stars represented as black circles. As evident
in the visual representation, the top panels demonstrate that the symbiotic star
candidate exhibits flickering well over the noise levels observed in the comparison
stars, despite it being less apparent in the left panels. On the other hand, the
symbiotic star candidate in the bottom panel remains stable, showing a noise
level equivalent to that of the field stars.

4.3. Additional validation criteria

Establishing validation criteria describes a fundamental aspect of confirming the
symbiotic nature within binary systems, and the criteria described above only
serve as two of the indicators. Beyond the initial confirmation of Hα variability
and the presence of flickering, candidates must satisfy additional criteria, some
of them being:

– Long-term photometric variability

The observation of long-term photometric variability can be helpful in sep-
arating the radial pulsators, such as Mira variables, from symbiotic stars.
The lightcurves are usually reconstructed from multi-band photometric cam-
paigns such as ASAS-SN. Radial pulsators can be identified by the charac-
teristics of their lightcurves, which typically exhibit regular, long periods
and sinusoid-like variations with large amplitudes, often exceeding ten mag-
nitudes. Symbiotic stars also show significant variability in magnitude, but
their lightcurves lack a large amplitude and regular period (Munari et al.,
2021a).

– Radial velocity variability

Monitoring the radial velocity variability is another feature that provides in-
sights into the nature of the variable object. Symbiotic stars exhibit irregular
and complex velocity changes resulting from dynamic interactions within the
binary system, such as accretion and mass transfer, which can often obscure
clearly defined orbital periods, making it difficult to decipher the underlying
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Figure 3. Examples of two symbiotic star candidates, one showing flickering (top

panels) and one not showing flickering (bottom panels). Left panels display B-band

time series data, aiming to detect flickering from the accretion disk. Periodic gaps

represent V-band frame acquisitions for data transformation to the Landolt system.

The measurements of the symbiotic star candidate (in blue) and field stars (in various

colors) are accompanied by dispersion values around the median written beneath,

denoted as ”SY ST” for the symbiotic star and ”A, B, C, and D” for comparison

stars. The right panels illustrate the relationship between the dispersion and B-band

magnitude, contrasting the symbiotic star (marked by a red star) and the nearby field

stars (represented as black circles). As evident from the right panels, the symbiotic

star clearly shows the presence (upper panels) and the absence of flickering (bottom

panels).

orbital dynamics. In contrast, when we examine the orbital motion in other
long-period variables, e.g. Mira pulsators, they show regular and sinusoidal-
like radial velocity variations driven by their intrinsic pulsation mechanisms,
leading to well-defined orbital periods (Munari et al., 2021a).

– Detectable emission excess in UV and X-ray part of the spectrum

Yet another criterion for confirming symbiotic stars is the detection of excess
light at wavelengths shorter than 4000 Å. This excess emission, particularly
in the UV and X-ray regions, indicates a higher accretion rate, which causes
the brightening of an accretion disk around a white dwarf (Luna et al., 2014).
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5. Conclusion

Symbiotic stars provide important insights into the evolution and properties of
our Galaxy. The accretion of stellar wind from the red giant onto the surface of
the white dwarf makes symbiotic stars a promising Type Ia supernova progen-
itor. They are also considered to be one of the candidates responsible for the
enrichment of the interstellar medium with lithium and other elements because
of their novae outbursts.

The spectroscopic analysis of symbiotic stars offers valuable insights into
their physical properties, enabling the determination of mass accretion rates
and providing an indication of the origin of the mechanism governing mass
transfer, shedding light on their evolutionary state. On the other hand, photo-
metric analysis can reveal the variability behavior of symbiotic stars, focusing
on the search for flickering and looking for the presence of UV, X-ray, and IR
excess.

Examining these characteristics will contribute to a better understanding of
symbiotic stars, allowing us to identify and characterize accreting-only symbiotic
stars within large-scale spectroscopic surveys such as GALAH, Gaia-ESO, and
in the future 4MOST and WEAVE.
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Abstract. In this contribution I summarize the main characteristics and effects
that are observed during outbursts of symbiotic stars: properties of the hot- and
warm-type outbursts, enhanced mass outflow occasionally followed by ejection
of bipolar jets, and the emergence of a neutral near-orbital-plane region. The
results presented were largely obtained using small telescopes, supplemented
by observations from the archives of terrestrial and space observatories.
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1. Introduction

Symbiotic stars (SySts) are the widest interacting binaries with orbital periods
typically of a few years. They consist of an evolved giant and, in vast majority,
a white dwarf (WD) accreting from the giant’s wind (Boyarchuk, 1967; Kenyon,
1986; Mürset & Schmid, 1999; Belczyński et al., 2000). Only a few SySys have
been detected to have a neutron star as an accretor (e.g., Chakrabarty & Roche,
1997; Masetti et al., 2007a,b; Yungelson et al., 2019).

The accretion process makes the WD very hot (> 105 K) and luminous
(∼ 101 − 104 L⊙) object, which ionizes a significant portion of the wind from
the giant, giving rise to nebular emission (e.g. Seaquist et al., 1984). This con-
figuration represents the so-called quiescent phase, during which SySt releases
energy at an approximately constant rate. The most prominent feature of the
optical light curves (LCs) of luminous SySts during quiescence is the wave-like
orbital-related variation (see Figs. 1 and 2).

On the other hand, many SySts undergo unpredictable outbursts observed
on a very different and variable timescale. The outbursts, resulting from the
prolonged accretion by the WD until the ignition of a thermonuclear event on
its surface, are analogous to classical novae in cataclysmic variables. They are
called symbiotic novae or recurrent symbiotic novae, depending on the time
scale of their recurrence. Due to the presence of the evolved giant in SySts, the
brightness amplitude of symbiotic novae is as low as ≈4-9mag (e.g., Mürset
& Nussbaumer, 1994; Bode & Evans, 2008). The typical and most frequently
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observed outbursts of SySts are the so-called ‘Z And-type’ outbursts. They re-
sult from an increase in the accretion rate above the upper limit of the stable
burning (see e.g. Fig. 2 of Shen & Bildsten, 2007), which can lead to expansion
of the burning envelope simulating an A–F type pseudophotosphere (Tutukov
& Yungelson, 1976; Paczynski & Rudak, 1980) and/or blowing optically thick
wind from the WD (Kato & Hachisu, 1994; Hachisu et al., 1996). They are char-
acterized by a few magnitude (multiple) brightening(s) in the optical observed
on the timescale of a few months to years or even decades (see examples of
historical LCs published by Brandi et al., 2005; Leibowitz & Formiggini, 2008;
Skopal et al., 2001) with signatures of a mass outflow (e.g., Fernandez-Castro
et al., 1995; McKeever et al., 2011). Stages with Z And-type outbursts that in-
terrupt quiescent phase are usually called active phases of a SySt (see Fig. 1).
Analysing observations of Z And-type outbursts for non-eclipsing SySts AG Peg
and V426 Sge, Skopal et al. (2017, 2020) confirmed the above-mentioned nature
of this type of outbursts. The authors found that the optical brightening of these
SySts is due to an increase of the nebular radiation from the very beginning of
the outburst, while the contribution from the hot WD is negligible in the optical.
The nebular continuum represents a fraction of the hot WD’s radiation (below
912 Å) converted by the enhanced wind from the WD at rates of a few times
10−6 M⊙ yr−1 into the nebular emission. The corresponding emission measure
and the temperature of the hot WD’s pseudophotosphere (1.5−2×105 K) yield
the WD luminosity of a few times 1037 erg s−1 that is close to the Eddington
limit. On the other hand, for eclipsing SySts the optical is usually dominated
by a warm WD’s pseudophotosphere together with a strong nebular radiation
(see Skopal, 2005, and Sect. 2.1 here).

The main goal of this contribution is to show the main common features
of Z And-type outbursts. This work summarizes recent published results based
on the optical multicolor photometry and, low- and medium-resolution spec-
troscopy obtained with small telescopes in part collected by amateur
astronomers, supplemented by publicly available observations from archives.

2. Basic effects measured during outbursts

2.1. Warm and hot type outbursts1

Using the method of multiwavelength modeling of combined spectra, Skopal
(2005) found out that the spectrum of the hot component in eclipsing SySts
during outbursts consists of two sources of radiation, differing significantly in
their temperatures. He called it the two-temperature UV spectrum. This type of
the spectrum consists of a relatively cool spectrum produced by a warm stellar
pseudophotosphere radiating at 1 − 3 × 104 K, and the hot one represented

1The sometimes used division of AG Dra outbursts into hot and cool (see González-Riestra
et al., 1999) has nothing to do with the classification of SySts outbursts into warm and hot
described in this section.
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Figure 1. Example of the warm-type outburst observed for AX Per. The top panel

shows evolution of multicolor LCs. The parts representing the active and quiescent

phases are denoted. Bottom panels show the spectra (in magenta) and their SED

models during active phase (left) and quiescence (right). Times of observations are

marked by arrows in the top panel. Note the appearance of a strong warm WD’s

pseudophotosphere (in blue) at simultaneous presence of a strong nebular spectrum

(the continuum (in green) and emission lines) during outburst. Adapted according to

Skopal et al. (2011).

by a strong nebular radiation. The warm stellar radiation is not capable of
producing the measured nebular emission, which implies the presence of a strong
ionizing source in the system. This discrepancy in the properties of the main
components of radiation in the spectrum determines the disk-like structure of
the hot component viewed under a high inclination angle. The outer optically
thick flared rim of the disk (which is the warm WD’s pseudophotosphere with
the effective radius of a few R⊙), occults the central ionizing source in the line
of sight, while the nebula above/below the disk is ionized by the central hot
WD (see Fig. 27 of Skopal (2005) and Fig. 6 of Cariková & Skopal (2012)).

As a result, the disk-like structure of the hot component during outbursts is
responsible for observing two different types of spectra depending on the orbital
inclination (i). Outbursts in systems with a high i show the two-temperature
type of the hot component spectrum. These outbursts are classified as the ‘warm-
type’, because the stellar component of radiation is emitted by the warm WD’s
pseudophotosphere, which usually dominates the optical (see Fig. 1). On the
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Figure 2. Example of the hot-type outburst observed for V426 Sge in 2018. The plots

and their meaning as in Fig. 1. Note the appearance of a strong nebular radiation from

the very beginning of the outburst, while the 2 × 105 K hot WD’s pseudophotosphere

cannot be indicated in the optical. Adapted according to Skopal et al. (2020, 2023).

other hand, outbursts in systems with a low i are classified as ‘hot-type’, be-
cause the stellar component of radiation is emitted by the hot WD’s pseudopho-
tosphere (i.e., the optically thick interface of the enhanced fast wind from the
WD). Its temperature is ≈ 2 × 105 K and the effective radius ≈0.1R⊙. As a
result, the contribution of the hot WD’s pseudophotosphere is negligible in the
optical, while the nebular continuum dominates the near-UV/optical from the
very beginning of the outburst (see Fig. 2)2.

2.2. Slow and high velocity mass-outflow during outbursts

A common feature of outbursts is a distinct increase of the mass-outflow from
the burning WD, most often in the form of an enhanced stellar wind, indicated
by the broadening of the emission line profiles, which in some cases are of the
P Cygni type (e.g., Fernandez-Castro et al., 1995; Skopal, 2006; McKeever et al.,
2011). Signs of mass outflow at moderate velocities (∼ 100–500 km s−1) are indi-
cated by absorption components of P Cygni profiles in the spectrum of systems

2Originally, Skopal (2005) named these types of outbursts as 1st- and 2nd-type, later
Skopal et al. (2020) renamed them to warm- and hot-type to express their physical nature.
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Figure 3. Example of the slow and high velocity mass-outflows indicated by P Cyg

profiles and broad wings of emission lines for systems with high (BF Cyg and Z And)

and low (AG Peg) i, respectively. Profiles from around the optical maxima and qui-

escence are in red and blue, respectively. From left to right: BF Cyg 1990 outburst

(Skopal et al., 1997) and 2006 outburst (Skopal et al., 2013), Z And 2000 outburst

(Skopal et al., 2006), and AG Peg 2015 outburst (Skopal et al., 2017).

with a high i, mostly at the beginning of the outburst, while high velocities
(≈ 1000−2000 km s−1) by broad emission wings of permitted lines, which are
present in the spectra of all systems during the outburst. Examples are shown
in Fig. 3.

Such the two-velocity type of mass-outflow during outbursts can be explained
by the disk-like structure of the hot component (see Sect. 2.1), which expands at
moderate velocities in the orbital plane, while at higher latitudes a fast optically
thin wind escapes the central WD. Next, when viewing the system at a high
i, the observer can see the slowly expanding warm WD’s pseudophotosphere,
which allows the observation of P Cyg line profiles with broad emission wings,
and features of the warm-type of outbursts in the spectrum. Conversely, for
systems with a low i, we observe just the fast optically thin stellar wind down
to the hot WD’s pseudophotosphere, which gives rise to the broadening of the
profile of the emission lines, especially their wings, and spectral characteristics
of the hot-type of outbursts.

Skopal (2006) showed that the broadening of the Hα wings and the signif-
icant increase of the emission measure in the continuum during active phases
are caused by the enhanced ionized wind from the hot component. Therefore,
modeling the wing profiles and/or having the emission measure (EM) from the
SED models, we can determine the corresponding mass-loss rate, ṀWD. Us-
ing a β-law, optically thin bipolar wind model from the hot components3 the
author fitted the broad Hα wings. In this way, he determined ṀWD to a few
×10−8 M⊙ yr−1 and to a few × (10−7

− 10−6)M⊙ yr−1 during quiescent and
active phases, respectively.

3In the model, the central torus blocks the wind in the orbital plane. The model is therefore
only applicable for systems with a high i.



90 A. Skopal

In the case of systems with a low i (i.e., for the hot-type outbursts),
Skopal et al. (2017, 2020) expressed a relationship between EM and ṀWD for
a spherically symmetric β-law wind around the WD. According to the theory
of the optically thick wind in nova outbursts (e.g. Kato & Hachisu, 1994), the
authors considered two limiting cases for the beginning of the wind – on the
WD’s surface and on its pseudophotosphere. In both cases, the wind becomes
optically thin at the WD’s pseudophotosphere. Applying this approach for EM
from the SED models and the Hα line luminosity, they obtained ṀWD of a few
times 10−6 M⊙ yr−1 for both studied objects, AG Peg and V426 Sge, during
their Z And-type outbursts.

2.3. Transient jets from a warped disk

The possibility of the formation of collimated bipolar outflows (jets) from the
WD in symbiotic binaries seems to be related to the increase of accretion onto
the WD during the Z And-type outbursts (Skopal et al., 2018). Usually, jets are
observed at, but mainly, after the optical maximum (e.g., Tomov et al., 2007;
Skopal et al., 2009). However, their detection is very rare, although a variety of
methods from X-rays to the radio has been employed. Typical signatures of jets
in the optical spectrum are satellite components to the main emission of the
strongest hydrogen and helium lines. To date, such the indication of jets has
only been recorded for five objects: Hen 3-1341, StHα 190, Z And, BF Cyg and
St 2-22 (e.g., Tomov et al., 2000; Munari et al., 2001; Tomov et al., 2007; Skopal
et al., 2013; Tomov et al., 2017).

Spectral properties of the satellite components to Hα during the 2006 Z And
outburst suggested an average opening angle of jets of 6◦.1, the mass-outflow
rate via jets of Ṁjet ∼ 2×10−6(Rjet/1AU)1/2 M⊙ yr−1, which corresponds to the
emitting mass of M em

jet ∼ 6×10−10(Rjet/1AU)3/2 M⊙ and the emission measure

of both jets of 1−2×1058 cm−3. During their lifetime (July – December, 2006),
the jets released the total mass of M total

jet ≈ 7.4× 10−7 M⊙ (Skopal et al., 2009).

The repeated ejection of jets during outbursts of Z And was always fol-
lowed with the simultaneous emergence of the rapid photometric variability
(∆m ≈ 0.06mag) on the timescale of hours. According to models of SED, this
type of variability is produced by the warm WD’s pseudophotosphere, i.e., the
outer rim of the disk that develops during outbursts. Such the higher-amplitude
photometric variability can represent observational response of the radiation-
induced warping of the inner parts of the disk. According to theoretical model-
ing, the high luminosity of the central source can illuminate the disk, whose inner
parts can become unstable to warping (Iping & Petterson, 1990; Pringle, 1996;
Livio & Pringle, 1996). In agreement with the general view that the warped disk
starts to wobble or precess (Livio & Pringle, 1997) we can thus observe wobbling
of the outer parts of the disk, reflected by the ∼0.6mag photometric variability.
Therefore, it was suggested that the jets ejection and the measured disk–jets
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Figure 4. Example of the bipolar jets ejection from the symbiotic prototype Z And.

Left: The bipolar jets are indicated by S− and S+ satellite components to the Hα

line. Middle: Simultaneously, the photometric variation within ∆m ∼ 0.06 mag on the

time-scale of hours develops. Right: Sketch of a disruption of the inner parts of the disk

(dark yellow) due to the outburst of the central WD that can cause sudden increase in

mass accretion and the ejection of bipolar jets (violet area) (see Skopal et al., 2018).

connection could be caused by the radiation-induced warping of the inner disk
due to a significant increase of the burning WD luminosity during outbursts.
In this way, the enhanced accretion through the disk warping, supplemented by
the accretion from the wind of the giant, can keep a high luminosity of the WD
for a long time, until depletion of the disk (see Skopal et al., 2018, in detail).
Example of the relevant observations and a sketch of the disk warping effect are
shown in Fig. 4.

2.4. Emergence of a neutral region in the orbital plane during Z And
type outbursts

The formation of the disk-like structure of the hot component during outbursts
of SySts (Sect. 2.1) represents the key effect for understanding the symbiotic
phenomenon. For example, the two-temperature UV spectrum of the hot com-
ponent, the two-velocity type of mass-outflow, and specific ionization structure
that develop during outbursts (see Fig. 2 of Skopal, 2023, for an idea).

Its natural consequence is the simultaneous neutralization of the giant’s wind
in the orbital plane during outbursts: The flared disk actually blocks ionizing
photons from the central hot WD within its vertical extension, which causes the
initially ionized wind before the outburst (i.e., during quiescence) to become
neutral in the orbital plane during the outburst. Owing to the high densities of
the giant’s wind in the orbital plane, the hydrogen recombination process occurs
within minutes to days. As a result, a neutral wind region emerges in the orbital
plane during outbursts of SySts (see Skopal, 2023).

This interesting effect is detectable by Rayleigh scattering on neutral atoms
of hydrogen, best observable as a depression of the continuum around the Lyα
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line (e.g., Isliker et al., 1989; Vogel, 1991). In such the case, the strength of
Rayleigh scattering is determined by the number of neutral H atoms on the path
between the emitting source (here, it is the warm WD’s pseudophotosphere) and
the observer, i.e., on the hydrogen column density, NH. Given the location of
the presumed neutral region in the orbital plane, this effect is measurable for
eclipsing systems at any orbital phase, because they are seen edge-on.

Therefore, to prove this effect, we selected eclipsing SySts for which a well-
exposed ultraviolet spectrum from an outburst is available. By evaluating all
candidates, we found that BF Cyg, CI Cyg, YY Her, AR Pav, AX Per and
PU Vul fit best our objectives. Modeling the two-temperature UV spectra of
these objects by the stellar continuum from the warm WD’s pseudophotosphere
and the nebular continuum from the ionized circumbinary matter above/below
the disk (see Sect. 2.1), we determined NH values from all suitable spectra (42)
of our targets (the targets selection and the modeling are described by Skopal,
2023, in detail).

Figure 5 shows the results. Top panels illustrate the continuum depression
around the Lyα line due to Rayleigh scattering on H atoms at two different
orbital phases. The bottom panel c depicts all NH values as a function of the
orbital phase, and panel d shows a schematic of the ionization structure of
the symbiotic binary during the outburst. It is clear from the figure that the
NH measurements follow a common course along the orbit with a difference of
more than two orders of magnitude between the values around the inferior and
superior conjunction of the giant. High values of NH at any orientation of the
binary (> 1022 cm−2) prove the presence of a neutral region in the orbital plane
because our targets are seen approximately edge-on.

The fact that this region consists of the neutral wind from the giant (see
above) is confirmed by the significant difference in NH values measured around
the superior and the inferior conjunction of the giant. This is because of mea-
suring NH in the direction to the WD, while the source of neutral hydrogen is
associated with the red giant (see Skopal, 2023). Also, the model of NH values
from Fig. 5c corresponds to the wind velocity profile of normal giants in SySts
(see Skopal & Shagatova, 2023, in detail).

The neutral near-orbital-plane region determines a biconical shape of the
ionized region distributed above/below it, with the tops at the burning WD (see
Fig. 5d). The nebular radiation is produced by the high-velocity mass-outflow
in the form of an enhanced wind during outbursts (see Sect. 2.2). Accordingly,
depending on the i, we observe the spectral characteristics of a hot or warm
type of outburst (see Sect. 2.1).

3. Conclusion and future work

The key phenomenon for understanding the two-temperature UV spectrum of
SySts that develops during outbursts is the formation of the disk-like structure
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Figure 5. Top: Example of a strong depression of the continuum around the Lyα

line due to Rayleigh scattering on H atoms (gray area) around the superior (panel a)

and inferior (b) conjunction of the giant. Dotted line is the unattenuated continuum;

meaning of other lines as in Fig. 1. Bottom: Column densities between the observer

and the WD measured for our targets as a function of the orbital phase ϕ (c) and

the corresponding ionization structure during outbursts is sketched on the right (d).

The two-velocity type of mass outflow is denoted by arrows of different sizes. Adapted

according to Skopal (2023).

around the WD. Such the non-spherical structure of the hot component is con-
strained by the contradictory properties of the radiation from the warm WD’s
pseudophotosphere and the strong nebular radiation observed during outbursts
in the spectrum of eclipsing systems. (see Sect. 2.1).

The disk-like structure is also responsible for observing the two-velocity type
of mass-outflow indicated during outbursts. The slow component is due to the
disk expansion in the orbital plane, while the fast component is due to the
optically thin stellar wind that is driven by the burning WD through the rest
of the sphere (see Sect. 2.2, Fig. 5d).

In rare cases, a significant increase in the luminosity of the burning WD
during outbursts can induce warping of the inner disk with a subsequent sudden
increase in mass accretion and the ejection of bipolar jets (see Sect. 2.3).

An interesting consequence of the disk-like structure of the hot component
is the simultaneous emergence of a neutral near-orbital-plane region consisting
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of the wind from the giant (see Sect. 2.4).
Based on the given basic characteristics of the SySts outbursts, two main

tasks arise for future theoretical modeling directly related to the emergence of
the neutral near-orbital-plane region:

– The NH values measured around the orbit (Fig. 5c) represent a challenge for
the theoretical modeling of the wind morphology of wide interacting binaries
containing an evolved giant.

– During outbursts of non-eclipsing systems, the presence of the neutral wind
region in the orbital plane is probably indicated by significant broadening
and high fluxes of the Raman-scattered OVI 6825 Å line relative to the qui-
escent phase (e.g., Leedjärv et al., 2004; Skopal et al., 2017) because a sig-
nificant amount of new scatterers appears in the orbital plane. Verification
of this hypothesis, however, requires theoretical modeling.

Finally, the finding of the emergence of the neutral near-orbital-plane region
can also be conducive to the explanation of more violent classical nova out-
bursts. Here, a similar structure of the nova ejecta containing a density enhanced
equatorial region was directly inferred from radio imaging of the classical nova
V959 Mon (see Chomiuk et al., 2014). Disk-like structure in the equatorial plane
was also constrained by modeling the energy distribution in the spectrum of the
classical nova V339 Del (see Skopal, 2019). Recently, Munari et al. (2022) needed
an optically thick mass layer localized in the orbital plane (they called it ”the
density enhancement on the orbital plane”) to interpret radio interferometric
imaging of the recurrent symbiotic nova RS Oph after its explosions.
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Abstract. WD 1145+017 is the first white dwarf known to be orbited by
disintegrating exoasteroids. It is a helium-dominated white dwarf with lines of
metals in spectra and variable asymmetric transits. The analysis of WD 1145
light curve allowed us to identify at least 8 bodies which periodically eclipse
the star, showing periods ranging from 4.490 to 4.493 hours. Waterfall diagram
shows that some of these periods are not stable. Estimating transit depths gave
us possibility to assess the disintegration rate. We have estimated the lower
limit of dust masses associated with these bodies, which exhibits time-varying
characteristics, fluctuating within the range of approximately 2− 3× 1014 kg.

Key words: exoplanets – circumstellar dust – exoasteroids
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1. Introduction

The star known as WD 1145+017 (or WD 1145) is a white dwarf situated ap-
proximately 154 parsecs away from Earth. This object holds the distinction of
being the first white dwarf ever observed with a planetary-mass entity in tran-
sit around it (Vanderburg et al., 2015). Vanderburg’s team documented their
observations of a white dwarf undergoing transits by, at the very least, one dis-
integrating planetesimal, and quite likely, multiple such objects. These transits
exhibited periods ranging from 4.5 hours to 4.9 hours, which translates to an ap-
proximate distance of 1R⊙ from the central star. The transit profiles displayed
asymmetrical shapes and varying depths, with some transits reaching depths of
up to 40% in flux. These observations strongly suggest the presence of small ce-
lestial bodies with cometary tails composed of dusty materials (Izquierdo et al.,
2018).

The photosphere of WD 1145 is polluted by metals originating from dis-
integrating bodies, thus its spectra show strong lines of heavy elements like
magnesium, aluminum, silicon, calcium, iron, and nickel (Xu et al., 2016). The
star is surrounded by dusty debris disc which causes substantial infrared excess
in the spectra. Hallakoun et al. (2017) and Xu et al. (2019) also revealed that
UV transit depths are always shallower than those in the optical.

We aim to revise number of planetesimals and their orbital parameters.

2. Observations

The task of revising the number of planetesimals is challenging because the light
curve of white dwarf is constantly and rapidly evolving with time. Photometric
observation we use in the analysis come from several observatories during 2016
- 2020 years. In our research we mostly focus on data obtained during 2017
because they are the most complete and precise. They were all obtained in
the framework of a campaign organized by the Astronomical Institute of Slovac
Academy of Sciences. Several medium and small size telescopes around the world
participated with their observations. They are all listed in the Tab. 1 . This data
was complemented by observations obtained by Bruce Gary during 2016-2020
years with 14” telescope in Hereford, Arizona.

All the data were reduced in a uniform way using standard procedures and
IRAF package. Observations from SAO had relatively short exposure times so
they were binned in time to achieve about 60 second cadence. We follow Van-
derbourg et al. (2015) and also use Lomb-Scargle periodogram(Scargle, 1982) to
find periodicities in more recent data. Our periodogram is displayed on Fig. 1.
It differs from one obtained by Vanderburg - some peaks are missing or shifted.
This is an evidence of rapid evolution of the system. Preliminary results show
that the strongest peak is at 4.48 hours.
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Table 1. Telescopes participated in observation campaign of WD 1145

Location Aperture
[m]

Devastal, India 3.6
RATIR, Mexico 1.5
Skalnaté Pleso, Slovakia 1.3
Nizhnij Arkhyz, Russia 1
TSAO, Kazakstan 1
Gaomeigu China 0.7
PROMPT-8, Cerro Tololo Inter-American Observatory 0.6
Stará Lesná, Slovakia 0.6
TNO, Narit, Thailand 0.5
Australia 0.4
Tenerife, Spain 0.4

Figure 1. Periodogram of the data used in this work

3. Modelling lightcurve

To estimate orbital parameters of exoasteroids, we fit the light curve with com-
bination of 8 asymmetric hyperbolic secants, following Croll et al. (2017):

M(t) = m0 +
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∑
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M(t) is the total magnitude, N = 8 is the number of transiting bodies, m0

is the out-of-transit magnitude, Ci/2 is approximately the transit depth of i-
th body, t′i is the closest transit midpoint for time t, and τ1i and τ2i are the
characteristic durations of the ingress and egress, respectively. We have to take
into account the fact that exoasteroids can loose their masses as well as dust
clouds surrounding them. This means that the transit depth C depends on time.
We approximate it with sixth degree polynomials:

C =

6
∑

j=0

aj(t− t0)
j (2)

where t0 is the first transit mid-point and aj are independent parameters. To
calculate t′ we need to know the number of epochs passed from the start of
observations:

n =

[

t− t0
P

]

(3)

where P is the orbital period and t0 is the midpoint of first transit. Then we
find

t′ = t0 + nP (4)

Totally the equation describing the light curve has N × 11 + 1 = 89 param-
eters (seven polynomial coefficients, time of ingress and egress, periods, transit
midpoints (11 in total) of N = 8 bodies). To optimise them we use Powells
method(Powell, 1964). The observations overplotted with the best fit are dis-
played in Fig. 2. Periods vary around 4.48 hours and differ by 10 seconds. How-
ever, long-term stability of these periods is under question. We follow Rappaport
et al. (2018) and use waterfall diagram as a reliable method of monitoring trends
in optical activity over large timespan. Waterfall diagram(Fig. 3) displays the
magnitude as a function of the orbital phase (x-axis) for different dates of ob-
servations (y-axis). Values of individual pixels correspond to brightness of the
given object at given phase and date (darker ones correspond to higher mag-
nitudes, lighter corresponds to lower magnitudes). Thus, periodic transits form
clear traces in waterfall diagram. If the data is phase-folded with the correct
orbital period, the trace is represented with straight vertical line. Other shape
of trace may indicate changing or incorrect period. We construct our waterfall
diagram as an image of 120120 pixels. The most challenging task is to take into
account significant gaps in data. We followed Rappaport and handle missing
observations as follows. The flux from each observation was placed into the ap-
propriate [x, y] bin according to the phase of the 4.5-h period and the date of
the observation. For each point in the image, if there exists a data point, we
leave it as it is. If a pixel is initially blank, we draw a circle around that point
which is 5 pixels in radius, and take a distance weighted average of all the points
within which there are data. The weighting was done according to d−2, where
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Figure 2. The observations overplotted with the best fit by Eq. 1.

d is the distance between the point being filled and the data points (in units of
pixels). So the flux used to fill the blank bin is given by

F =

∑

points Fpointd
−2

∑

points d
−2

(5)

where we sum fluxes Fpoint within 5 pixels of blank bin, weighted with distance
d from the center of blank bin to the point. The result is displayed in Fig. 3.

As one can notice, many objects have stable period, but at least two (num-
ber 3 and 5) show significant curvature. This may indicate that some periods
change with time. An intriguing observation is that certain trajectories intersect.
Our goal is to determine whether these intersections are indicative of genuine
collisions between exoasteroids or simply the result of overlapping dusty tails.

4. Estimation of dust mass

Knowledge of the light curve helps us to estimate the dust mass. We operate on
the following assumptions. First of all, we ignore the solid core of exoasteroid
and suppose that the dust almost covers the whole disc of the star. Properties
of the dust were determined by Budaj et al. (2022):it is composed mostly of
silicates and mean grain size is about 5 microns. We also use dust opacities
calculated by Budaj et al. (2015). We calculate the dust mass as follows.

I = I0e
−τ (6)

Here I0 is constant out-of-transit intensity (we observe it when the disc is not
covered by dust), I is total intensity, which varies with time, and τ is optical
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Figure 3. WD 1145 waterfall diagram for 2016 year. We can identify 8 or 9 objects.

Intersections of trajectories are marked with red.

depth of the dust:
τ = κρz (7)

where κ stands for opacity, ρ is dust density and z is geometric depth. Now we
can calculate differential of mass

dM = ρzdS, dS = 2R⋆vdt (8)

where R⋆ is radius of white dwarf and v is orbital velocity. Thus, total mass of
eclipsing dust is an integral over orbital period T :

M = −2

∫ T

0

ln
I

I0
RWDvκ−1dt (9)



104 A.Maliuk, et al.

Figure 4. Variations of dust mass over 2017 year. One point corresponds to one epoch.

Figure 5. Variations of dust mass over 2016-2021 years. One point corresponds to one

epoch.
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Our results for year 2017 are displayed on Fig. 4. We can see that eclipsing
dust mass does not remain stable during our observation campaign. Observed
peaks at HJD = 2457750 and 2457850 correspond to intersections on waterfall
diagram, marked with red circles(Fig. 3), which indicates that real collisions
between exoasteroids occur. We also use unpublished data obtained by Bruce
Gary to observe dust mass dynamics during 2016 - 2021 years. These results are
displayed on Fig. 5 We observe significant variations every year.

5. Conclusions

In our study, we have detected a minimum of eight celestial bodies in orbit
around WD 1145. These bodies exhibit orbital periods ranging from 4.4915 to
4.4932 hours. Our analysis, based on periodograms and waterfall diagrams, re-
veals that these orbital periods evolve over time. Furthermore, we have estimated
the lower limit of dust masses associated with these bodies, which exhibits time-
varying characteristics, fluctuating within the range of approximately 2-3×1014

kg. Accordingly to Shestakova et al. (2019), estimated dust accretion rate is
3.2×109 g s−1, which means that the material of dust ring should be updated
every 3 years.
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Abstract.

The ARAS eruptive stars group monitors novae, symbiotic stars, and even-
tually dwarf novae ... with small telescopes (typically 20-60 cm) equipped with
slit (R=600 to 15000) and echelle (R=10000) spectrographs. 4175 spectra of
65 novae and 8379 spectra of 104 symbiotics secured since 2013 are accessible
for free access from the ASDB spectral database.

We present four examples to demonstrate the long-term monitoring, high
cadence program, and the reactivity of the members to special events such as
outbursts or eclipses.
1. The 2021 outburst of the recurrent nova RS Oph was carefully studied with

daily echelle spectra and flux-calibrated low-resolution spectra for a period
of one month. This monitoring allowed the construction of the evolution of
the ionization state of the system during the outburst.

2. One of the main tasks of our program is the long-term monitoring of clas-
sical symbiotic stars over several orbital cycles following the suggestion of
S. J. Kenyon (1986) and J. Mikolajewska. The complex behavior of the
eclipsing system AX Persei is briefly summarized to illustrate our purpose.

3. An example of monitoring an eclipse in an accretion-powered symbiotic
star BX Mon in April 2023.

4. The behavior of the recurrent symbiotic nova T CrB (1866, 1946) before its
next nova event which is expected in the very next months or years. The
cadency of the observations has enabled us to time precisely the end of the
long high state detected in 2015.

Key words: novae – symbiotic stars – spectroscopy

1. Introduction

The ARAS eruptive stars group gathers worldwide amateurs observing with
small telescopes (”decimeter class”). The typical diameter varies from 20 to 40
cm, exceptionally 50 and 60 cm, the full range is 8 cm to 1 m. The telescopes
are equipped with various types of long slit and echelle spectrographs whose
resolution varies from 600 to 15000, exceptionally 30000. Most of them are
produced by Shelyak Company (Lhires III, LISA, ALPY600, eShel, ...).
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Some are homemade spectrographs among them we can cite two peculiar
projects: the UVEX1 developed by ”Nice People” (FR) with the support of
Christian Buil, which is a 3D printing long slit spectrograph efficient in the
near UV; NOU-T project, an echelle spectrograph with a resolution of 9000
mounted at the focus of a Schmidt-Cassegrain 14” telescope was developed by
Joan Guarro Flo (SP) from an optical concept designed by Tim Lester (CA).

The spectra are archived in the ASDB 2, ARAS eruptive stars database
(Teyssier, 2019). The first version was based on a Visual Basic macro applied to
Excel spreadsheets and was launched in August 2013. The design and function-
ality based on Python codes were improved in 2022 by J. Merc (Charles Uni-
versity, Prague), producing the current version. The ARAS database is open to
all observers who want to share their results. The resolution must be over 500.
The spectra are reduced according to standards (bias, darks, flats, instrumental
and atmospheric corrections applied). Most of them are reduced using ISIS3.

The observing program is firstly defined by observers themselves, individu-
ally or collectively. There are two main tasks: 1. monitoring of peculiar events
such as outbursts, eclipses, and high states. 2. Long-term monitoring of symbi-
otic stars over several orbital cycles. We also respond to professional requests
on peculiar programs.

The ASDB has been used by a number of publications 4 (e.g. Skopal et al.,
2017; Aydi et al., 2023; I lkiewicz et al., 2022; Azzollini et al., 2023).

Table 1. ARAS Eruptive Stars Database

Category No. of Objects No. of Spectra
Novae 65 4175

Symbiotic stars 104 8379
Dwarf novae 33 377

With four selected examples we demonstrate the value of long-term moni-
toring, a high cadency program, and the reactivity of the members to special
events such as outbursts or eclipses.

2. Recurrent symbiotic nova RS Oph in 2021

Nova outbursts of the symbiotic system RS Oph were detected in 1898, 1933,
1958, 1967, 1985, 2006, and 2021 making it a recurrent nova. The 2021 outburst
was detected on 2021-08-8.93 UT by K. Geary at a visual magnitude 6.0. The
peak of luminosity was reached on 2023-08-09.55 (JD 2459436.30) which was

1https://spectro-uvex.tech/
2https://aras-database.github.io/database/index.html
3http://www.astrosurf.com/buil/isis-software.html
4https://ui.adsabs.harvard.edu/public-libraries/jd9bULL8SU-uBHbblit3Xw
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adopted as the start of the outburst T0. Our first spectra acquired around 2013-
08-9.8 show broad emission lines of low ionized species (H I, Fe II, He I). The
short recurrence time implies a massive white dwarf (> 1.2 M⊙) explaining
the high velocity of the ejecta (> 4000 km.s−1). The outburst occurs in the
dense nebula of the symbiotic system which produces strong shocks (Azzollini
et al., 2023) explaining the high degree (in comparison with classical novae)
of ionization near the maximum luminosity (≈ 25 eV) with the detection of
recombination lines of He I or N II.

During the outburst, the degree of ionization of the ejecta increased as a
consequence of the retraction of the remaining envelope, shocks, and changes in
the opacity of the ejecta. The highest ionization potential observed in our spectra
is 755 eV with the detection of Ar[XIV] 58.5 days after the peak luminosity.

The echelle (R = 10000) and flux calibrated (R=1000) spectra secured during
the outburst allow a precise description of the phenomenon. From the extensive
information obtained, we present the evolution of the degree of ionization.

Method: the epoch of the appearance of the species is determined by visual
examination of the profiles (an example is shown in Fig. 1(c) with He II λ

4686 Å) and of the measures of the flux of each line: Fig. 1(b1) and 1(b2) show
examples with He II and the scattered Raman OVI λ 6825 Å) on the sample of
echelle spectra. The evolution of the level of ionization is shown in Fig. 1 (a).

Results: We detect three phases of the evolution of the ionization: A slow
increase from 25 eV to ≈ 55 eV during days 0 to 19 (±1) with a slope of 2 eV/d.

Around day 20 the slope increases significantly (36 eV / day) until the ap-
pearance of [Ar X] (480 eV) on day 31 (±1).

During the third phase, the slope remains positive with the lowest value.
The fluxes of He II and Raman OVI (Fig. 1) show strong variations during

the rise of the lines and during the second phase. We detect the disappearance
of He II λ 4686 Å two days after its rise and oscillations of the flux of Raman
OVI λ 6825 Å between days 20 to 31.

3. Long-term monitoring of the nuclear burning symbiotic

star AX Per

AX Per is an eclipsing (Skopal, 1991) classical symbiotic system consisting of
an M4.5 III red giant (Mürset & Schmid, 1999) and a hot and luminous accret-
ing white dwarf (for example L= 710 L⊙, T = 105000 K on October 1984 in
quiescence Muerset et al. (1991)) on a 680 days orbit.

AX Per is one of the bright symbiotic stars monitored in our program with
455 spectra acquired since 2011. Fig. 2 is an illustration of the monitoring: the
equivalent widths of the two selected emission lines show a complex behavior
over more than 5 orbital cycles. The dashed vertical lines mark the epoch of the
eclipse according to ephemeris JDmin = 2436667(3) + 680.8(0.2) * E (Mikola-
jewska & Kenyon, 1992).



110 F.Teyssier and F. Sims

0 10 20 30 40 50 60
days from maximum V luminosity

101

102

Io
ni
za
tio

n 
en

er
gy

 [e
V]

Fe I

H I

He I
N II

S III
N III He IIO III

O IV
K V

Fe VIIO VI

Fe XFe XI
Fe XIV Mn XIV

Ni XVAr X Ar XI
Ar XIV

(a)

0 10 20 30 40 50 600.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fl
ux

 [1
0−9

 e
rg

.c
m

−2
.s

−1
]

He II 4686 Å(b1)

0 10 20 30 40 50 60
Days from max.

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Fl
ux

 [1
0−1

0  e
rg

.c
m

−2
.s

−1
] Raman OVI 6830 Å(b2)

Figure 1. RS Oph, 2021 nova outburst. (a) level of ionization during the outburst;

(b1,b2) flux in two lines He II λ 4686 Å and Raman OVI λ 6830 Å; (c) evolution of

He II λ 4686 Å (days 15-24) in velocity space. The normalized continuum is shifted

by the days since the peak of velocity.
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In the 1950
′

s, Merrill noted the complex variations of symbiotic systems and
insisted on the necessity of long-term monitoring:

”Persistent observation, both spectroscopic and photometric, for 5 or 10
years of the brighter symbiotic stars would surely help us understand their mys-
terious behaviors and might develop ideas of considerable general interest.” Mer-
rill (1958).

This recommendation has been followed notably by S.J. Kenyon and J. Miko-
lajewska during the ’80s and ’90s producing monographic studies of these targets
(e.g., Mikolajewska & Kenyon, 1992).

We continue this effort in the spirit of producing results that may constrain
the models.
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emission lines during 10 years. The vertical dashed lines mark the epoch of the mid-e-

clipse of the hot component.
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4. An eclipse in the symbiotic star BX Mon

BX Mon is an eclipsing symbiotic system. The orbital period of 1259±16 days
is long and the eccentricity (0.444±0.067) is high for a classical symbiotic (Fekel
et al., 2000). Moreover, historical photometric studies produced inconsistent val-
ues of the photometric period (Leibowitz & Formiggini, 2011). In March-April
of 2022, we obtained a series of spectra showing the egress of an eclipse.
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Fig. 3 shows the spectral evolution of the egress with selected flux-calibrated
spectra (R=1000) obtained by F. Sims and F. Boubault. The first spectra of our
series are almost constant which we attribute to the fact that the hot component
is fully eclipsed. The TiO1 index described by Kenyon & Fernandez-Castro
(1987) is 0.8 corresponding to a M5.8 III red giant. The change in the TiO1

index describes the progressive overwhelming of the red giant spectrum by the
hot component (Fig. 3b). This is also reflected in the evolution of the flux of
the continuum measured at wavelengths 4361±10 Å, 5448±10 Å, 6407±10 Å
(B, V, R in Fig. 3c) showing the strengthening of the blue part of the composite
continuum.

5. Recurrent symbiotic nova T CrB before its next nova

event

T CrB is an accretion-powered symbiotic which experienced two nova events in
1866 and 1946 making it a member of the small group of recurrent novae. The
next nova event is expected in the next several years (Luna et al., 2020). Between
the two nova-type outbursts, T CrB shows active phases during several years
characterized by a brightening in B and V bands, an increase in the intensities
of the emission lines, and the ionization level (He II). The last active phase
began in 2014 (I lkiewicz et al., 2016; Munari et al., 2016). I lkiewicz et al. (2023)
interpret the small and big active phases as an extreme case of dwarf nova
outbursts and superoutbursts of SU UMa - type.

Our constant monitoring (850 spectra since 2012) allows tracing the evolu-
tion of the last superoutburst illustrated in Fig. 4 (a). The equivalent width of
He II peaked (EW ≈ 18) in 2015 then declined monotonically until 2020 fol-
lowed by a plateau with a remarkable burst to EW ≈ 12 in 2022 around JD
2459800. The high cadence coverage allowed us to detect precisely the end of
the big active state in 2023 April on JD 2460046 ± 5 (Teyssier et al., 2023) with
the sudden decrease of the equivalent widths of the emission lines (Balmer, He
II, HeI) as shown in Fig. 4 (b) (Hα equivalent width).

Since then, both the lightcurve and the spectrum continue to evolve as before
the active state according to double waved orbital phase shown in Fig. 4 (c).
Ephemeris: JD =2435687.6 (±1.3) + 227.67 (± 0.02) E (Lines et al., 1988).
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Abstract. We present a result of the multi-longitude campaign on a photo-
metric investigation of the SU UMa-type dwarf nova in the period gap, V1006
Cyg in 2023. It displayed a long-lasted standstill (a feature of Z Cam-type
stars) terminated by a long outburst (a feature of IW And stars). The long
outburst did not have superhumps (a feature of SS Cyg-type stars) but showed
orbital 0.09837(22) d periodicity instead. Color-color diagrams indicate that
layers of the disk of different temperatures contribute to the total radiation of
the system. In particular, a large contribution from the innermost hot layers is
detected in quiescence.

Key words: accretion, accretion disks – cataclysmic variables – stars: dwarf
novae – stars: individual: V1006 Cyg
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1. Introduction

Non-magnetic cataclysmic variable stars (CVs) are close binary systems where a
late-type component filling its Roche lobe loses matter on the white dwarf. CVs
could be divided into three subclasses: SU UMa-type, Z Cam-type and U Gem-
type (or SS Cyg-type). Originally this division was based on the morphology
of the light curves (Warner, 1995). According to Warner, a distinctive feature
of Z Cam-type stars is protracted standstills that are terminated by fading.
There is a subgroup of ”anomalous” Z Cam-type stars, IW And-type objects,
displaying standstill terminated by brightening (Kato, 2019). SU UMa stars
have two types of outbursts – superoutbursts lasting a couple of weeks and
normal outbursts which are less bright and as short as 2-4 d; SS Cyg-type stars
are neither Z Cam nor SU UMa stars. Osaki (2005) proposed that different
outburst behaviour of non-magnetic CVs may be explained in a framework of
disk instability model which uses two instabilities: thermal instability and tidal
instability of accretion disk. There are two parameters characterizing accretion
disks: mass transfer rate from the secondary component and the orbital period
(or mass ratio). A period gap is a borderline region that determines the ability
of CVs to undergo tidal instability (below the gap) or not (above the gap).
Another borderline is a critical mass transfer rate Ṁcrit (Osaki, 1996). While
CVs with mass-transfer rate higher than Ṁcrit are hot and exhibit ”stable”
disks, CVs with mass-transfer rate less than Ṁcrit, are in the region of thermal
instability and show outbursts. Thus, accretion disks of U-Gem-type stars that
have orbital periods longer than those in the ”gap”, are thermally unstable but
tidally stable. SU UMa-type stars with orbital periods less than the gap have
disks that are both thermally and tidally unstable. Z Cam-type stars are located
close to the Ṁcrit and with periods above the gap. So the period gap is a region
where these two instabilities intersect and therefore there is a possibility that
some CVs in this region may have properties of neighboring subclasses.

As a dwarf nova V1006 Cyg is known since 1963 (Hoffmeister, 1963). Sheets
et al. (2007) found that the orbital period of binary is 0.09903(9) d which clas-
sified it as a dwarf nova in the period gap. The 2006 outburst was suspected
to be a superoutburst. Finally, V1006 Cyg was identified as the SU UMa-type
dwarf nova in the period gap based on the results of studies during the 2015
superoutburst (Kato et al., 2016). V1006 Cyg got attention not only by its lo-
calization in the period gap but also by detection in 2007, 2009 and 2017 of
long outbursts without superhumps but with orbital-related brightness varia-
tions (Pavlenko et al., 2014, 2018). It was also found that this star showed three
types of outbursts – normal, long normal and superoutbursts (Kato et al., 2016).
A diversity of normal outbursts makes V1006 Cygnus look like the SS Cyg-type
star.
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2. Observations and data reduction

CCD photometry of V1006 Cyg has been carried out with eight telescopes at
seven observatories during 72 nights in 2023. Most of the observations were made
in unfiltered light corrected to RC. In selected nights of outburst and quiescence,
V1006 Cyg was observed in the Johnson-Cousins UBV RCIC colour bands (see
Tab.1). We used the UBV RCIC values of comparison star No 140 as in the pa-
per by Pavlenko et al. (2018) and U = 15m.58 for this star obtained relatively to
the stars with known magnitudes in the vicinity of CH Cyg (Henden & Munari,
2006). Standard data reduction included flat-fielding, bias and dark signal re-
moval. The MAXIM DL and Goranskij (http://www.vgoranskij.net/software/)
WinFit packages were used. A periodogram analysis was done with the help of
the Stellingwerf method implemented in the Pelt (1992) package.

3. 2023 overall light curve

Our observations are shown in Fig 1. They start from JD 2460076 capturing the
decline of outburst superposed on the quiescent state at mean brightness about
RC ∼ 16m.4 that turned out to be 1m − 1m.5 magnitudes brighter compared to
known previous observations in 2015-2017 (Pavlenko et al., 2018). This ”bright”
quiescence which lasted ∼ three weeks, was terminated by the next long outburst
with a duration of 10 d and amplitude of ∼ 2m.5. This behaviour resembles those
in the IW And-type dwarf novae, where a quiescence terminates by outburst.
After the end of the outburst, V1006 Cyg returned to its ”usual” quiescent
state, the return itself lasted about a couple of weeks. We did not detect any
outburst during ∼ 3.5 months after the long outburst. Note that during the
2015-2017 quiescence there was a brief episode of increased brightness around
normal outburst No 3 (see Fig. 1 in Pavlenko et al. (2018)).

4. Brightness variations in outburst and quiescence

During the long outburst short-term periodical brightness variations were de-
tected. The outburst and nightly light curves are shown in Fig 2. It is seen
that these variations existed on the two nights at the top of the outburst and
one night at the outburst decline (HJD 2460108-2460110). Variations at the JD
2460111 were not detected. A periodogram calculated for data of these three
nights after the removal of the trend corresponding to the outburst profile, is
shown in Fig 3, a. The most significant peak on the periodogram corresponds
to the 0.09837(22) d period which, within the limits of error, coincides with
known orbital period estimates. The phased light curve was calculated using
the zero-epoch HJD=24060108.40317 and period 0.09837 d (Fig 3, b).
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Figure 1. Long-term 2023 light curve.
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Figure 2. Short-term periodic variations in the RC band (left) during the long
outburst (right).
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A mean RC light curve has a symmetric profile and amplitude of 0m.05. Note
that 2007 and 2009 orbital light curves displayed similar profiles (Pavlenko et al.,
2014).
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Figure 3. Orbital period of V1006 Cyg during the long outburst. Periodogram
(a), RC data from HJD 2460108, 2460109, 2460110, and mean U−B and U−IC
data from HJD 2460108, 2460109 folded on the orbital period 0.09837 d (b, c,
d respectively).

For HJD 2460108 and 2460109 we calculated phase-resolved colour indices
after removing the trend corresponding to the outburst profile. We have done
this procedure for the closest colour bands U − B and for the most distant
wavelengths U − IC (see Fig 3, c and d, respectively). The mean amplitude in
V is 0m.016. The U − B and U − IC light curves displayed dependence on the
phase of the orbital period with amplitudes 0m.012 in U − B and 0m.028 in
U − IC. The blue peak of both U − B and especially U − IC curves coincides
with a minimum of the V light curve. We interpret these light curves as being
caused by a hot spot on the disk. However, this behaviour is opposite to that
observed in light curves, where the main contribution to the emission comes
from the hot spot. We suppose that the ultraviolet excess at minimum is caused
by a contribution from the innermost part of the accretion disk that is hotter
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than the hot spot.

Characteristic of the quiescence is the presence of quasi-periodic oscillations
(QPOs) in a range of minutes-hours. An example of short-term QPOs is shown
in Fig 4,a. These QPOs were coherent on a scale of at least about an hour (see
Fig 4, b). As during 2016 quiescence, no evidence of an orbital period was found
in 2023 quiescence (Pavlenko et al., 2018).
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Figure 4. Example of nightly light curve in quiescence displaying short-term
QPOs (a); periodogram and data folded on the 14-min period (b).
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5. Colour variations

Colour-colour diagrams including changes in colour indices of V1006 Cyg during
the transition from outburst to quiescence are shown in Fig 5. One could see that
in U-B the object has a higher temperature at quiescence than at outburst. The
opposite behaviour is observed in the region of longer wavelengths: radiation of
the object is hotter at outburst compared to quiescence. This may mean that
the radiation can come from the parts of the disk with different temperatures. In
quiescence, the disk returns to a cold state, and its size decreases significantly.
In this case, it is natural that the contribution to the total radiation of the
hottest innermost layers of the disk increases. This can explain the ultraviolet
excess in a quiet state in the U −B,B−V diagram. Similar behaviour of colour
indices was noted by Golysheva & Shugarov (2014) for the dwarf nova PNV
J19150199+071947.

Table 1. Journal of observations

HJD 2460000+ Observatory/telescope CCD N
(start - end)
076.460 076.556 SLO/0.60m FLI ML3041 74
078.353 078.523 SLO/0.60m FLI ML3041 73
080.313 - 080.549 CrAO/0.38m Apogee E47 94
081.358 - 081.536 CrAO/0.38m Apogee E47 82
082.386 - 082.545 CrAO/0.38m Apogee E47 76
083.295 - 083.545 CrAO/0.38m Apogee E47 118
090.347 SLO/0.60m FLI ML3041 1
090.389 - 090.485 CrAO/2.60m Apogee E47 252
092.389 092.522 SLO/0.60m FLI ML3041 99
093.356 - 093.554 SLO/0.60m FLI ML3041 120
095.364 - 095.488 SLO/0.60m FLI ML3041 124
096.389 - 096.541 SLO/0.60m FLI ML3041 118
097.360 - 097.545 SLO/0.60m FLI ML3041 105
098.329 098.516 KAZ/1.10m m QSI 583wsg 51
101.380 - 101.471 CrAO/0.38m Apogee E47 2
102.301 - 102.525 CrAO/0.38m Apogee E47 98
103.031 - 103.186 JAP/0.50m Apogee Alta F6 4
103.307 - 103.521 CrAO/0.38m Apogee E47 102
104.335 - 104.496 CrAO/0.38m Apogee E47 77
104.299 104.525 KAZ/1.10m m QSI 583wsg 61
105.110 - 105.191 JAP/0.50m Apogee Alta F6 11
108.403 - 108.546 SLO/0.60m FLI ML3041 129
109.326 - 109.419 SLO/0.60m FLI ML3041 133
110.350 - 110.532 SLO1/0.60m Atik 383L 237
111.041 - 111.148 JAP/0.50m Apogee Alta F6 14
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Table 1. Journal of observations (continued)

HJD 2460000+ Observatory/telescope CCD N
(start - end)
111.350 - 111.537 SLO1/0.60 Atik 383L 243
111.476 - 111.584 Bel/0.40 FLI 16803 84
111.332 - 111.466 CrAO/0.38m Apogee E47 51
112.046 - 112.151 JAP/0.50mm Apogee Alta F6 14
112.461 - 112.527 CrAO/0.38m Apogee E47 32
114.495 - 114.531 CrAO/0.38m Apogee E47 18
116.468 - 116.521 CrAO/0.38m Apogee E47 141
117.390 - 117.481 CrAO/0.38m Apogee E47 126
119.395 - 119.533 CrAO/0.38m Apogee E47 64
120.335 - 120.437 CrAO/0.38m Apogee E47 38
121.323 - 121.365 CrAO/0.38m Apogee E47 21
122.364 - 122.526 SLO/0.60m FLI ML3041 108
123.401 - 123.537 SLO/0.60m FLI ML3041 60
125.371 - 125.521 SLO/0.60m FLI ML3041 97
126.447 - 126.496 CrAO/0.38m Apogee E47 10
128.361 - 128.425 SLO/0.60m FLI ML3041 57
132.371 - 132.476 SLO/0.60m FLI ML3041 85
136.372 - 136.507 CrAO/2.60m Apogee E47 26
138.296 - 138.546 CrAO/2.60m Apogee E47 78
139.309 - 139.397 CrAO/2.60m Apogee E47 30
140.407 140.521 KAZ/1.10m QSI 583wsg 24
140.443 - 140.492 CrAO/0.38m Apogee E47 3
142.391 142.410 KAZ/1.10m QSI 583wsg 6
142.409 CrAO/0.38m Apogee E47 1
144.429 - 144.478 KAZ/1.10m QSI 583wsg 13
144.507 CrAO/0.38m Apogee E47 1
145.336 145.358 KAZ/1.10m QSI 583wsg 2
146.384 - 146.508 SLO/0.60m FLI ML3041 80
146.422 146.465 KAZ/1.10m QSI 583wsg 7
147.352 - 147.477 CrAO/0.38m Apogee E47 25
148.428 148.464 KAZ/1.10m QSI 583wsg 4
149.491 - 149.524 CrAO/0.38m Apogee E47 3
152.381 - 152.510 SLO/0.60m FLI ML3041 29
154.359 - 154.541 CrAO/0.38m Apogee E47 141
154.378 - 154.382 SLO/0.60m FLI ML3041 2
155.338 - 155.377 SLO/0.60m FLI ML3041 30
155.361 - 155.404 CrAO/0.38m Apogee E47 21
156.344 - 156.370 CrAO/0.38m Apogee E47 13
156.347 - 156.416 SLO/0.60m FLI ML3041 35
157.393 - 157.420 SLO/0.60m FLI ML3041 31
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Table 1. Journal of observations (continued)

HJD 2460000+ Observatory/telescope CCD N
(start - end)
160.344 - 160.425 SLO/0.60m FLI ML3041 29
161.326 - 161.428 CrAO/0.38m Apogee E47 49
162.308 - 162.344 CrAO/0.38m Apogee E47 18
163.317 - 163.377 CrAO/0.38m Apogee E47 29
164.314 - 164.386 CrAO/0.38m Apogee E47 35
165.272 - 165.305 CrAO/2.60m Apogee E47 11
167.269 - 167.320 CrAO/2.60m Apogee E47 14
169.331 - 169.413 CrAO/0.38m Apogee E47 40
170.311 - 170.397 CrAO/0.38m Apogee E47 42
173.341 - 173.430 CrAO/0.38m Apogee E47 43
178.348 - 178.494 CrAO/0.38m Apogee E47 67
179.295 - 179.543 CrAO/0.38m Apogee E47 129
180.275 - 180.542 CrAO/0.38m Apogee E47 126
181.312 - 181.410 CrAO/0.38m Apogee E47 47
183.288 - 183.387 CrAO/0.38m Apogee E47 48
184.351 - 184.440 CrAO/0.38m Apogee E47 41
202.346 - 202.490 CrAO/0.38m Apogee E47 69
205.301 - 205.388 CrAO/0.38m Apogee E47 42
206.342 - 206.435 CrAO/0.38m Apogee E47 42
209.340 - 209.397 CrAO/0.38m Apogee E47 28
212.323 - 212.391 CrAO/0.38m Apogee E47 33
222.251 - 222.474 CrAO/0.38m Apogee E47 111

Description of columns:

HJD 2460000+ (start-end): begin and end of observational run.
Observatory: SLO - Tatranska Lomnica, Slovakia; SLO1 - M.R. Stefanik
Observatory and Planetarium, Slovakia; CrAO - Crimean astrophysical
observatory, Republic of Crimea; KAZ - Kazan Federal University, Russia
Federation; JAP - MITSuME telescope of Okayama Astrophysical Obser-
vatory, Japan; Bel - Association for Astronomy, Brugge, Belgium.
CCD: CCD camera type. N: number of observations.

6. Conclusion

We presented the results of multi-longitudinal 71-d photometric monitoring of
the SU UMa-type dwarf nova in the period gap, V1006 Cyg in 2023. This dwarf
nova showed that being a star of the SU UMa type, it can have properties
of various subclasses – SS Cyg-type, Z Cam-type and IW And-type. Thus the
dwarf nova V1006 Cyg shows that a division between CV subclasses may not
be so sharp and deviations from standard behavior may not be so rare.
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Figure 5. Two-colour diagrams. The dotted lines denote the black body se-
quence with a Kelvin scale marked along it. The Main sequence is designated
by a solid line, the spectral classes are marked. The system state is indicated:
outburst, fading or quiescence (Min). Data for the 2023 are indicated by filled
circled and for the 2015 (Pavlenko et al., 2018) - by open circles. The positions
of surrounding stars (shown by filled stars) are also plotted.
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Abstract. We report the results of observations of Nova Herculi 2021 - V1674
Her. The object is characterized by several exceptional properties. The progen-
itor was identified as an intermediate polar. The speed of the outflow reached
10000 km s−1. The brightness decline was exceptionally rapid: t2 ∼= 1.2 d, t3 ∼=
3 d. The pulse spin signal was detected in photometry soon after the nova erup-
tion. Extremely fast spin-up of the white dwarf rotation was measured. Despite
challenges in cycle counting, we successfully constructed the O -C diagram of
spin pulse maxima based on three seasons of observations. The result suggests
a stable spin acceleration, with an anticipated gradual decline over the next
decades. Additionally, we investigated the evolution of the orbital period.

Key words: cataclysmic variables – novae

1. Introduction

In recent years, the northern hemisphere has witnessed an elevated occurrence of
nova eruptions. One of them is V1674 Her = Nova Herculi 2021. The nova out-
burst was discovered on 2021 June 12.537 UT by Seiji Ueda. Chandra satellite
observed a strong X-ray signal with a period of 503.9 s (Maccarone et al., 2021).
A similar period of 501.42 s was found by Mroz et al. (2021) in the Zwicky Tran-
sient Facility (ZTF) data obtained before the nova outburst. Another modula-
tion with a period 0.15302(2) days was reported by Shugarov & Afonina (2021).
A substantial set of fast photometry optical data collected within the Center for
Backyard Astrophysics (CBA) network was analyzed by Patterson et al. (2022).
They concluded that the progenitor of the nova is an intermediate polar. The
short period was linked to the spin of the white dwarf, and the longer one
with the orbital motion. They also reported the exceptionally rapid spin period
change. We know several novae with intermediate polar as the progenitor. GK
Per, V4745 Sgr, and V2487 Oph, among them. But this is the first case when
we know the pre-outburst spin period.

We regularly make intermediate polar observations within the ”Inter - Lon-
gitude Astronomy” project (Andronov et al., 2003). The primary objective is to
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monitor the spin period changes. The theory predicts oscillations between spin-
up and spin-down. Most intermediate polars are observed spinning up (Patterson
et al., 2020), possibly due to a selection effect associated with higher accretion
rates linked to higher brightness. Our observational approach involves fast pho-
tometry runs lasting 3 - 4 hours, with the typical cadence of 1 run per month
per target. This way, we can construct an O -C diagram of spin pulse maxima.
Following the report of the pre-outburst spin period, we added V1674 Her to
our list of observation targets.

2. Observations

In this work, we analyze data from two sites. On the Astronomical Observatory
on Kolonica Saddle, the Vihorlat National Telescope VNT 1000/9000 mm and
FLI PL1001E camera were used. The second site was M.R. Štefánik Observatory
in Hlohovec, where Csere Telescope 600/2500 mm equipped with Atik 383L CCD
Camera was employed. Both instruments work with B, V, Rc, Ic filters. However,
the focus of our observing program primarily involved integral light without
filters. The reason is the higher importance of a good signal-to-noise ratio for
period analysis rather than color information. To effectively capture variations
in the ∼ 8min spin period, we set the maximum exposure time at 120 s. The fast
period change in this particular object requires a higher cadence of observations
than in regular intermediate polar. So we made observations every suitable night.
We were trying to accumulate observations on several consecutive nights to
provide data for orbital period investigation. Ensemble differential photometry
was employed for data reduction using CoLiTecVS (Kudzej et al., 2019) and
MCV (Kim et al., 2004; Andronov & Baklanov, 2004) software packages.

In addition to our self-consistent dataset, we have used observations from
the database of The American Association of Variable Star Observers (AAVSO),
particularly focusing on the beginning of the 3rd observing season. These ob-
serving runs were acquired just after the solar conjunction, resulting in short
runs with a relatively large error in the mean time of spin maxima. Nonetheless,
these data were crucial for correct cycle counting between 2nd and 3rd season
of observations.

3. Analysis

We used the trigonometric polynomial approximation of the light curve imple-
mented in MCV to determine spin maxima and orbital minima timings. We
choose a 2 - periodic model in the form:

m(t) = m0 + r1cos(ω1(t− T01)) + r2cos(ω2(t− T02)), (1)

where m(t) is the smoothed value of brightness at time t, m0 is the average
brightness of theoretical curve, ωj = 2π/Pj , rj is the semi-amplitude, and T0j
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is the epoch for maxima of brightness of photometric wave with number j and
period Pj . In our case, j = 1 corresponds to the spin modulation and j = 2 to the
orbital wave. This method has been previously widely used for approximation
of observations of intermediate polars (see Kim et al. (2005); Breus, Petŕık, &
Zola (2019)).

4. Results

4.1. Spin period

The O -C diagram of mean spin maxima for each observing night was generated
based on the following ephemeris:

Tmax[HJD] = 59392.4526 + 0.00580320E. (2)

We take special care to keep correct cycle counting. However, the period
change between 1st (2021) and 2nd (2022) season was large. There are several
possible solutions for how to deal with it. We prefer the solution depicted in
Fig. 1, as it can be reasonably approximated by a 3rd order polynomial. But
we can not exclude abrupt period change, for instance, in the seasonal gap
between 2021 and 2022. So we plot only 2nd order polynomial approximation
for the data from 2nd and 3rd season. Such an approximation has a clear physical
background. It is an acceleration of the white dwarf rotation, most likely due to
the stable accretion of the mass with higher angular momentum. The following
formula describes the approximation:

Tmax[HJD] = 59392.447(2) + 0.00580349(5)E − 4.4(3)× 10−12E2. (3)

Equation (3) can be employed for future monitoring of the spin evolution.
O -C diagram is our main contribution to the investigation of V1674 Her.

Patterson et al. (2022) analyzed a large dataset collected by CBA network citi-
zen observers (our data from 2021 and 2022 included). But they didn’t construct
one O -C diagram for all data. Instead, they generated distinct plots for each
season based on different spin periods. Using their method, we can list the mean
spin period values in Tab. 1. Looking at the 3rd column, one can compare it with
other ”normal” intermediate polars. The typical value of the spin-up period rate
is 1 − 2 milliseconds per year.

4.2. Orbital period

To investigate orbital period evolution, we constructed O -C diagram of times
of minima of the orbital wave. Patterson et al. (2022) previously established
that the orbital modulation displays two minima. It was difficult to distinguish
between primary and secondary minima, especially in noisy data during low
brightness of the target. However, precise TESS observations (Luna et al., 2023)
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Figure 1. O-C diagram of spin pulse maxima.

Table 1. Mean spin period values for each observing season. Relative difference means

the increase compared to the previous line. Absolute is the difference compared to the

pre-outburst value.

Season Period Difference Difference
(relative) (absolute)

WD spin before Pspin = 0.00580356 d
nova event
WD spin in 2021 Pspin = 0.00580417 d +53ms +53ms
WD spin in 2022 Pspin = 0.00580315 d −88ms −35ms
WD spin in 2023 Pspin = 0.00580260 d −47ms −82ms
Orbital motion Porb = 0.152921d

revealed that secondary minima are exactly distant at ∆φ = 0.5 from the
primary minimum. Therefore, we used half of the orbital period to plot the
O -C diagram, employing the following ephemeris:

Tmin[HJD] = 59400.636 + 0.0764605E. (4)

The approximation plotted in the Fig. 2 is described by the following formula:

Tmin[HJD] = 59873.817(5) + 0.0764574(9)E − 1.5(3)× 10−9E2. (5)

The approximation is far from perfect. It is evident that between 2021 and
2022, the orbital period was on the rise, consistent with expectations for super-
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Figure 2. O-C diagram of orbital minima.

soft X-ray sources. The period shortening observed in 2023 is unexpected. It
can be a short-term event or a long-term trend. In any case, if confirmed, it will
require a theoretical explanation.

5. Conclusions

– We confirm an extremely fast spin-up after the nova eruption.

– Based on recent spin maxima measurements, we can conclude that following
the turbulent period associated with the nova eruption, the system is now
in a stable spin-up phase. The future evolution is expected to follow the
provided ephemeris.

– The brightness is also stable, still 3 mag above the pre-eruption level. The
difference could be attributed to the intermediate polar being in a low ac-
cretion, the spin-down phase just before the eruption.

– Evaluation of the orbital period evolution requires a more extended time
baseline.

– For future research we provide calculated times of pulse maxima from our
observations. They are listed in the Tab. 2. Orbital minima are provided in
the Tab. 3.



Nova Herculi 2021 as an intermediate polar 133

Table 2. Spin pulse maxima timings in BJD - 2400000. BJD based on UTC.

59392.4526 59403.4640 59516.2187 59796.4009
59394.5963 59404.4282 59517.2523 59821.3880
59394.5787 59409.3899 59709.4903 59860.2959
59393.3941 59410.4580 59718.4792 59857.3133
59393.3892 59413.4425 59733.3991 59869.2898
59395.4433 59433.3640 59734.4200 59870.2706
59395.4436 59434.4267 59736.4570 59873.2646
59397.4402 59436.4351 59743.4669 59880.2801
59397.4407 59464.3474 59749.4731 59897.2125
59401.4382 59466.3671 59758.3849 60075.4916
59401.4385 59491.3081 59780.4547
59402.4539 59493.2873 59787.4409

Table 3. Orbital minima timings in BJD - 2400000. Values featuring a colon symbol

represent what, in our opinion, are secondary minima.

59402.166 : 59730.205 : 60083.000 60170.052 :
59402.177 59817.992 60085.759 : 60194.356 :
59457.597 : 59818.077 : 60117.619 : 60194.360
59457.672 59878.013 : 60140.994 :
59730.202 59878.100 60169.987
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Contrib. Astron. Obs. Skalnaté Pleso 54/2, 135 – 141, (2024)
https://doi.org/10.31577/caosp.2024.54.2.135

Photometric monitoring of PMS stars with the

telescopes at Rozhen Observatory

E. Semkov1 , S. Ibryamov2 , S. Peneva1 and A.Mutafov1

1 Institute of Astronomy and National Astronomical Observatory, Bulgarian
Academy of Sciences, 72, Tsarigradsko Shose Blvd., 1784 Sofia, Bulgaria

(E-mail: esemkov@astro.bas.bg)
2 Department of Physics and Astronomy, Faculty of Natural Sciences,
University of Shumen, 115, Universitetska Str., 9712 Shumen, Bulgaria

Received: October 31, 2023; Accepted: December 21, 2023

Abstract. For several decades we have been performing photometric moni-
toring of some of the star formation regions. Significant place in our program
take observations of objects of the type FU Orionis, EX Lupi, UX Orionis
and other similar but unclassified objects. These three types of young vari-
able objects show changes in brightness with large amplitudes and attract the
attention of star formation researchers. But it is not always possible to dis-
tinguish them from each other without the presence of long-term multicolor
photometric data. For this reason, we collect data from current CCD observa-
tions and supplement them with data from the photographic plates archives.
In this paper, we show the latest data from optical photometric studies of four
PMS objects (V2493 Cyg, V582 Aur, V733 Cep and V1180 Tau) made at the
Rozhen Observatory. Our monitoring is carried out in BV RI filters, which al-
lows studying the variability in color indexes also. By analysis the historical
light curves of these objects we are trying to obtain information about the
processes associated with the early stages of stellar evolution.

Key words: stars: pre-main sequence; stars: variables: T Tauri, Herbig Ae/Be;
stars: individual: V2493 Cyg, V582 Aur, V733 Cep, V1180 Tau

1. Introduction

A fundamental characteristic of pre-main sequence (PMS) stars is their photo-
metric variability. The processes that took place during the formation of stars
are manifested by changes in brightness with large amplitudes, which are ac-
cessible to observations with telescopes of medium and small size. Thus, for
example the recorded outburst of stars from the type of FU Orionis (FUor)
reach amplitudes of up to 6 magnitudes (Audard et al. 2014). These brightness
changes are caused by an increase in the rate of accretion from the circumstel-
lar disk onto the stellar surface (Hartmann & Kenyon 1996). Also the eclipses
caused by clouds of dust, which are characteristic of stars of the UX Orionis
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(UXor) type, have amplitudes of the order of 3-4 stellar magnitudes (Nata et
al. 1997). On the other hand, the study of the processes taking place during
star formation gives us valuable information about the evolution of stars and
the accumulation of their mass.

2. Observations

National Astronomical Observatory Rozhen (Bulgaria) is situated in the Rhodope
Mountains at 1750 m altitude and it is a leading astronomical center in the
South-East Europe. Since its inception, the observatory has been equipped with
three telescopes for optical observation: 2-m RCC telescope, 50/70 cm Schmidt
telescope and 60-cm Cassegrain telescope. From mid-2023, the observatory al-
ready has a new 1.5-m RC robotic telescope, which will also be used for pho-
tometric observations. Mainly the 2-m RCC and the Schmidt telescope of the
Rozhen Observatory were used for the photometric observations of PMS stars.
Additional information on the procedure for obtaining and analyzing the pho-
tometric data, as well as on the technical parameters of the CCD cameras used,
can be found in Mutafov et al. (2022). In order to construct the historical light
curves of the studied objects, we have also used data from archival photographic
observations where possible.

3. Results and Discussion

In this section we will present some of the most interesting results obtained from
observations of PMS objects. We have selected four stars that exhibit large-
amplitude variability and are readily accessible for observations with small and
medium-sized telescopes.

3.1. V2493 Cyg

An outburst of a FUor-type star located in the region of the North America
Nebula (NGC 7000) was registered at the Rozhen Observatory in 2010 (Semkov
et al. 2010). The eruptive star received designation V2493 Cyg, but it has been
known in previous studies as HBC 722 (Herbig et al. 1988). The star’s brightness
rises by over R = 4m within a few months, followed by an extended period of
position at maximum light. (Semkov et al. 2021). Spectral observations of V2493
Cyg show significant changes in the profiles of the Balmer hydrogen lines and the
sodium doublet, which are characteristic of FUor objects (Miller et al. (2011);
Semkov et al. (2012)).

Data from our monitoring of V2493 Cyg show photometric behavior that is
not typical of the other FUor objects. Usually, after the rapid increase in bright-
ness, the FUor objects undergo a period of slow, gradual decrease in brightness
over decades. But in the case of V2493 Cyg, we observe a prolonged photometric
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plateau, with no indication of a significant decline in brightness. Photometric
data we collected from archival photographic observations do not indicate the
presence of other outbursts, but only small-amplitude variability that is char-
acteristic of T Tauri stars.

Figure 1. BVRI light curves of V2493 Cyg for the period September 1973 − Septem-

ber 2023. The symbols used are as in Semkov et al. (2012).

3.2. V582 Aur

The PMS star V582 Aur is located in a region of active star formation near
Auriga OB2 association. The star was registered in 2009 by amateur astronomer
Anton Khruslov, as an object with multiple increased brightness compared to
the maps of the Palomar Sky Survey. Our data collected from photographic
observations indicate that the outburst of V582 Aur began around 1986 (Semkov
et al. 2013). The detailed photometric and spectral studies of V582 Aur indicate
that it has all observational characteristics of FUor objects.

The results collected from our photometric monitoring of V582 Aur (2009-
2023) show extremely strong photometric variability. Along with this, significant
changes in the spectrum of the star are also observed. During the star’s max-
imum brightness, the spectrum is similar to a FUor object. And accordingly,
at magnitude minima the spectrum of the V582 Aur is similar to the spectrum
of a T Tauri star. The explanation for this spectral and photometric variability
is a combination of variable accretion from the circumstellar disc and variable
extinction from the circumstellar environment (Semkov et al. (2013); Zsidi et
al. (2019)).
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Figure 2. Historical BVRI light curves of V582 Aur for the period December 1954 −

September 2023. The symbols used are as in Semkov et al. (2013).

3.3. V733 Cep

The variability of V733 Cep was discovered by Swedish amateur astronomer
Roger Persson in 2004 after comparing the plate scans from the first and the
second Palomar Sky Survey. The first detailed study of V733 Cep is presented
by Reipurth et al. (2007) who suggested that the outburst occurred in the
period 1953-1984. On the basis of spectral and photometric observations in the
infrared region, Reipurth et al. (2007) show that this PMS star has all the main
characteristics of FUor-type objects.

Our paper (Peneva et al. 2010) containing data on the star from photometric
monitoring and archival observations also showed a large-amplitude outburst.
The rise in brightness has continued over the period 1971-1993 after which the
V733 Cep reached its maximum brightness. We register an increase in the bright-
ness of the star by about R = 4.m5 compared to the measured value on the Red
map of the Palomar Sky Survey (1953). Subsequent photometric observations of
V733 Cep show a gradual decrease in brightness, and over a period of 16 years
(2007-2023) it has decreased by about R = 1.m5. Thus, the star is a unique FUor
object in which a nearly symmetric light curve is observed, the rate of increase
in brightness being similar to the rate of decrease in brightness.

3.4. V1184 Tau

A variable PMS star of unclear classification was discovered by Yun et al. (1997)
in the field of the Bok globule CB 34. Comparing the photometric observations
obtained by the authors in 1991 with the plates from Palomar Sky Survey (1951)
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Figure 3. Historical BVRI light curves of V733 Cep for the period August 1971 −

September 2023. The symbols used are as in Peneva et al. (2010).

shows a change in the brightness of this star of about R = 3.m7. The explanation
proposed by Yun et al. (1997) for the change in the star’s brightness is that it
is most likely a FUor object.

Figure 4. Historical R and B/pg light curves of V1184 Tau.

We began regular photometric observations of this object (designated V1184
Tau) in 2000, with the first results showing variability characteristic of Classical
T Tauri stars (Semkov 2003). But in 2003, a deep eclipse of the star’s bright-
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ness began, which lasted fourteen years (Semkov et al. 2015). The amplitude
of the eclipse reached ∆I≈4.m8, and the changes in the color indices showed a
color reversal (co-called “blueing”), characteristic of UX Orionis stars at bright-
ness minima. This color-reversal effect is an evidence that the dimming was
caused by dust clouds covering the star along the line of sight. In recent years,
V1184 Tau has undergone several more short eclipses, which indicate a strong
inhomogeneity of the material covering the star.

4. Conclusion

The results presented in this paper demonstrate the importance of continuous
photometric observations of PMS stars. In many cases we register new types of
variability in already studied objects. This shows the diversity of the processes
taking place during star formation.

Acknowledgements. The research infrastructure this research was done with is
funded by the Ministry of Education and Science of Bulgaria (support for the Bulgarian
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Contrib. Astron. Obs. Skalnaté Pleso 54/2, 142 – 149, (2024)
https://doi.org/10.31577/caosp.2024.54.2.142

Ground-based photometric follow-up for

exoplanet detections with the PLATO mission

H.J.Deeg1,2 and R.Alonso1,2

1 Instituto de Astrof́ısica de Canarias, C. Vı́a Láctea S/N, E-38205 La
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Abstract. Detections of transiting planets from the upcoming PLATO mis-
sion are expected to face significant contamination from contaminating eclips-
ing binaries, resulting in false positives. To counter this, a ground-based pro-
gramme to acquire time-critical photometry is pursued. Its principal aim is
to obtain time-series observations of the planet candidate and its surrounding
stars at the times of expected transits. This programme is part of the PLATO
Ground-based Observations Programme, which also covers spectroscopic and
imaging observations. The current photometric follow-up programme is assem-
bling the required observational resources, executing benchmark observations,
and defining strategies for the observations and their reporting. Post-launch,
it will focus on coordinating photometric data collection and analysis, and will
update candidate statuses in the PLATO follow-up database. Its work pack-
ages are outlined, covering specific tools, citizen contributions, standard and
multi-colour observations, secondary eclipses, and reprocessing of archival pho-
tometry. Ground-based follow-up photometry will likely concentrate on longer-
period candidates, given that false positives of short-period candidates will
likely become identifiable in timeseries available from GAIA in the near future.
Geographical considerations for follow-up observations from the first PLATO
long-observation field LOPS2 are outlined, which lies in the southern hemi-
sphere, with later fields expected to be more suitable for northern observers.

Key words: Exoplanet astronomy – Transits – Transit photometry – Space
Probes: PLATO

1. Introduction

The succession of space missions dedicated to the detection of transiting ex-
oplanet systems, starting in 2007 with CoRoT, followed by Kepler (and its
derivative K2), the current TESS all-sky survey and the forthcoming PLATO
mission, has marked an exciting trajectory in the quest for exoplanets. These
missions have varied in their approach, with CoRoT and Kepler/K2 conducting
deep surveys in relatively small fields, with most transit candidates in the 13th
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to 15th magnitude range. TESS changed this paradigm with an all-sky survey
devoted to stars brighter than 12th magnitudes. The PLATO (PLAnetary Tran-
sits and Oscillations of stars) space mission, led by the European Space Agency,
primarily aims to discover and study extrasolar planetary systems, with a fo-
cus on Earth-like planets in habitable zones around sun-like stars (Rauer et al.,
2014; Rauer & Heras, 2018). It seeks to characterize the properties of these exo-
planets and their host stars, including their mass, radius, age, and composition.
Additionally, PLATO aims to understand stellar evolution and seismic activity
by observing stellar oscillations. For these aims, PLATO is set to carry out a
deep, wide-field survey focussing on stars brighter than 11th magnitude, with a
second large sample of stars up to 13th mag.

For PLATO, a ground-based follow-up observing programme employing spec-
troscopy, time-critical photometry and imaging forms an integral part of the
mission. The role of the ground-based photometric follow-up involves validating
the plethora of planet candidates identified in space-based transit surveys, by
differentiating genuine exoplanet transits from other astrophysical phenomena.
This process usually employs the re-observation of known transit events from
ground, but it may also involve multicolour photometric observations or the
monitoring of Transit Timing Variations (TTVs) to verify a given candidate
(and/or to detect the presence of additional planetary or stellar companions).
In this contribution, we describe the current status of the preparation of this
follow-up for the PLATO mission.

2. Identification of false positives from photometric follow-

up

False positives pose a significant challenge in exoplanet transit detections, most
often arising from configurations such as grazing and contaminating eclipsing
binaries (EBs) within the photometric aperture, which can produce diluted
eclipses that superficially resemble planetary transits; see Fig. 1. The commu-
nity often employs the terms ’BEB’ (blended or background eclipsing binary)
or ’CEB’ (contaminating eclipsing binary; the term used further in this con-
tribution) to describe these misleading binaries. The problem of false positives
from CEBs was known since the first ground-based transits surveys (Brown,
2003), but got more acute with the launch of the first space mission, CoRoT
(Baglin et al., 2006; Auvergne et al., 2009). That mission’s camera had fairly
small pixels with an angular side-length of 2.32” when projected into the sky,
but its point spread function (psf) was much larger, with a FWHM of about 6”
x 20”, with the larger value in one direction due to the placement of a prism
that permitted the detection of three wavelength-bands. The Kepler mission
(Borucki et al., 2010), launched in 2009, and the K2 successor mission (using
the same satellite, Howell et al., 2014) had less issues with CEBs, for one be-
cause its image-resolution of 4” reduced the probability of nearby EBs to fall
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Figure 1. Left: Section of an image from the CoRoT mission around a target star

(CoRoT target LRc01 E1 2376, marked with a circle). The irregular shape around

it indicates the aperture from which photometry is extracted. The crosses indicate

catalogued nearby stars. Right: the same field acquired with the IAC 80cm telescope

in moderate (1.5”) seeing. If the ground observation shows a transit on the target of

similar depth (∆Ft/Ft, in green box ) as the transit from the space-based light-curve

(∆Fs/Fs), the transit is classified as on-target. However, if ground-observations show a

sufficiently deep eclipse (∆Fc/Fc, red boxes) on any of the stars that are close enough

to ’contaminate’ the target’s flux in the aperture, that star is recognised as a CEB.

The fact that the detection of a deep eclipse at a nearby star is sufficient to qualify it

as a CEB, enables also the follow-up of space-based transits whose depth is too small

to be observable as on-target transits from ground. Figure adapted from Deeg et al.

(2009).

within the targets apertures, but also due to the direction of its target field
away from the galactic plane, with a lower area density of faint EBs. The TESS
mission (Ricker et al., 2014, 2015), launched in 2018, has four cameras observing
a bright sample on adjacent fields, with a relatively low resolution of 21” per
pixel. Consequently, it has suffered also a significant contamination by CEBs in
its sample of transit detections. The PLATO mission is set to launch in late 2026
and features 24 cameras with 12 cm apertures (plus 2 fast cameras dedicated to
bright stars). These cameras are arranged in four groups of six elements, with
partially overlapping fields of view, leading to an area of 2232 deg2 that is cov-
ered in each pointing. The PLATO cameras have a pixel size (and approximate
resolution) of 15” and will observe fields that include low galactic latitudes, due
to which a significant contamination of planet candidates by CEBs is expected.
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The need for a ground-based photometric follow-up effort arose therefore
initially with the CoRoT mission, and a dedicated follow-up programme was
established for that purpose; its motivation, methodology and early results are
described in Deeg et al. (2009). A similar effort is currently also under way for
the TESS mission, as part of the TESS Follow-Up Observing Program (TFOP,
Collins, 2019). The main observational technique for this follow-up has been the
acquisition of single-colour photometric time-series of the planet candidate and
nearby stars, at expected transit-times, with the primary aim to validate transit
candidates. However, two further photometric techniques are occasionally also
of use in the verification and characterisation of transiting planets: Multi-colour
photometry, which may indicate false alarms from the typical colour-signatures
of binary eclipses, or it may validate exoplanet transits from their colour sig-
nature (Tingley, 2004; Parviainen et al., 2019). That validation technique is
based on the colour dependence of transits due to stellar limb darkening, which
generates specific transit shapes in different wavebands. Multi-colour photom-
etry is mainly useful for the follow-up of deep transits, for which high signal-
to-noise observations can be obtained with multi-channel imagers such as the
MUSCAT-2 facility of Teide Observatory, Tenerife. Furthermore, observations
geared towards the detection of Transit Timing Variations (TTVs) may be use-
ful in refining the orbital parameters and masses of known planets (particularly
in multi-planet systems) but also in detecting additional non-transiting planets
from their gravitational influence on the transiting ones (e.g. Agol & Fabrycky,
2018, and references therein).

3. The PLATO photometric follow-up programme

The PLATO time critical photometric follow-up programme is part of PLATO’s
Ground-based Observations Programme (GOP). During the current develop-
ment /pre-launch phase of PLATO, its principal tasks are:
- Estimate the expected demand of observational resources.
- Assemble and organize the required observers
- Organize and execute benchmark observations to assess the performances of
each facility.
- Define efficient and effective strategies for time critical follow-up photometry,
including standards for the data to be provided and their reporting.

In the operational phase, after PLATO’s launch, these tasks will change to:
- Coordinate the collection, analysis and interpretation of time critical photo-
metric data, and the pertaining observing reports.
- Update the status of observed candidates in the PLATO Follow-Up database
after a quality control of the data.
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This follow-up programme consists of several lower level work packages (WP)
under a coordination package (PLATO WP 143000, time-critical photometry
from ground), led by R. Alonso at IAC. These lower-level WPs are:

– WP 143100, Photometric Specific Tools (chair H.J. Deeg, IAC) to define (and
develop, if needed) the tools to be used by observers to analyse and report
their observations, with reporting standards that are to be defined. Cur-
rently, software packages like AstroImageJ, HOPS, EXOTIC, Siril, MAXIM
DL are being evaluated for their utility for the required task, including po-
tential modifications to adapt them to our requirements. These tools might
be used by both professional and non-professional contributors, albeit we
are aware that professional observers often have their own pipelines in place.
These might be used as well, provided that their reporting can be adapted
to the required standards.

– WP 143200, Citizen Contribution (chair G. Wuchterl, Kuffner Sternwarte,
Vienna). The PLATO team values the contribution by citizen scientists and
amateurs astronomers, and this WP is preparing the interfacing with this
community. This includes the development of specific procedures for the
dissemination of the targets to be observed and the analysis and report-
ing of the data. This WP is already performing some test observations of
transits with a group of amateurs, under the label PLATO-Mercury-Test
(https://mercurytest.plato-planets.at/), with a participation open to
the interested community.

– WP143300, Standard and Multi-colour Photometric Observations (chair E.
Pallé, IAC) is the package which coordinates the observations of time-series
of transit candidates by the professional community, both those performing
standard observing procedures, and multicolour observations.

– WP143400, Secondary Eclipses (Chair R. Alonso, IAC) treats special obser-
vations for the detection of secondary eclipses (when a planet is occulted by
the host star). Of particular interest are cases when these eclipses can be used
to recognise false positive scenarios, and/or when the orbital parameters can
be improved, as the timing the secondary eclipse provides constraints on the
eccentricity.

– WP143500, Photometry Reprocessing and Homogenisation (chair P. Chote,
Warwick Univ., UK) will provide tools and procedures to efficiently access
archival time-series photometry acquired by previous surveys, such as TESS,
WASP, ASAS, and potentially also photometric time-series from the upcom-
ing GAIA DR4. As a first step, tools are being developed that permit the
rapid finding of time-series photometry from a given target within these sur-
veys; the implementation of efficient data-retrieval and eventual reprocessing
will be the next development steps.
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The current preparations of the PLATO follow-up are in defining ground
photometry use cases and the procedures and information flows to be imple-
mented, and in organising a collaborative network of observers and observa-
tories. The definition of standards for the data-formats (e.g. meta-data to be
provided in FITS headers) and for the reporting of observations is also a current
task. A related task will be the development of converters for the ingestion of
outputs from various software packages into the PLATO Follow-up Database.
A pending issue is also a more detailed evaluation of the impact of photometric
time-series from the GAIA DR4, which will be publicly released in late 2025.
Using preliminary time-series from GAIA, Panahi et al. (2022) were able to
identify CEBs within ≈5% of a sample of TESS mission candidates. We there-
fore expect that GAIA timeseries may provide a significant contribution to the
validation of PLATO candidates, with the caveat that PLATO candidates will
typically be fainter, but also, that the temporal coverage of GAIA time-series
is still increasing, which will improve the detection rates of both on-transit and
CEB configurations in GAIA data. It may be expected that most CEBs near
’easy’ short-periodic PLATO candidates will become identifiable from GAIA
DR4 data, whereas longer-periodic candidates (e.g. periods longer than 20 d)
will continue to need ground-based follow-up. As a consequence, the second ver-
sion of the ’Mercury Test’, mentioned above for WP 143200, focusses now on
candidates with such longer periods.

For PLATO’s first ’Long-duration Observation Phase (LOP), an observing
field in the southern hemisphere named LOPS2 has recently been defined, with a
field center at a declination of -47.9 ◦ (Rauer et al., in prep)1. Only about 10% of
this field is north of declination -30◦ and its northernmost edge is a at a declina-
tion of about -21◦. This position implies that LOPS2 cannot be observed mean-
ingfully from anywhere in continental Europe; and only marginally from some
other observatories in the northern hemisphere. In the Canary Islands, for ex-
ample, LOPS2’s northernmost tip raises higher than 2 air masses for ≈4.5h and
reaches a lowest airmass of 1.55. Only from as far south as Hawaii, at a latitude
near 20◦N, will it however be possible to observe a substantial fraction (≈ 1/4) of
LOPS2. This means that follow-up for LOPS2 will have to be done nearly exclu-
sively from southern-hemisphere observatories, and efforts to recruit observers
for the initial PLATO follow-up will have to concentrate on such locations.
The fields for the remainder of the mission are not defined yet, with a strong
contender for the second long pointing being one in the northern hemisphere,
named LOPN1, at a declination of +52.9◦ (Nascimbeni et al., 2022). Further
fields are not defined yet, but they will likely be widely distributed across both
hemispheres and consist of shorter pointings, on the order of a few months. Inter-
ested observers, independent of their location, are therefore encouraged to sign
up for a potential participation in http://tiny.cc/participatePLATOphotFU

1https://platomission.com/2023/07/11/first-plato-long-duration-observation-

phase-lop-field-selected/
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or to get in contact with this contribution’s authors for further information
about the ground-followup for PLATO.
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Abstract. Due to the limited observing duration of the Transiting Exoplanet
Survey Satellite (TESS) primary mission, which observed the majority of the
near-ecliptic sectors for only 27 days, planets on long periods produce only
single transits. However, thanks to its extended mission, TESS re-observed the
same fields 2 years later, and in many cases was able to re-detect a second
transit. These duotransit cases require follow-up in order to uncover the true
orbital period due to the gap, which causes a set of aliases. The Characteris-
ing Exoplanet Satellite (CHEOPS) space observatory can be used to follow-up
duotransit targets and to determine their true orbital periods and other char-
acteristics. We investigated the HD22946 planetary system with a similar aim.
Based on the combined TESS and CHEOPS observations, we successfully de-
termined the true orbital period of the planet d to be 47.42489 ± 0.00011 d,
and derived precise radii of the planets in the system. Planet d, as a warm
sub-Neptune, is very interesting because there are only a few similar confirmed
exoplanets to date.

Key words: methods: observational – techniques: photometric – planets and
satellites: fundamental parameters
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1. Introduction

Nowadays the Transiting Exoplanet Survey Satellite (TESS) mission (Ricker
et al., 2014) is the most active transiting-exoplanet searching program. However,
due to the nature of its observing strategy, TESS is limited in its ability to
discover long-period exoplanets. During its two-year primary mission, TESS
observed the majority of the sky for about 27 consecutive days. This means
that planets with periods longer than ∼ 27 d would only have been observed to
transit once, if at all. These single transit detections are known as monotransits
and their orbital periods are unknown (Osborn et al., 2022).

Thanks to its extended mission, TESS re-observed the same fields two years
later, and in many cases was able to detect a second transit. The result was a
sample of duotransits, this means, long-period (Porb > 27 d) planetary candi-
dates with two observed transits separated by a large gap, typically two years.
From the two non-consecutive transits, the orbital period of the planet remains
unknown, but there now exists a discrete set of allowed period aliases. These
aliases (Pn) can be calculated according to

Pn =
Tdiff

n
, (1)

where Tdiff is the time between the two transit events and n ∈ {1, 2, 3, . . . , nmax}.
The maximum value, nmax, is determined by the non-detection of a third tran-
sit in the TESS data. Follow-up photometric or spectroscopic observations are
required to recover their true orbital periods. The follow-up of monotransits re-
quires a blind survey approach, whereas the period aliases of a duotransit allow
more targeted follow-up observations.

2. Photometric follow-up of TESS duotransits

with CHEOPS

There is a dedicated Characterising Exoplanet Satellite (CHEOPS) Guaranteed
Time Observing (GTO) program, called Duos, to recover the orbital periods of
TESS duotransits, focusing on small planets that cannot be observed from the
ground. Many duotransits produce transits on the order of 500−2500 ppm. These
are also some of the most interesting objects, often being super-Earths or sub-
Neptunes. CHEOPS is a European Space Agency (ESA) mission dedicated to
the photometric follow-up of known exoplanets (Benz et al., 2021). The effective
aperture diameter of CHEOPS (∼ 30 cm) is about three times larger than that
of TESS (∼ 10 cm), allowing it to achieve a higher per-transit signal-to-noise
ratio. Furthermore, CHEOPS performs targeted photometric observations. It is
therefore very well-suited to the follow-up of small, long-period planets from
TESS. Detecting long-period planets is important. For example, the increased
distance from their host stars means that, when compared with close-in planets,
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Table 1. Orbital period aliases of the planet HD22946 d. Only the period aliases with

a probability of p > 1% are listed here, as calculated by the MonoTools package from

TESS data alone, i.e. before CHEOPS observations.

Alias Period alias (Pn) Probability (p)
No. [d] [%]

1 39.5206 17.420
2 41.8454 20.078
3 44.4607 20.341
4 47.4248 18.113
5 50.8122 13.445
6 54.7209 7.061
7 59.2809 2.756
8 64.6701 ∼ 1.0

they may retain more of their primordial characteristics, such as unevaporated
atmospheres (Owen, 2019).

We focus on a sample of targets, which are suitable for future characterisa-
tion observations, for example, with Ariel (Tinetti et al., 2021). In any of these
cases, stellar magnitude is the most important parameter, and we use this as
the key metric to rank targets, with an upper limit of V = 11.5mag. In or-
der to not compete with ground-based facilities performing similar programs,
we also place an upper limit on the transit depth of our targets at 2500 ppm.
There is a chance that this sample includes false positives (FPs). The best way
to reduce such cases is to target unconfirmed long-period planets with a ra-
dius upper limit of Rp = 10R⊕ that are in multi-planet systems, for which
there is very low FP probability. This means that the investigation is performed
mainly on a limited sample of multi-planet systems, for example on TOI-2076,
HIP 9618 or HD15906. We discovered 5 planet candidates in the TESS data us-
ing our specialised duotransit pipeline (Tuson, 2022). This pipeline was created
to search for TESS duotransits suitable for CHEOPS follow-up. The pipeline
concatenates the TESS Presearch Data Conditioning Simple Aperture Photom-
etry (PDCSAP) light curves from the primary and extended mission, detrends
the light curve using a mean sliding window, and then runs a box least squares
(BLS) transit search (Kovács et al., 2002) on the detrended light curve with
parameters optimized for duotransit detections.

3. Confirming HD22946 d with TESS and CHEOPS

As an illustrative example, in this section we briefly summarise confirmation of
the planet HD22946 d, which was published in Garai et al. (2023). HD22946
is a bright (G = 8.13mag) late F-type star with three transiting planets. The
planetary system was discovered and validated only recently by Cacciapuoti
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et al. (2022). As TESS recorded several transits during observations in sector
numbers 3, 4, 30, and 31, the discoverers easily derived the orbital periods of
the two inner planets, b and c. The orbital period of planet d was not found
by the discoverers. The authors determined its presence through a single transit
found in sector number 4 and obtained its parameters from this single transit
event. As Cacciapuoti et al. (2022), we also initially recognised a transit-like
feature in the sector number 4 data through visual inspection of the light curve.
Given 65−80% of single transits from the TESS primary mission will re-transit
in the extended mission sectors (Cooke et al., 2021), we subsequently visually
inspected the light curve once the TESS year 3 data were available and found a
second dip in the sector number 30 data with near-identical depth and duration.
Given the high prior probability of finding a second transit, the close match in
transit shape between events, and the high quality of the data, we concluded that
this signal is a bona fide transit event and that the transits in sector numbers
4 and 30 are very likely caused by the same object, that is, by planet d.

In order to determine each possible period alias and to schedule CHEOPS
observations of planet d, we first performed a period analysis of the available
TESS data. For this purpose, we used the MonoTools package (Osborn et al.,
2022). The package calculates probability distribution across all allowed aliases
for a given transit model. The probabilities are estimated based on two major as-
sumptions, namely that short-period orbits are highly favoured over long-period
ones (Kipping, 2018), and that planets in multi-planet systems have low eccen-
tricities (Van Eylen & Albrecht, 2015). The software MonoTools forecasted that
a transit of planet d with the orbital period alias No. 2 (see Tab. 1) would take
place on 25th October 2021. This forecasted event was observed with CHEOPS,
but the expected transit of planet d did not happen; only the transit of planet
b was recorded that time. After this observation, we were able to exclude the
period alias No. 2 from the list of possible aliases. The next forecast predicted
a transit of planet d on 28th October 2021, which means that, in this case, the
alias No. 4 (see Tab. 1) was preferred as its true orbital period. This forecasted
event was also observed with CHEOPS. This time, the transit of planet d was
successfully detected together with a transit of planet c (see Fig. 1), confirming
that the period alias No. 4 is the true orbital period of planet d.

With this gathered knowledge about the true orbital period of planet d, we
were able to combine TESS and CHEOPS photometric observations and radial-
velocity measurements in order to improve the orbital and planetary parameters
of the HD22946 system. Cacciapuoti et al. (2022) expected an orbital period of
Porb = 46 ± 4 d for planet d. We confirmed this prediction, finding an orbital
period for planet d of Porb = 47.42489 ± 0.00011 d. According to the radius
valley at ∼ 1.5− 2.0R⊕ (Fulton et al., 2017), which separates super-Earths and
sub-Neptunes and based on the refined planet radii (Rp,b = 1.362 ± 0.040R⊕,
Rp,c = 2.328 ± 0.039R⊕, Rp,d = 2.607 ± 0.060R⊕), we find that planet b is a
super-Earth, and planets c and d are similar in size and are sub-Neptunes, in
agreement with the discoverers. For further details see Garai et al. (2023).
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Figure 1. CHEOPS observations of HD22946 on 28th October 2021. The observed

light curve is overplotted with the best-fitting model. The individual transit models of

planets c and d are also shown in addition to the summed model.

4. Conclusions

Due to the nature of its observing strategy, TESS is biased towards the discovery
of short-period planets. We demonstrated how CHEOPS can be used to follow-
up TESS duotransits to expand the sample of long-period planets. Through
the CHEOPS GTO Duos program, we have contributed to the discovery of 6
planets with orbital periods longer than 20 d, radii smaller than 5R⊕, and host
stars brighter than G = 12mag (Osborn et al., 2022, 2023; Tuson et al., 2023;
Ulmer-Moll et al., 2023; Garai et al., 2023). There are only ∼ 18 other planets
confirmed by TESS in this parameter space, illustrating the power of the TESS
and CHEOPS synergy for the discovery of small, long-period planets transiting
bright stars. Planet d as a warm sub-Neptune is very interesting, because there
are only a few similar confirmed exoplanets to date. Thanks to the synergy
of TESS and CHEOPS missions, there is a growing sample of planets, such as
HD22946 d. Such objects are worth investigating in the near future, for example
in order to investigate their atmosphere, composition, and internal structure.
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Abstract. In recent years the focus of exoplanet research has shifted from
the mere detection to detailed characterization. Precise measurements of the
masses and radii of transiting planets have shown that some low-mass planets
have extended atmospheres while others are bare rocks. Hybrid atmospheres
consisting of a mixture of Hydrogen and large amount of heavy elements have
also been detected. A key factor in explaining this diversity of planetary at-
mospheres is the erosion by the X-ray and EUV-radiation (XUV) from the
host-star. The evaporation through XUV-radiation has already been measured
for a few exoplanets.The apparent weakness of the Ca IIHK and the Mg II h&k
emission cores has been interpreted as evidence for the evaporation of plane-
tary atmospheres. The interpretation is that the evaporating material from the
planet forms a thick torus which absorbs the Ca IIHK and the Mg II h&k lines
from the host star. In this contribution a new way how to prove, or disprove
this hypothesis by observations is proposed. It is furthermore shown that there
are enough bright targets already known that can be observed, and more will
be found with the PLATO mission.

Key words: planet – atmosphere – star – activity

1. The evolution of the atmospheres of low-mass planets

Before exoplanets were discovered, it was generally thought that they would
resemble the planets in our solar system, but research in the past years have
shown that exoplanets are much more diverse. Precise measurements of the
masses and radii of transiting planets allowed us to gain more insight into what
these planets are. Virtually all Neptunes, Jupiters and super-Jupiters turned
out to have extended hydrogen-dominated atmospheres. Indeed, it appears that
seemingly all planets larger than 1.8 REarth host extended, hydrogen-dominated
atmospheres, but there are significant differences between Jupiter-mass planets
and planets close to the border of the super-Earth class.
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While Jupiter-mass planets are gas-giants for which much of the mass is
contained inside the Hydrogen/Helium dominated envelope, for the so-called
mini-Neptunes, instead, the Hydrogen/Helium dominated envelope contains just
1-2% of the total mass of the planet. Mini-Neptunes are thus not gaseous planets,
but rocky planets with extended envelopes. In a few cases it was shown that the
atmospheres of mini-Neptunes are hybrid atmosphere containing hydrogen and
a substantial amount of elements heavier than Hydrogen and Helium (Garćıa
Muñoz et al. 2021). The density measurements of low-mass planets imply that
there are three populations: rocky, water-rich, and gas-rich planets (Luque &
Pallé 2022).

Close-in planets (a<0.1 AU) with radii smaller than 1.4 REarth are rocky
without an extended atmosphere and close-in planets with radii larger than
1.8 REarth are mini-Neptunes. Close-in planets with radii between 1.4 and 1.8
REarth are rare (Fulton & Petigurea 2018; Owen & Wu, 2013; Jin et al., 2014;
Lopez & Fortney, 2014; Fridlund et al. 2020). Surprisingly, the masses of super-
Earths are almost the same as for mini-Neptunes. These results are very surpris-
ing. Why do some low-mass planets have extended hydrogen atmospheres, and
others not? Furthermore mini-Neptunes and super-Earths are the most common
type of planet, but we do not have any such planet in the solar-system.

The fact that some of these planets have extended atmospheres, while others
do not, must be related to their formation and evolution history. Several pos-
sible mechanisms have been proposed. One process is atmospheric erosion (e.g.
Lammer et al. in 2014). Another possibility is gas-poor formation (e.g. Owen &
Wu, 2013; Lee et al. 2022). More recently, Venturini et al. (2020) presented a
model in which a planet grows from a moon-mass embryo by either silicate or icy
pebble accretion, followed by type I-II migration, and photoevaporation driven
mass-loss. Atmospheric erosion could either be caused by photoevaporation due
to the X-ray and EUV (together XUV) irradiation from the host-star, or by
atmospheric escape due to formation heating (i.e. core powered mass-loss; e.g.
Izidoro et al. 2022). However, even if gas-poor formation or formation heating
were the dominant processes, atmospheric erosion due to the XUV irradiation
from the host star would still play an important role. Tian & Heng (2023)
have shown that hybrid atmospheres are a natural outcome of the evolution in
atmospheres of close-in, low-mass planets.

2. Evidence for mass-loss

Arguably, the best studied cases for atmospheric erosion are the hot Jupiters
HD 209458 b and HD 189733 b. The detection of atomic hydrogen beyond the
Roche lobe first established that atmospheric material was escaping from HD
209458 b. Estimated escape rates for HD209458 b are of the order of 1010-1011

g s−1 (e.g. Vidal-Madjar et al. 2003, Garćıa Muñoz 2007) and 109 - 1011 g s−1

for HD189733b (e.g. Lecavelier Des Etangs et al. 2010). Therefore, both hot
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Figure 1. Brightness in V of the planet host stars discovered by CoRoT, Kepler and

TESS. The P1 sample of PLATO contains host stars between V=4 and V=11.

Jupiters loose about 0.1 to 0.2% of their mass per Gyr. Thus, the observed
atmospheric escape of the gas-giants is not large enough to fully erode these
planets to their rocky cores.

Since the Hydrogen/Helium atmosphere of a mini-Neptune contains only 1-
2% of the total mass of the planet, mass loss becomes critically important for
low-mass planets. Since the amount of XUV radiation of a solar-like star with
an age of 10 Myrs is 300 to 1500 times higher than that of the current Sun, the
main erosion phase occurs when the star is young (e.g. Ketzer & Poppenhaeger
2023). Therefore, it is possible that the Hydrogen/Helium atmosphere of a min-
Neptune is completely eroded in the first few Myrs. For example, V1298 Tau is a
young star with four transiting exoplanets for which Poppenhaeger et al. (2021)
showed that the innermost two planets may lose their hydrogen-dominated at-
mospheres to become rocky planets. Another interesting case is K2-33b, a young
planet in Upper Sco, which may lose its entire hydrogen atmosphere if the planet
has less than 7-10 MEarth (Kubyshkina et al. 2018). HST observations of the
Neptune-sized planet GJ3470b show an evaporation rate 1010g s−1. The planet
may have already lost about 35% of its mass (Bourrier et al. 2018). Kepler-
1520 b (=KIC 12557548 b) may have lost ∼ 70% of its formation mass, today
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we may be observing its naked iron core (Perez-Becker & Chiang 2013). How-
ever, the erosion rates of planets with hybrid atmospheres are lower than those
of pure Hydrogen-dominated atmospheres (Tian & Heng 2023).

3. The observing strategy

Mass loss certainly is a key factor in the evolution of a planet. In the case
of WASP-12 b Haswell et al. (2012) detected the gas escaping from this heavily
irradiated planet. They observed the planet in the UV and found that the transit
is three times deeper than in the optical, indicating the presence of diffuse gas,
extending well beyond the Roche lobe. They also found that surprisingly the
MgII h&k line cores have zero flux indicating that the inner portions of these
strong resonance lines are likely affected by extrinsic absorption due to the
material escaping from the planet (Fossati et al. 2013). There is thus strong
evidence for mass loss for WASP-12b.

Mass loss from a close-in planet can form a diffuse circumstellar gas cloud,
which absorbs in the cores of strong resonance lines (e.g. CaII H&K and MgII
h&k) seemingly suppressing the signatures of stellar activity below their true
value (Haswell et al. 2012; Fossati et al. 2013). Simulations show that the density
of the material in the torus is inhomogeneous (Bell et al. 2019; Dwivedi et al.
2019; Zhang et al. 2023). Observations of the Helium triplet line at 1083.3 nm
during roughly a quarter of the orbit by Zhang et al. et al. (2023) indicate the
material forms a torus.

Since the density of the material in tours varies along the orbit of the planet,
the strength of the CaII H&K lines should also vary. By observing several orbits,
it is then possible to reconstruct the density of material in the torus. However, if
we observe only the CaII H&K lines, we would only constrain how much Ca has
escaped from the planet. The strength of the absorption would depend on the
amount of Ca that the envelope contains. Using not only the CaII H&K lines
but also Hα and NaD it would be possible to determine the physical properties
of the torus, for example, how much mass it contains. In this way it would be
possible to ”see” the material that is escaping from the planet.

Shkolnik et al. (2003, 2005, 2008) have studied the chromospheric activity
in the Ca II H and K lines with the aim to search for induced stellar activity. A
spectralline that originates from the star has width that is of the order of the
v sin i of the host star, depending on the location of the active region on the
stellar surface. The RV-amplitude of a close-in planet is much larger than that.
A ring of material the originates from material that has escaped from a close-in
planet will have a width that corresponds to the RV-amplitude of the planet.
Such a feature will thus be much broader than a stellar spectralline.
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4. Preparing for PLATO and planed observations

The question is whether there are already good targets for such a project. Be-
cause the absolute mass-loss of gas-giants are larger than that of min-Neptunes,
gas-giants are the preferred targets. Table 1 gives a list of nineteen known plan-
ets in the mass-range between Mp = 0.5 and 5.0 MJup with Rp ≥ 1.4RJup

orbiting stars with V ≤ 11mag that are observable from La Silla 1. As can
be seen, all of these targets are short-period planets. The large radii are thus
most likely due to large heating by the host star. Thus, these planets are likely
to have also a large mass-loss rate. For comparison WASP-12 b has Rp = 1.47
MJup, Mp = 1.9 MJup (Collins et al. 2017).

While many bright stars hosting close-in gas-giant have already been iden-
tified it would be even more exciting if bright stars hosting close-in Neptunes
were found. Absolutely thrilling would be the discovery of planets like those of
V1298 Tau (V=10.1 mag), GJ3470b (G=11.4 mag), or K2-33b (G=14.1 mag),
K2-240 (V=13.4 mag) but orbiting brighter stars.

What are the prospects to find planets like that but orbiting brighter stars?
The key to find these is the PLATO mission. PLATO (PLAnetary Transits and
Oscillation of stars) will search for extrasolar planets by means of ultra-high-
precision transit photometry. PLATO consists of 24 normal and 2 two high
cadence cameras providing combined wide field of view (FoV) of 49x49 square
degrees. The PLATO mission and the key-science goals are summarized in Rauer
et al. (2014, 2021).

The first PLATO field has now been selected 2. The center is at RA: 06:21:14.5
DE: -47:53:13. This field contains more than 9000 dwarf and subgiant stars of
spectral types from F5 to K7 with V <11 mag (P1 sample) that will be ob-
served. The random noise of the P1-sample will be lower than 50 ppm in one
hour. Fig. 1 shows the brightness of planet host stars discovered in the CoRoT,
Kepler and TESS mission, respectively 3. AS can be seen in the figure, one of
the advantages of PLATO compared with previous missions is that planet host
stars will be much brighter. The baseline observing strategy assumes that this
field will be observed for at least two years. The PLATO spacecraft has been
designed to perform scientific operations for at least 8.5 years. PLATO will also
observe more than 159,000 dwarf and subgiant stars of spectral types from F5
to K7 with mV < 13.

Ondrejov observatory, the Thüringer Landessternwarte Tautenburg and the
Pontificia Universidad Católica de Chile as main partners have a unique access
to the ESO1.5m telescope in La Silla (Chile). Minor partners are the IGAM
of the university of Graz, Universidad Adolfo Ibanez and Masaryk University.
The telescope has recently been refurbished. It is fully operational and currently

1Objects selected using https://https://exoplanet.eu
2See https://www.cosmos.esa.int/web/plato/first-sky-field
3Figures produced using https://https://exoplanet.eu
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equipped with the PUCHEROS Echelle spectrograph that has a resolution of
R=20,000. By the end of 2024, we will install PLATOspec, which is a state-of-
the-art UV-optimised high-resolution Echelle spectrograph with a resolution of
R=68,000 covering the 360-680 nm spectral range without gaps. The high UV
throughput of the spectrograph, which is rather unique in the current instrumen-
tal landscape, enables one to collect high-quality spectra throughout the entire
optical band, including the CaII H&K lines, the NaI D lines, and the Hα line.
The spectrograph will be fibre fed and will be placed in a temperature-stabilized
room.

As the name of the instrument already suggest, its main purpose will be the
follow-up observations of transiting planets discovered in the PLATO mission.
Because of the relatively large amount of observing time required this instrument
is ideal to carry the project.

Table 1. Inflated gas-giant planets observable from La Silla orbiting stars brighter

than 11 mag in V.

Star RA2000 DE2000 V Mass Radius Period K
(hh:mm:ss) (dd:mm:ss) [mag] [MJup] [RJup] [days] [m/s]

HIP65A 00:00:45 -54:49:51 11.1 3.213± 0.078 2.03+0.61
−0.49 0.98 754

HD2685 00:29:19 -76:18:15 9.6 1.18± 0.09 1.44± 0.01 4.13 118
WASP-76 01:46:32 +02:42:02 9.5 0.92± 0.03 1.83± 0.06 1.81 119
WASP-79 04:25:29 -30:36:02 10.1 0.9±−0.09 1.7± 0.11 3.66 88
WASP-100 04:35:50 -64:01:37 10.8 2.03± 0.12 1.69±−0.29 2.85 215
WASP-82 04:50:39 +01:53:38 10.1 1.24± 0.04 1.67+0.07

−0.05 2.71 130
TOI-640 06:38:56 -36:38:46 10.5 0.88± 0.16 1.771± 0.06 5.00 78
WASP-121 07:10:24 -39:05:51 10.4 1.184+0.065

−0.064 1.865± 0.044 1.27 181
KELT-17 08:22:28 +13:44:07 9.6 1.31± 0.29 1.525+0.065

−0.06 3.08 131
HAT-P-69 08:42:01 +03:42:38 9.8 3.58± 0.58 1.676+0.051

−0.033 4.79 309
TOI-2669 08:58:53 -13:18:45 9.5 0.61± 0.19 1.76± 0.16 6.20 60
HD85628A 09:50:19 -66:06:50 8.6 3.1± 0.9 1.53+0.07

−0.04 2.82 307
WASP-15 13:55:43 -32:09:35 10.9 0.542± 0.05 1.428± 0.077 3.75 63
NGTS-2 14:20:30 -31:12:07 11.0 0.67± 0.089 1.536± 0.062 4.51 69
WASP-189 15:02:44 -03:01:53 6.6 1.99+0.16

−0.14 1.619± 0.021 2.72 182
WASP-88 20:38:03 -47:32:17 10.4 0.56± 0.08 1.7+0.13

−0.07 4.95 57
MASCARA-1 21:10:12 +10:44:20 8.3 3.7± 0.9 1.5± 0.3 2.15 405
HD202772A 21:18:48 -26:36:59 8.3 1.008+0.074

−0.079 1.562+0.053
−0.069 3.31 97

WASP-11 21:55:04 -22:36:45 10.3 1.85± 0.16 1.442± 0.094 2.31 212
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Abstract. We present solutions of the BVRI-light curve numerical modeling
for five low-mass ratio totally eclipsing contact binary stars. One object re-
quired the introduction of a cool star spot to the best-fitting model. Only one
object returned a solution with a hotter secondary component. None of the
objects required the introduction of a third component.

Key words: stars – binaries: close – binaries: eclipsing

1. Introduction

The W UMa-type contact binary stars are canonically described as binary sys-
tems consisting of two main-sequence stars that share a common convective
envelope. A consequence of such a configuration is an equalized surface temper-
ature and, in the case of eclipsing systems, a light curve with brightness minima
of nearly equal depths (Lucy, 1968). This feature allowed us to compose a cata-
log of suspected contact binaries (Debski & Walczak, 2022), which subsequently
are observed and studied in the Krakow Observatory.

The common outer envelope in contact binaries is very well described with
the Roche geometry (Kopal, 1959), which makes these systems good targets
for the light curve numerical modeling studies (Debski, 2022). On the other
hand, the degeneracy between the system inclination, effective temperature, and
the mass ratio poses a serious problem for the modeling process. The surface
temperature can be derived from the color of the system, but the search for the
latter two parameters must be done under very specific circumstances. One of
such is that the mass ratio could be obtained from radial velocity studies and
then put into the photometric modeling. The other way is to study the totally
eclipsing systems only. Pribulla et al. (2003) and Terrell & Wilson (2005) have
shown that the inclination-mass ratio entanglement breaks when the Roche
model is constrained with total eclipses. Since most of our targets are faint and
lack spectroscopical data, we, therefore, decided to focus on totally eclipsing
systems in our photometric studies.
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Table 1. The parameters of the observed objects: coordinates and brightness (top

row); best-fitting model results (middle rows) and the calculated physical parameters

(bottom rows).

Parameter KR 00017 KR 00036 KR 00059 KR 00085 KR 00225

RA [h m s] 06 29 57.7 15 58 54.2 02 34 25.0 06 50 47.2 20 40 03.6
DEC [◦ ’ ”] 76 42 59.7 46 35 49.0 79 37 39.4 73 21 32.7 63 59 34.5

Porb [d] 0.314556 0.272030 0.346980 0.338555 0.352281
Max. mag, V 13.04(1) 13.37(1) 13.19(1) 13.10(3) 10.70(2)

i [◦] 77(2) 77(3) 86(2) 80(1) 88(1)
T1 [K] 5628 5673 6184 5808 6618
T2 [K] 5554(11) 5712(9) 5796(11) 5543(12) 6435(11)
Ω [K] 2.004(39) 2.075(52) 2.080(48) 1.986(11) 1.985(41)

q [M2/M1] 0.117(21) 0.154(19) 0.161(11) 0.132(2) 0.125(9)

Dist. [pc] 517(3) 602(4) 756(6) 627(4) 271(1)
MV 4.26(4) 4.41(3) 3.47(4) 3.78(4) 3.18(4)

M1 [M⊙] 1.36(25) 1.33(26) 1.84(37) 1.75(33) 1.74(29)
M2 [M⊙] 0.16(5) 0.20(6) 0.30(8) 0.23(7) 0.22(6)

2. The objects

The sample of objects studied in this work is a result of the individual tutoring
program commenced by the Jagiellonian University at the Jordan Youth Center
in Krakow. The objects selected for this study come from the precompiled list of
suspected contact binaries1. The temperatures of the primary components were
adopted from the TESS Input Catalogue (TIC), v8.2 (Paegert et al., 2021). The
distances to the objects were calculated using the Gaia DR3 (Gaia Collaboration
et al., 2023) parallaxes. The absolute magnitudes, MV , were derived from the
distances, D, and observed brightness mV (collected by us), corrected by the
interstellar extinction adopted from TIC.

3. Observations and Analysis

The photometric data used for this study were taken with the Apogee Alta U42
camera in the D9 casing mounted on the Cassegrain telescope (aperture 500
mm, effective focal length 6650 mm) at the Astronomical Observatory of the
Jagiellonian University in Krakow. The light curves of all objects were taken in
the Bessel B, V, R and I filters. The light curve numerical modeling was con-
ducted using a modified Wilson-Devinney code (Wilson & Devinney, 1971; Zola
et al., 1997; Debski, 2022). The physical parameters were calculated by incorpo-
rating the total brightness and the modeling result to the Stefan-Boltzman Law

1http://bade.space/ew/
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and then using the derived orbital separation to the Third Kepler’s Law. The
individual masses were then calculated with the use of the mass ratio obtained
from numerical modeling.

4. Results

This study presents first-time obtained physical parameters for five low-mass
ratio contact binaries. The observational parameters, as well as the best-fitting
model parameters and the calculated physical parameters for all objects, are
compiled in the Table 1. One system (KR 00017) needed the introduction of a
cool (Tspot = 0.75T1) spot on the back of the primary component. The spot was
fixed at the stellar equator.
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Abstract. We present a deep-learning model for the classification of eclipsing
binaries. Our classifier provides a tool for the categorization of light curves of
eclipsing binaries into four classes: detached systems with and without spots,
and over-contact systems with and without spots. The classifier was trained on
200 000 synthetic light curves created using ELISa code. We randomly selected
100 light curves from the GAIA catalogue, which were fitted for evaluation
purposes, and their morphologies were determined. We tested several classifiers
and found that the best-performing classifier combined a Long Short-Term
Memory (LSTM) layer and two one-dimensional convolutional neural networks.
The precision from the evaluation set was 97% compared with the predicted
precision of 94 % for the validation of synthetic data. Our classifier is more
likely to successfully process data from subsequent large observational surveys.

Key words: Stars: binaries: eclipsing – deep-learning

1. Introduction

Eclipsing binaries (EBs) are a well-known group of variable stars in which light
variations are caused by the mutual obscuration of stars with respect to the
observer. It produces typical light curves where valuable information about the
physical properties of the stars within the system is coded, like the sizes and
shapes of the stars, mass ratio, relative temperatures, and the inclination of the
orbital plane. Moreover, the light curves of many EBs show irregularities caused
by spot(s) on one or both components (Hilditch, 2001; Prša, 2018).

EBs can be classified in two different ways. The first is the morphological
division into three classes (Algol, β Lyr, and W UMa) based only on the shape
of the light curve. The second is based on the amount of Roche lobe filling in
the binary systems (Wilson, 1994; Kallrath & Milone, 2009), where three classes
are listed (detached, semi-detached, and over-contact).
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From a geometrical point of view, the semi-detached system is, in principle,
detached; both components can be described by a convex surface (Čokina et al.,
2021). Moreover, to model such a system, we must know two potentials (Kallrath
& Milone, 2009). Therefore, we divided the EBs for machine-learning purposes
into four groups: 0 – over-contact without spots, 1 – over-contact with spots, 2
– detached without spots and 3 – detached with spots.

This approach will allow us to classify possibly all EBs, which were found
in large surveys e.g. GAIA or KEPLER will also be found in prepared surveys,
such as Vera Rubin (LSST). Sorting into these groups will enable the use of
different approaches to determine other parameters (physical and geometrical)
of EBs using machine-learning approaches.

Figure 1. Examples of synthetic (blue) and GAIA (red) light curves from different

groups.

2. Training and evaluation dataset

Deep-learning classification requires a large labelled training dataset, where all
groups of objects have equal representations. In the analysis of EBs, we can
create such datasets using software packages dedicated to EB modelling. In our
study, the training dataset was created using the ELISa code (Čokina et al.,
2021). For each group, we simulated 50 000 light curves created from the pa-
rameters covering a wide range of physically correct values for a specific group.
Each light curve was represented by 100 data points of normalized flux phased
to < 0, 1 > interval.

To evaluate our model, we randomly selected 100 EB light curves published
in the GAIA-DR3 catalogue (Mowlavi et al., 2023). All these light curves were
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fitted using the ELISa code to determine the basic parameters of the systems and
eventually spot(s) on the components, as well as to determine their morphology.
Examples of synthetic and GAIA light curves are shown in Fig. 1.

3. Deep-learning model and its performance

We tested several classification models and found that the best performance
was achieved by combining two one-dimensional convolutional neural networks
(CNN) and a Long Short-TermMemory (LSTM) layer. We used Adam optimizer
and sparse categorical cross-entropy loss function (Chollet et al., 2015).

The training of our model was performed for 10 epochs, during which the
loss and accuracy were determined. We randomly selected 20% of the training
light curves for the validation dataset. Using this, the predicted precision was
calculated and a confusion matrix was created. The predicted precision of the
validation data is 94%. A detailed inspection of the confusion matrix (Fig. 2)
reveals that our model misclassified (on the level of approximately 10%) the
spotted light curves for both the detached and contact systems. This is probably
because small spots cause only small changes in the light curve, and the model
is unable to recognize the changes. To solve this issue, a new, more complicated
model should be trained on a much larger dataset with a better coverage of spot
parameters.

We used an evaluation dataset with GAIA light curves to test our model
using real data. The precision of the model is 97%. One overcontact system
without spots was misclassified as a detached system with spots and two de-
tached systems without spots were misclassified as detached systems with spots.
This is probably because of the relatively poor data quality of the GAIA light
curves (outliers and noise).

Figure 2. Confusion matrix (left) and performance of the model depending on epoch

(right).
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To achieve better results, it is necessary to process observational data better
and train the model on more diverse synthetic data (wider range of system pa-
rameters and spots, different levels of noise, and/or adding outliers to synthetic
data). Nevertheless, our classifier is now more likely to be applicable to GAIA
data and promising for data analysis from large observational surveys, such as
the Vera Rubin Telescope (LSST).
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Abstract. Long-term spectroscopic monitoring of the eclipsing system
FMCMa obtained between 2017 – 2023 at the Skalnaté Pleso (SPO, Slovakia)
and Cerro-Tololo Interamerican observatories (CTIO, Chile) is presented. Pre-
liminary analysis of the TESS high-precision satellite photometry (sectors 7
and 33, only FFI – Full Frame Image) shows that the eclipses in the system
are total, and there is a slow apsidal motion. The light-curve solution requires
a substantial amount of third light. In addition, the TESS light curve ex-
hibits low-amplitude variability (in the out-of-eclipse parts), probably caused
by radial pulsations with a frequency of about 5.5 cycles/day (4.3 hours). Line
profiles show strong asymmetries corresponding to the photometric ephemeris
but the possible third component is not visible. The nature of the system is
discussed.

Key words: binary stars – eclipses – pulsations

1. Introduction

FMCMa (Vmax = 8.73, α2000 = 07h 05m 42.1s, δ2000 = -12◦ 48′ 43′′, HD53756,
TIC 148502346, TYC5389-2875-1) is a hot eclipsing binary composed of a B2
primary and a colder secondary orbiting in P = 2.78945 days. Although the
system is rather bright, it is neglected. Detailed information about the system is
available in the literature (e.g. Hill 1967; van Hoof 1973; Eggen 1978; Kaltcheva
& Hilditch 2000).

2. Observations

Our spectroscopic observations of FMCMa were obtained at the SPO with a
MUSICOS-clone spectrograph fiber-fed from a 1.3m Nasmyth-Cassegrain tele-
scope. In total, 19 high-resolution (R = 35 000) spectra were obtained from
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Table 1. The best photometric elements of the system, P – orbital period, T0 – time

of the periastron passage, i – inclination angle, rpri – fractional radius of the primary

component, rsec/rpri – ratio of the component radii, e – orbital eccentricity, l3 – third

light expressed in the out-of-eclipse brightness of the eclipsing pair, Tpri, Tsec – effective

temperatures of the compontents

Parameter Value σ

P [d] 2.78928 0.00012
T0 BJD [TDB] 2459202.9041 0.0034
i [deg] 86.7 0.6
rpri 0.2640 0.0025
rsec/rpri 0.596 0.009
e 0.067 0.005
ω [deg] 274.4 0.4
l3 0.95 0.15
Tpri [K] 17368 –
Tsec [K] 14700 450
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Figure 1. The best fit to the TESS photometry (sector 33) obtained with RMF. The

fit corresponds to the parameters listed in Table 1.
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January 2017 to March 2023. Because of its low declination, FMCMa was also
observed with the CHIRON spectrograph (with an image slicer and R = 70 000)
fiber-fed from a 1.5m telescope at the CTIO. In total 7 spectra were obtained
from October till December 2022. The spectra confirm the early B spectral type
manifested by the dominant hydrogen Balmer and neutral helium lines. Only
the strongest metallic lines are visible (e.g., Mg II 4481 Å, C II 4267 Å, the
silicon triplet, Si III 4552 Å, 4567 Å, 4574 Å). The paucity of metallic lines
complicates the determination of the radial velocity and spectra disentangling.
The hydrogen-line profiles are asymmetric indicating a blend of two (or more)
components. The light-curve solution indicates, the bolometric flux ratio of the
primary and secondary component to be about 0.18.

In addition to the total eclipses, ellipsoidal variation and reflection effect,
the TESS light curve exibits additional low-amplitude variability, well visible
in the out-of-eclipse parts of the light curve. This variability is very probably
caused by radial pulsations. The dominant pulsational frequency is about 5.5
cycles/day (4.3 hours). The TESS light curve has been analysed using code RMF
(Roche ModiFied code) (Garai et al., 2022). The light-curve model required a
significant contribution of third light amounting to about 0.95 of the out-of-
eclipse brightness of the eclipsing pair. Preliminary elements are listed in Table 1
and the corresponding fit to the TESS data is shown in Fig. 1. A comparison
of the data from the two TESS sectors (almost two years apart) clearly shows
that there is a slow apsidal motion with the apsidal motion cycle about U = 92
years long.
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Figure 2. Blue spectrum of FMCMa with an identification of the most prominent

spectral lines. A slight asymmetry best visible in the red wing of the hydrogen lines is

very probably caused by the fainter and colder secondary component.



174 M.Vaňko, T. Pribulla, N. Shagatova, R.Komž́ık and P.Dubovský

3. Conclusion

A preliminary analysis of the spectra indicates that the secondary component
is possibly a rapidly rotating star which further complicates its detection and
modelling, similar to the case of e.g., HD183986 (Vaňko et al., 2022). No traces
of the possible tertiary component indicated by the photometric solution were
found. Further spectroscopy will be focused on the total eclipses in the system
which could help in disentangling the component’s spectra.

Figure 2 shows that some lines in the blue part of the spectrum are slightly
asymmetric. The variable asymmetric shapes of the absorption lines in this
eclipsing system can be caused by the complex and non-uniform wind flows
from the two components in the orbital plane. A similar system with an orbital
period of 1.8 days with two massive B-type components AHCep was detected
in X-rays by Chandra observatory (Ignace et al., 2017). Its X-ray luminosity
can originate from the wind collision between the two stars, supporting the
complexity of the circum-stellar matter distribution in such systems.
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Abstract. We have used a Roche-geometry code to pre-generate light curves
of contact binary stars using only mass ratio q, fill out f of the Roche lobes,
and the inclination i of the orbital plane. We have parametrized TESS light
curves of several binaries with a trigonometric polynomial. We used our code
UNiQUE to find the best fit of the overall shape of the observed light curve and
its associated parameters (q, f , i). We compared these parameters to those
from a rigorous modelling of our selected objects with known mass ratio qsp
inferred from spectra. The method is useful to find a close solution before the
full modelling. We also got an indication of possible third light present in a
system.

Key words: Stars: binaries: eclipsing – Techniques: photometric

1. Introduction

The shape of components of a binary star is dictated by the surface equipotential
Ω and the mass ratio q = M2/M1. A direct way to find q is by measuring the ra-
dial velocities of both components and finding the ratio of their semi-amplitudes
qsp = K1/K2. Contact binaries are a special case, where the surface potential
Ω(q) is a function of the mass ratio and is the same for both components. This
allows us to connect it to the stellar radii. The system of parameters is more
constrained, since the separation of both stars is also connected to their radii.
We may define the so-called fill-out factor f ∈ 〈0.0, 1.0〉 as:

f =
Ωinn − Ω

Ωinn − Ωout

(1)

where Ωinn(q) and Ωout(q) pass through the Lagrange points corresponding to
the inner (L1) and outer (L2) critical surfaces, respectively. Since for contact

binaries, we have a monotonous function q = M2/M1 ∝ (r2/r1)
2
(see Fig.1 in

Hambálek & Pribulla, 2013), for any given f we can estimate the mass ratio
from the shape of the light curve (LC).
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Another important parameter is the inclination i of the orbital plane of
companions from the line of sight of the observer. For contact binary stars, the
separation of components is bound to their size, i.e. to their surface potential
Ω. Because of this, the minimal inclination angle itot when a total eclipse is
observed is a function of only the mass ratio q.

The amplitude of a light curve, or the difference in depths of primary and
secondary minima, is larger for higher inclinations i (and saturated for total
eclipses). However, the presence of another body in the system (that may or
may not be visible in radial velocities) affects the LC with an added constant
flux that results in shallower depths of minima. This leads to smaller apparent
inclination values i and further underestimating the photometric mass ratio
qph. We can add a new dimensionless parameter - the third light l3 that can
be defined as a ratio of the parasitic flux (F3) to the overall flux of the contact
binary: l3 = F3/ (F1 + F2).

We can describe the overall shape of LC of contact binaries by an orthogonal
trigonometric polynomial:

I(ϕ) = a0 +

n
∑

k=1

ak cos(2πkϕ) +

n
∑

k=1

bk sin(2πkϕ) (2)

In this study, we assume only LCs symmetrical around the orbital phase
ϕ = 0.5 (secondary minimum), i.e. circular orbits and no O’Connell effect of
starspots. This allows us to put bk = 0. We have found that for our purpose
a polynomial order n = 10 is sufficient to represent the most LCs. However, a
totally eclipsing system might require the order n = 20 (see Rucinski, 1993).
If we instead use only polynomial of the order n = 10, the residuals in the
LC minima of a totally eclipsing system are ∼ 5-times larger than those of a
partially eclipsing system and are still sufficient for the data noise present in the
LC (Hambálek & Pribulla, 2013). We found by comparison that the mass ratio
q of such a curve is not sensitive to the higher polynomial solution and opted
for the minimum case of n = 10.

2. Finding close solutions from TESS light curves

We have used the code ROCHE (Pribulla, 2012) to generate LCs of contact binaries
with mass ratios q ∈ 〈0.05, 1.00〉, step ∆q = 0.025, fill-out factors f ∈ 〈0.0, 1.0〉,
step ∆f = 0.25, and inclinations i ∈ 〈30, 90〉 deg, step ∆i = 1deg. The Roche
potential was used for the shape of the stellar surface. Fluxes were integrated
over visible surface elements. This synthetic LC was parametrized by ak coeffi-
cients of eq. 2 (k = 0..10). We have generated a library of total 11 895 LCs (see
Hambálek & Pribulla, 2013).

For our purpose, the most notable coefficients are: a1 which affects the dif-
ference of depths of primary and secondary minimum, a2 which (for contact
systems) is almost equal to the amplitude of LC, and a4 which is tied to the
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Table 1. Comparison of parameters q, f , i, and l3 determined from modelling with

available spectroscopy and model in literature (subscript L) to those found by UNiQUE

as the best approximation of the TESS light-curve (subscript B). Note: the fill-out

factor for EB-type binaries is not applicable.

star qL fL iL l3,L qB fB iB l3,B type
[deg] [deg]

AG Vir 0.341 a 0.17 b 84 b 0.05 a 0.325 0.00 78 <0.20 EW A

AW UMa 0.108 c 0.30 c 78 d 0.00 c 0.075 0.25 84 0.00 EW

DU Boo 0.206 b 0.56 b 81 b 0.00 b >0.125 0.50 81 0.00 EW A

EL Boo 0.248 d 0.00 e 74 e 1.00 f >0.100 0.00 64 1.00 EW
EQ Tau 0.442 g 0.09 e 82 e 0.00 g 0.475 0.00 79 0.00 EW A

FI Boo 0.372 h 0.50 i 38 i 0.30 h 0.850 0.75(25) 31 0.30(10) EW W

FT UMa 0.984 f N/A 60(3) j 1.01 f 1.000 0.00 61 0.80 EB

SW Lac 0.776 k ? ? <0.05 k 0.600 0.25 81 <0.20 EW W
SX Crv 0.066 g ? 65(5) g 0.00 g 0.100 0.25 60 0.00 EW A

V1191 Cyg 0.107 l 0.30 m 83(2) m 0.00 l 0.075 0.25 74 0.00 EW W
V523 Cas 0.516 n 0.00 o 84(1) o 0.00 n 0.500 0.00 85(3) 0.00 EW W
V753 Mon 0.970 p N/A 75 q 0.00 p 1.000 0.00 75 0.00 EB
VW LMi 0.423 a 0.47 r 79 s 0.42 a 0.325 0.25 71 0.20 EW W
W UMa 0.484 t 0.10 u 86 u 0.00 t 0.450 0.00 86(2) 0.00 EW

Source: aPribulla et al. (2006), bPribulla et al. (2011), cPribulla & Rucinski (2008),
dPribulla & Rucinski (2006), eDeb & Singh (2011), fPribulla et al. (2009),
gRucinski et al. (2001), hLu et al. (2001), iChristopoulou & Papageorgiou (2013),
jYuan (2011), kRucinski et al. (2005), lRucinski et al. (2008),
mEkmekçi et al. (2012), nRucinski et al. (2003), oMohammadi et al. (2016),
pRucinski et al. (2000), qQian et al. (2013), rSánchez-Bajo et al. (2007),
sPribulla et al. (2008), tPribulla et al. (2007), uLinnell (1991).

fill-out factor (if component stars are not in contact) and affects the width of
minima.

We have written a simple Python code UNiQUE to get an arbitrary LC and
compare it with those in the pre-generated library. The input LC can be ex-
pressed in magnitudes or fluxes. First, it is reduced to a normalized flux (using
zero magnitudes of common filters). A Python package lightkurve is used to
re-bin and phase the LC by the orbital period. We apply a sigma clipping to
remove any outliers. If the LC is too sparse, we can run a Savitzky-Golay filter
(from scipy.signal) on the data to compute a smoothed average curve.

Then the code runs a least-square fitting model (from lmfit.Model) to deter-
mine the coefficients ak. Finally, we can compare the set of coefficients to those

(a′
k
) from pre-computed LCs by computing a difference D =

√

∑10

k
(ak − a′

k
)2.

The code produces a list of similar solutions (i.e. D < an arbitrary value) with
parameters q, f , i, and l3 which were used in their generation. The limiting
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Figure 1. The result for star AW UMa (TESS cadence 120 s). Top left: trigonometric

fit (red line) of observed LC (black). Top right: the best solution (×) with l3,B = 0.0

(even if unknown was assumed) is close to a pre-computed LC (◦). Bottom left: Best

solution (×) in difference plot q vs. i corresponds to total eclipses (above the dashed

line). Bottom right: Colour histograms (q - blue, f - green, i - red) of similar values

with the smallest differences. The solution from rigorous modelling is marked with

arrows, while the best result of UNiQUE is represented by a vertical dashed line.

value of D is selected based on the minimum value of Dmin and a fraction of
the standard deviation. The number of contours (Fig. 1 bottom left) depends
on the total span of all D values. A statistical distribution is also generated to
see the most probable result (Fig. 1 bottom right).

If the third light l3 is known, the user can compute the LC coefficients
for this specific value only. Otherwise a default set of typical values of l3 ∈
{0.0, 0.2, 0.4, 0.6, 0.8, 1.0} is used as a proxy for an unknown amount of the
third light. In general, this increases the uncertainty of mass ratio q, which can
be then treated only as a lower limit.

We have selected 14 eclipsing binaries with known qsp and found photometric
Roche-model parameters f , i, and possible l3 in literature. In Table 1, we com-
pare them to the best results from the UNiQUE library of LCs. All TESS LCs
were analyzed by individual sectors. Sometimes, the results found a range of
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“best” parameters caused mainly by uneven maxima brightness - the so-called
O’Connell effect (see e.g. Wilsey & Beaky, 2009). This leads to higher values of i
and lower values of q. Totally eclipsing systems (e.g. V523 Cas, AW UMa, etc.)
have a small uncertainty of q, but virtually all values of i above the dashed line
like in Figure 1 bottom left are indistinguishable. We note that the close binary
AW UMa is accompanied by a third component on a ∼ 17-year orbit (Pribulla &
Rucinski, 2006) that is not affecting the LC and thus the estimation of close bi-
nary parameters q, i, f . Also, systems FI Boo, SW LAc, V753 Mon, and W UMa
have wider third components (Pribulla & Rucinski, 2006) on longer orbits than
∼ 20 years. Furthermore, VW LMi is a quadruple system (Pribulla et al., 2006)
with the second close binary being non-eclipsing, thus affecting only l3. EB-type
systems (FT UMa and V753 Mon) are not in contact and our UNiQUE solutions
are strictly favouring only LCs with f = 0. In general, l3 was kept a free param-
eter and in our test cases, it still was sensitive to values as small as l3 ∼ 0.05
(e.g. SW Lac) when it selected an LC with the nearest non-zero l3.
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251 65 Ondřejov, The Czech Republic, (E-mail: skarka@asu.cas.cz)

2 Department of Theoretical Physics and Astrophysics, Faculty of Science,
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Abstract. TYC 1083-12-1 (sp. type F8V) was identified as a potential ex-
oplanetary candidate in the data from a photometric survey with a 30-cm
telescope. From the radial velocity observations of the star, we found that it
is a double-lined binary with very similar components. We present the basic
parameters of this system.

Key words: Stars: binaries – Techniques: photometric – Techniques: spectro-
scopic – Methods: analysis

1. Introduction

Many new exoplanetary candidates are being discovered through large-sky sur-
veys such as TESS (Ricker et al., 2015). However, to confirm these candidates,
spectroscopic follow-up observations are necessary to identify false positives.
In 2013, a star TYC 1083-12-1 (RAJ2000=19:55:24.32, DEJ2000=+13:11:05.9,
V = 12.52mag, B − V = 0.53mag, Zacharias et al., 2013) was identified as a
variable star of EA type and designated as CzeV3837 in the catalogue of variable
stars discovered by Czech astronomers (Skarka et al., 2017). Due to the shallow
eclipses with the same depth, we suspected CzeV3837 to be an exoplanetary
candidate.

2. Observations

We collected 3,238 clear-filter observations with a mean photometric error of
4mmag between September 2011 and July 2020. During the observing seasons
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between 2011 and 2020, we used telescopes of 25cm and 30cm (after 2015) that
were equipped with Kodak KAF-16803 CCD-based G4-16000 camera. Since
2015, we have used a C4-16000 camera with a GSENSE4040 CMOS chip. For
the binary model, we utilized TESS data processed with the SPOC pipeline
(Jenkins et al., 2016). We then downloaded and detrended this data using the
Lightkurve package (Lightkurve Collaboration et al., 2018). Both data sets
are displayed in the top left panel of Fig. 1. We phase-folded them with the
orbital period of 3.23647(1) days and zero epoch BJD= 2456204.3435(13). We
estimated zero epoch using our observations.
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Figure 1. Photometric data (top left), spectra in different orbital phases (bottom

left), radial-velocity curve showing both model and observations (middle panel) and

models of primary (top right) and secondary eclipses (bottom right). Photometric data

were binned for better readability.

We used the OES spectrograph (R≈ 50000, Koubský et al., 2004; Kabáth
et al., 2020) mounted on the 2m telescope located in Ondřejov, Czech Republic
to collect spectroscopic observations. From July to September 2020, we obtained
17 spectra with signal-to-noise ratios ranging from 5 to 21. The examples of
spectra in different orbital phases are shown in the bottom left panel of Fig. 1
giving a clear picture of the binary nature of the radial-velocity variations.

3. Analysis

We used ellc (Maxted, 2016) to model the system based on the radial veloc-
ity observations (determined with fxcor task in Iraf package, middle panel of
Fig. 1) and TESS photometry (righ-hand panels of Fig. 1). We fixed the tem-
perature of the primary star T1 at 6200K (from the B-V based on relations
from Ballesteros (2012)). This value is consistent with 6251K from Gaia DR3
catalogue (Gaia Collaboration, 2022) which is based on BP/RP spectra and in-
cludes stellar extinction. We used logarithmic prescription for the limb darkening
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Table 1. System parameters from the modeling.

q 0.945(5) i (deg) 79.69(3) T2/T1 1.02(2) (R1 +R2)/a 0.200(5)
e < 0.02 a (R⊙) 12.54(4) R2/R1 0.92(12) γ (km/s) -18.58(20)

with coefficients for a given temperature from the atmospheric tables by Husser
et al. (2013) and values of albedo A = 0.6, gravity darkening β = 0.32. From
system parameters in Table 1 we derived radii and masses of the components as
R1 = 1.31(9)R⊙, R2 = 1.2(1)R⊙, M1 = 1.301(17)M⊙, M2 = 1.229(18)M⊙.

4. Conclusions

We used spectroscopic observations to demonstrate that TYC 1083-12-1 is an
SB2 eclipsing binary star, rather than an exoplanet. The stellar parameters
of both components match those of F8 and F6 spectral type stars listed in
the recent version1 of the table by Pecaut et al. (2012) within uncertainties.
According to Raghavan et al. (2010), TYC 1083-12-1 belongs to the 20% of
FGK stars that have a semi-major axis less than 10 au.
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Abstract. RSOph is a recurrent symbiotic novae which underwent its last
optical eruption in August 2021. The early Hα spectroscopy of the system (at
days 11–15 of the outburst) reveals satellite line components at the velocity
position of about ±2400 km s−1 which are an indication of bipolar collimated
outflow. We derived some parameters of the outflows and system’s components
and their evolution during our observation.
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1. Introduction

RSOph consists of a red giant and a massive white dwarf with a heavy mass
loss during activity. Its last 2021 outburst began on August 8.931 and was
observed over the whole electromagnetic domain. Here we report high-resolution
Hα spectroscopy of the system, obtained at days 11–15 (August, 19–23) of the
outburst with the Coudé spectrograph of the 2m RCC telescope at Rozhen
NAO, Bulgaria. We present low-resolution observations (the resolving power is
R ∼ 1100) secured with the 2-Channel-Focal-Reducer Rozhen, attached to the
Cassegrain focus of the 2m RCC telescope as well.

2. Spectral Energy Distribution (SED)

To examine the outflow structure of the outbursting compact object, we built
the SED of the system for the first and last day of the observations. We used
average U , B, V , RC, and IC photometric estimates from the light curves of
the AAVSO database2 taken during our observations from August 19 to 23. The
approximation of the UBV RCIC fluxes showed that for this period Teff of the
pseudophotosphere and Te of the nebula have not changed: Teff =15 000±1 000 K

1Geary, K., 2021, AAVSO Alert Notice 752 (20210809)
2International Database contributed by observers worldwide.
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and Te = 17 000 ± 3000 K. We obtained Reff = (13.3 ± 2.0)(d/1.6kpc) R⊙ and
EM = (9.50 ± 0.59) 1061(d/1.6kpc)2 cm−3 for August 19 and Reff = (10.3 ±

1.6)(d/1.6kpc) R⊙ and EM = (5.60 ± 0.35) 1061 (d/1.6kpc)2 cm−3 for August
23. The SED is presented in Fig. 1 (Tomov et al., 2023).

Figure 1. Left panel: SED for days 11 and 15 (see Tomov et al., 2023). Right panel:

Spectral evolution based on low-resolution spectra (see Nikolov et al., 2023).

3. Hα profile, spectral evolution and mass-loss rate

Our spectral observations reveal a typical behaviour of a nova with a complex
structure dominated by broad Balmer, He, O and Fe lines with some P Cyg pro-
files, evolved towards a supersoft source phase (see Fig. 1). The most prominent
feature on the spectra is the Hα emission line. A P Cyg profile with velocity up
to ∼ −4260 km s−1 (Nikolov, 2023) is detected on day 2 (Aug. 10).

The complex structure of Hα line is better seen in our high-resolution spec-
tra, obtained at days 11–15 of the outburst (Tomov et al., 2023). The Hα profile
has strongly changed – the very sharp emission and absorption spikes, which
were observed at day 2.3 (Munari et al., 2022) on top of the much wider and
stronger emission line, were very weak. The very intensive broad component
had an appreciable asymmetry and very broad low-intensity wings reaching
±3500 km s−1 (Fig. 2). We assume this velocity to be related to nebular mate-
rial ejected by the outbursting component. Hα had very weak satellite compo-
nents at a velocity position of about ±2400 km s−1 as well. We suppose that the
satellite components are an indication of bipolar outflow from the outbursting
component as during the 2006 eruption. It is worth noting that satellite compo-
nents were also present in 2006 (Skopal et al., 2008) and they were much more
intense relative to the central emission of the line than during the 2021 eruption.
To obtain the parameters of the stellar wind and bipolar outflow, we analysed
the Hα profile by means of approximation with different functions, which are
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shown in Fig. 2. The parameters of the satellite components determined by this
approximation are listed in Tab. 1 (Tomov et al., 2023).

Figure 2. Hα line. The spectrum of lowest intensity relates to August 19.

Table 1. Parameters of the satellite components. The flux is in units of 10−10

erg cm−2 s−1, velocity and FWHM in km s−1, linear angle θ in deg, and mass-loss

rate in 10−6(d/1.6kpc)3/2 M⊙ yr−1.

Date Blue Red

F FWHM υ/ cos i θ Ṁ F FWHM υ/ cos i θ Ṁ

Aug 19 3.320 880 3780 35.6 1.2 1.706 670 3500 29.0 0.6
Aug 20 2.846 1000 3720 41.2 1.2 1.608 850 3460 37.5 0.8
Aug 21 2.699 1040 3640 43.8 1.2 1.352 780 3540 33.5 0.6
Aug 22 2.243 1030 3620 43.7 1.0 1.145 840 3500 36.7 0.6
Aug 23 1.559 970 3620 40.9 0.8 0.519 640 3610 26.7 0.3

4. Conclusions

We analysed the Hα profile with the aim being to study the structure of the
outflowing material. We observed a disc-shaped warm shell occulting the central
hot object and bipolar outflow. We find that during the 2021 eruption, about
30%–50% of the nebular emission belongs to the high-velocity wind, the Hα
luminosity of which was less than 2700 L⊙. The mass-loss rate of the outbursting
object through its wind is much greater than through its streams. The total rate
(from wind + streams) was less than (4− 5) 10−5 (d/1.6kpc)3/2 M⊙ yr−1.

Acknowledgements. This work was supported by Bulgarian National Science Fund
under grant KP-06-Russia/2-2020 and RFBR grant 20-52-18015.
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Abstract. During the last decade numerous superflares have been detected
on solar-type stars using broadband photometry from the Kepler and TESS
satellites. Still the spectroscopic exploration of this high-energy phenomenon
is lacking. This exploration would reveal what makes normal flares different
from superflares. The spectroscopic detection of superflares requires dedicated
observational efforts, as this phenomenon is sporadic. We present here one
step of joint observational efforts to spectroscopically characterize superflares.
We focus on the solar-type stars EK Dra, V833 Tau, and BY Dra, as those
are relatively bright and active, and especially V833 Tau shows a high super-
flare rate in TESS data. The spectroscopic observations have been done at the
Skalnaté Pleso observatory operated by the Slovak Academy of Sciences and
the Ondřejov observatory operated by the Czech Academy of Sciences. Coor-
dinated photometry in two filters has been done at Stará Lesná/Skalnaté Pleso
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observatory run by the Slovak Academy of Sciences, ELTE Gothard Astro-
physical Observatory, Szombathely, Hungary, and Lustbühel Observatory run
by the University of Graz, Austria. In total around 24 hours were spent on EK
Dra, 12 hours on BY Dra, and 20 hours on V833 Tau. However, no superflares
have been detected. We discuss detection probabilities and the importance of
studying superflares spectroscopically.

Key words: stars – solar-type – stellar activity – superflares

1. Introduction

Superflares are highly energetic (>1033 erg) outbreaks of stellar radiation (see
e.g. Maehara et al., 2012). Still, their origin and the origin of their emission is
debated. Spectroscopic characterization is one tool to evaluate what makes su-
perflares different from normal flares. Especially what spectral lines are affected
and how the continuum enhancement in the blue spectral range is evolving, are
still open questions.

2. Target stars, results and conclusions

We select three solar-type stars as targets which are relatively bright and show
numerous flares in TESS data (see Table 1).

Table 1. Characteristics of the target stars of the campaign. XUV flare rates have

been determined based on the flare power law from Audard et al. (2000), the Hα flare

rates have been estimated based on Leitzinger et al. (2020), and the TESS flare rates

have been determined by eye from the light curves. The logarithmic X-ray luminosities

have been taken from Güdel (2007) and Hinkel et al. (2017).

spectral type Age logLx XUV/Hα/TESS flare rate V
[Gyr] [erg s−1] [day−1] [mag]

EK Dra dG0 0.1 29.93 50/3/0.5 7.6
BY Dra dK5e+dK7e - 29.92 50/3/1.4 8.2
V833 Tau dK2e 0.65 29.92 50/3/2.8 8.2

In total four observatories contributed to the joint observing campaign:
Ondřejov Observatory, Czech Republic (spectroscopy/photometry) and Skalnaté
Pleso Observatory, Slovakia (spectroscopy/photometry), ELTE Gothard Astro-
physical Observatory, Hungary (photometry), and Lustbühel Observatory, Aus-
tria (photometry). In total three nights were spent on EK Dra, half a night on
BY Dra, and nearly one night on V833 Tau. Comparing these observing times
to Table 1, one can see that regarding the TESS flare rates we should have
detected at least one flare on BY Dra and V833 Tau. But the observations were
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not taken in a row, therefore the probability of observing the star in non-flaring
state is higher.
Flares in optical spectra are identified via an increase in flux of e.g. Balmer
lines (see e.g. Wollmann et al., 2023) and the sudden formation of temperature
sensitive spectral lines. As the involved spectrographs are Echelle spectrographs
(Kabáth et al., 2020) yielding resolving powers of 50000 (Ondřejov) and 38000
(Skalnaté Pleso), we binned the spectra in spectral direction, but even that did
not reveal flaring signatures (for sample spectra see Fig. 1). Also the coordi-
nated photometry (g-, and r-band) did not reveal any flares.
Certainly the total observing time was too short to see flares. However we probed
with few hours on each target the potential of detecting flares on active solar
analogues, and a follow-up campaign is already planned for 2023/2024 with an
improved observing strategy involving consecutive nights. Due to the high flar-
ing state and brightness of V833 Tau this target will be a promising candidate
for detecting superflares spectroscopically.
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Figure 1. Hα spectra of EK Dra, BY Dra, and V833 Tau, obtained from Ondřejov

and Skalnaté Pleso observatories. The spectra have been binned in spectral direction

and are temporally averaged.
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Abstract. Eclipsing binary KIC 7023917 is one of nearly three thousand other
binaries in the well-known Kepler Eclipsing Binary Catalog. However, it has
some uncommon features. We focused on this system because we detected fast
anti-correlated changes on the O-C diagram which could suggest the presence
of apsidal motion. However, these changes are very fast for apsidal motion and
the orbit of this binary is circular. Detailed analysis of the Kepler and TESS
light curves reveals deformation of the light curve by short-periodic pulsations
and the O’Connell effect caused by stellar spot(s). Here, we present our initial
study of this system and a possible explanation of the observed O-C diagram.

Key words: eclipsing binaries – pulsations – starspots

1. Introduction

KIC7023917 is a short-period eclipsing binary (EB) discovered by mission Ke-

pler. Its orbital period is only about 18 hours (0.7728 days). V magnitude is
10.1 and parallax measured by Gaia mission is 2.337 mas what gives distance
∼428 pc. Gaia also estimated temperature the whole system to 7460 K (spectral
type A7; Gaia Collaboration, 2023). However, the temperature of the primary
star should be nearly the same because of the big determined temperature and
luminosity ratio between components.

This EB was observed by Kepler mission in long-cadence mode (30 minutes)
and also by TESS in short-cadence mode (2 minutes) during sectors 14, 40, 41
and 54. In this paper, we use all available data collected by these two missions
and analyse the light-curve (LC) of this EB and changes on it.

2. Light curve: analysing & modelling

The LC is significantly affected by stellar spots and also by the pulsations (see
Fig. 1). The LCs covering about five orbital periods were phased and stacked
together. After that the running mean and binning with a size in phase of
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Figure 1. Part of LC obtained by TESS mission (left) and O-C diagram from Kepler

data (right). Model of studied EB obtained by fitting in ELISa code (bottom).

0.01 were used. Because the pulsations were stacked in different phases, this
procedure cleared their effect on the LC. Using a longer observing period could
also clear out the stellar spots (see Sec. 3) which is undesirable at this step.
We modelled the LC in the software package ELISa (Čokina et al., 2021) while
assuming a cold spot on a secondary component.

From the model, the temperature of the secondary component is 6500 K
(spectral type F6 - F7), the mass ratio is about 0.45 and the orbital inclination
is 60◦. The angular size of the spot is ∼ 20◦.

3. O-C diagram & O’Connell effect

O-C diagram based on data from Kepler (Fig. 1) shows anti-correlated changes
which look very similar to that caused by apsidal motion (AM; e.g. Wolf et al.,
2013). However, these changes are very fast (with a period of 200–300 days) for
considered AM. Data from TESS shows similar behaviour.
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We focused on the O’Connell effect caused by starspots which was already
partially studied by Balaji et al. (2015). We determined the heights of maxima
and the difference between them. We found a very strong correlation between
heights of maxima and values of O-Cs which suggests that the observed O-C
diagram is only the result of the present starspot.

4. Pulsations

Short-period pulsations were detected in the data from TESS. Their periods
(∼50–100 minutes) are too short to be clearly visible also on Kepler data. Our
hypothesis is that the primary component is a δ-Scuti pulsator as was already
noted by different authors (Murphy et al., 2018; Shi et al., 2022).

5. Preliminary results and future plans

We have used Kepler and TESS data to study short-period EB KIC7023917.
This EB is a detached or semi-detached system consisting of the primary star
of spectral type A7 and colder secondary one of spectral type F6 or F7.

The primary component is a δ-Scuti pulsator with pulsation in a period
range of 50–100 minutes. The secondary one contains extensive cold starspot
that deforms LC by the O’Connell effect and probably also caused observed
changes on the O-C diagram. Both effects require further analysis.

In addition, we are performing ground-based spectroscopic and photomet-
ric follow-up observations. We use the OES spectrograph on Perek’s 2-meter
telescope in Ondřejov (Kabáth et al., 2020) to measure precise radial velocity
caused by an orbital motion and to determine basic stellar parameters from
spectra. We observe with the 15-cm Maksutov-Newton telescope at the Astro-
nomical Observatory on the Kolonica saddle to obtain multicolour photometry
(Sloan’s filters g′, r′ and i′ are used) for better characterization of this EB
(mainly temperature ratio).
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the support by Inter-transfer grant No. LTT-20015.
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Abstract. We keep investigating the new variable of Delta Scuti type 2MASS
J13122513+5443409 discovered by our group previously. We have analyzed
the data obtained not only from the relatively small telescopes of Slovakia
and Ukraine, but also from the TESS mission. We calculated the pulsation
period and amplitude using the Lomb-Scargle periodogram. We found that
the dominant period is about 0.079 days. However, the oscillations displayed
beating, indicating the presence of several pulsation frequencies.

Key words: δ Scuti – pulsating stars – variable stars

1. Introduction

Our team has discovered a variable star (Table 1) in the white dwarf SDSS
J131156.70 + 544455.8 field (Figure 1) during photometric observations.

Subsequent observations yielded a variation period P of 0.079075 ± 0.000003
days. The brightness amplitude varied, reaching a peak of 0.1 magnitudes and
a minimum of 0.02 magnitudes. The period and amplitude of the variations
suggest the star could belong to the Delta Scuti pulsating variables. This type
usually includes giants or main sequence stars of spectral classes from A0 to
F5 with a magnitude variation amplitude ranging from 0.

m
003 to 0.

m
9 and a

period of several hours(Breger, 2000). The shape of the light curve, period, and
amplitude typically undergo significant changes. We keep studying the star with
additional photometric data obtained from Stará Lesná Observatory (Slovakia),
Lisnyky (Ukraine), MAO (Ukraine), and the TESS mission. The basic properties
of the star, taken from the Simbad database (Wenger et al., 2000), are shown
in Table 1.



Photometric study of the Delta Scuti variable 2MASS J13122513+5443409 in UMa 199

Figure 1. Color frame of variable star field created from the SDSS-frames obtained

in different filters. The arrows indicate a new variable star and a comparison star

2. Observations

Ground-based photometry was made using telescopes in Slovakia (Stara Lesna)
and Ukraine (MAO, Lisnyky station, Mayaky station). Their main characteris-
tics are given in Table 2. There were 22 observation nights in total. Mainly we
have observed in integral light, but Johnson filters BVRI were also applied later.
Exposure time ranged from 30 to 120 seconds depending on the filter, telescope,
and weather conditions.

The Transiting Exoplanet Survey Satellite (TESS), a NASA space telescope
designed for discovering exoplanets through the transit method, offers high-
precision photometry (Ricker, 2015). In 2019, TESS performed observations in
the 15th sector over 26 days with an exposure time of 30 minutes. The data was
downloaded via package Lightkurve (Lightkurve Collaboration et al., 2018). It
was automatically processed and detrended with TASOC pipeline (Handberg
et al., 2021; Lund et al., 2021) and contains 1197 data points.
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Table 1. Basic properties of the star 2MASS J13122513 + 5443409

ICRS coord. (ep=J2000) 13 12 25.138 +54 43 40.944
Parallaxes (mas): 0.2960 [0.0239]
Spectral type A7.8 D
Magnitudes (mag) G 14.3485 [0.0008]

J 13.730 [0.025]
H 13.739 [0.037]
K 13.693 [0.053]

Table 2. The main characteristics of available telescopes

Observatory Telescope Number Aperture FOV
of nights [cm] [arcmin]

Lisnyky
(Ukraine)

Schmidt-Cassegrain
Celestron-14”

6 35 7×7

Stará Lesná
(Slovakia)

Cassegrain 13 60 14×14

MAO
(Ukraine)

Schmidt-Cassegrain
Celestron-14”

1 35 18×14

Mayaky
(Ukraine)

Ritchey–Chrétien
OMT-800

2 80 59×59

TESS NA 26 10.5 1440×1440

3. Results

Because of various exposure times and precision, we conducted separate analyses
of the photometric data obtained from TESS and ground-based telescopes. In
the primary instances, we employed the Lomb-Scargle periodogram technique
to identify periodicities within our dataset (Scargle, 1982).

Our periodogram derived from the TESS data is displayed in Figure 2. We
clearly can see three prominent periods of 113.85±0.12(I), 120.86±0.13(II), and
122.39±0.12(III) minutes. Almost the same periods were found in the combined
data from ground-based telescopes (Figure 3) listed in Tab. 2: 113.86± 0.12(I),
121.73 ± 0.12(II) and 122.38 ± 0.12(III) minutes. Full periodograms of both
ground-based and TESS data are displayed in Figure 4. For better comparison,
the results are listed in Table 3.

It is worth noticing that the combination of two or more close frequencies re-
sults in beating which means that the amplitude of the combined signal changes
periodically. Such a pattern is demonstrated in Figures 5 and 6.

To check our results, we fitted the TESS lightcurve with the combination
of 3 harmonic oscillations (Figure 5 ). The obtained periods are in good agree-
ment with the ones we got from the periodogram - 113.85(I), 120.86(II), and
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Figure 2. Periodogram based on the TESS data.
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Figure 6. Lightcurve from the ground-based telescope in Stara Lesna (black) with

our model (green). The amplitude is decaying at this part of observations

122.39(III) minutes. Amplitudes are estimated as 0
m
.009, 0m.008, 0m.0075 re-

spectively. The same periods within the error we obtained from data collected
with small telescopes (Figure 6), despite the light curve and periodogram being
noisy. Both fits are good but not perfect, leaving the root mean square resid-
ual of 0m.007. At least three significant frequencies are present in the periodic
oscillations of our star. This phenomenon is not particularly rare.

Table 3. Values of the periods in minutes based on TESS and ground-based data

Ground-based 113.86± 0.12 121.73± 0.12 122.38± 0.12

TESS 113.85± 0.12 120.86± 0.13 122.39± 0.12

Freyhammer et al. (2001) reports findings of 13 δ Scuti stars with ten of
them exhibiting oscillations in two or more frequencies.

4. Conclusions

We found at least three significant frequencies in the oscillation spectra of
2MASS J13122513+5443409. The combination of these frequencies results in
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beating with a dominant period of about 32 hours. Multiperiodic Delta Scuti
stars are of great interest to astroseismology as they offer a unique opportunity
to probe the complex physical processes occurring within the stellar interiors. By
analyzing their pulsation frequencies and modes, researchers can gain insights
into properties such as stellar ages, masses, and evolutionary stages.
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Abstract. We report on follow-up studies of transient events and objects,
which have been conducted in recent years using ground-based optical obser-
vations. BVRI photometry has been performed with small and medium-sized
telescopes located in Europe and North America. The purpose of these studies,
which are mainly focused on objects of unknown nature, is to reveal features of
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their variability that are critical for classifying the transients and understand-
ing their evolution.

We present here some results obtained from long-term monitoring of tran-
sients Gaia18aes, Gaia19bpg, as well as the quasar 4C +21.35.

Key words: Stars: variables: individual: Gaia18aes, Gaia19bpg – Galaxies:
quasars: individual: 4C +21.35 – Techniques: photometric

1. Introduction

Follow-up photometry is an important component of astrophysical studies, help-
ing to reveal the nature and characteristics of stellar objects and transient
events. Ground-based small- and medium-aperture telescopes, equipped with
additional instruments and sensitive CCD cameras, are still able to provide good
enough opportunities for short- and long-term observation programs, especially
in response to survey alerts.

Today, these telescopes are actively involved in monitoring objects from the
Gaia Science Alerts program, ASAS-SN, GRANDMA, and other projects.

2. Observations and results

Our research activities are focused on follow-up studies of recently detected
transients and variable sources (CVs, QSO, etc.). A lot of objects have been con-
tinuously observed over the years in collaboration with research groups at other
observatories. In our work, we used mainly photometric data gathered at the
Terskol Observatory (Tarady et al., 2010) in 2018-2021 and supplemented them
with observations, which have been performed at other observatories (Table 1).
Most of the datasets were obtained using filters close to the Johnson-Cousins B,
V , Rc, and Ic system. Standard processing was applied to reduce data (i.e., de-
biasing, dark subtracting, flat-fielding); for details, see Oszkiewicz et al. (2020)
and Troianskyi et al. (2023). Measurements were done using MaxIm DL1 and
MPO Canopus2 software. Magnitudes of comparison stars were usually taken
from the Gaia and Pan-STARR catalogs. Additionally, we used information and
datasets available at the Cambridge Photometric Calibration Server3.

Here we provide some findings for the three objects, which have been ob-
served over the last five years.

2.1. Gaia18aes

The bright blue declining transient on faint blue SDSS source Gaia18aes /
AT2018ik was discovered on 2018-01-17 and reported on 2018-01-19 by the

1 https://diffractionlimited.com/product/maxim-dl/
2 http://www.bdwpublishing.com
3 http://gsaweb.ast.cam.ac.uk/followup
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Table 1. Telescopes and detectors used for the BVRI photometric observations.

Telescope Observatory Detector Aperture IAU Object Date of

[m] code observations

Zeiss-2000 Terskol FLI PL4301 2.0 B18 Gaia18aes 2018-2020

Gaia19bpg 2019-2021

Zeiss-600 Terskol SBIG STL-1001 0.6 B18 Gaia18aes 2018-2019

Gaia19bpg 2019-2021

4C +21.35 2020

B&C Kitt Peak ARC Camera 0.96 G82 4C +21.35 2023

IAC80 Teide CAMELOT2 0.82 954 4C +21.35 2023

AZT-8 Kyiv Comet FLI PL4710 0.7 585 Gaia18aes 2018-2023

Station Gaia19bpg 2019

4C +21.35 2018, 2023

0.61-m Skalnaté Pleso SBIG ST-10XME 0.61 056 Gaia19bpg 2023

4C +21.35 2023

0.6-m G2 Stará Lesná FLI ML3041 0.6 - Gaia18aes 2019-2020

Gaia Photometric Science Alerts team at magnitude G = 15.774. On the Gaia
images from 2017-12-30, the object was fainter than the limiting magnitude
G = 21.5; therefore, at the time of its discovery by Gaia, the object became
brighter by more than 5.7 mag. Two previous brightenings of this source were
recorded by Catalina Real-Time Transient Survey on 2014-02-27 and 2015-02-
26 with the unfiltered GSS magnitudes of 16.78 and 17.36, respectively (as
CSS140227:111652+011436; Drake et al. (2009)). Most recently, on 2022-06-25,
Gaia detected another outburst of Gaia18aes at magnitude G = 16.59.

We had begun to observe Gaia18aes using the astronomical facilities of the
Kyiv Comet Station (Lisnyky) and the Terskol Observatory, just after the Gaia
alert was published. On the images obtained on 2018-01-26 at Lisnyky, the object
was detected at magnitude R ∼ 17 indicating a fading trend in the brightness of
the source. The light curve revealed a variability with a period of 0.056(3) h and
amplitude of 0.65 mag (see Fig. 1 (the inset)). Further observations in March-
April 2019 at Terskol and Stará Lesná revealed a new flare (Fig. 1).

We calculated the color indices for the object and compared them with those
for black bodies of various temperatures. Based on the results obtained (Fig.
2), we can conclude that the object’s color temperature is typical for dwarf
novae during an outburst. Generally, the photometric behavior of Gaia18aes
over a 5-year observation period allows us to suggest that this object could be
a cataclysmic variable of U Gem type, by subtypes UGSS or UGSU; further
observations are needed to clarify this.

4 http://gsaweb.ast.cam.ac.uk/alerts
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Figure 1. Multi-band photometric measurements of Gaia18aes in 2018-2019. (Image

from http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia18aes/ supplemented with mea-

surements at Stará Lesná). The inset: Light curve of Gaia18aes from R-band ob-

servations on 2018-01-26 at Lisnyky.

Figure 2. Two-color diagrams of Gaia18aes. The Main Sequence and blackbody lines

with temperatures are plotted in green and gray, respectively. The blue dots show the

position of Gaia18aes on the first and second days of observations at Stará Lesná in

2019. The positions of neighboring field stars are marked by red asterisks.
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2.2. Gaia19bpg

On 2019-04-29, the Gaia Photometric Science Alerts Team5 reported activity
from a red Galactic plane source at coordinates R.A. = 325.46012 deg, Dec.
= +51.92930 deg: its brightness increased by 1.5 mag over 8 months and reached
a magnitude G = 14.62. We have observed this transient Gaia19bpg in 2019-2023
in the BVRI bands (Fig. 3). The light curves show an upward trend in brightness,
which continued over 20 months up to the magnitude of about G ∼ 12.7. By the
turning point in April 2021, the brightness began to decline, although a short-
term re-brightening was observed in November 2021-January 2022 when the
magnitude changed from G ∼ 14.04 to G ∼ 13.48. The multi-band photometric
monitoring revealed a color evolution of the object; significant changes in colors
were detected especially after the brightness peak. In particular, for the observed
period of 4.5 years, V-R color shifted to red from 1.1 mag to 1.6 mag indicating a
decrease in the temperature of the object. Generally, the photometric behavior
of Gaia19bpg is similar to that of a symbiotic nova in outburst (Merc et al.,
2023). The current spectroscopic observations are expected to help classify this
object.

Figure 3. Multi-band follow-up observations of Gaia19bpg. The Gaia light curve is

combined with photometric measurements provided by the observatories listed in Table

1 (Gaia data from http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia19bpg/).

5 http://gsaweb.ast.cam.ac.uk/alerts
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2.3. Quasar 4C +21.35

The quasar 4C +21.35 (often termed PKS 1222+216) is a Seyfert 1 Galaxy at
redshift z = 0. 435, which was discovered in the 1960s as a radio source. Since
the 1990s, it has also been known as a variable X- and gamma-ray source.

Figure 4. The photometric behaviour of 4C +21.35 in 2016-2023. Our observations

are superimposed on the light curve provided by the Frankfurt Quasar Monitoring

Project (http://quasar.square7.ch/fqm/1222+216.html).

Our photometric observations of this object started in 2016 (Ponomarenko
et al. (2019); Fig. 4). In this paper, we focus on an outburst, which was observed
in March-April 2020 at the Terskol Observatory. Observations were carried out
through BVRI filters that allowed us to investigate the color variability of the
source during the outburst. The results of our analysis are as follows: (i) the ob-
ject reached a minimum brightness before the outburst; (ii) during the outburst,
the colors (B−V) and (V−R) showed a reddening with increasing brightness
(Fig. 5) that indicates the thermal emission from the accretion disc; (iii) in a
quasi-quiet state, B−V and V−R colors of the object remain constant within ±

0.1 mag. It should be noted that during the 2020 outburst no noticeable increase
in the activity of the quasar 4C +21.35 in the X-ray or gamma-ray wavelength
range was detected (for instance, see Fermi-LAT Data6).

6 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/index.php
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Figure 5. (B−V) and (V−R) color indices as a function of V magnitude during the

outburst of 4C +21.35 in 2020.

3. Conclusions

Follow-up observations with small and medium-sized telescopes provide useful
information, especially on the photometric short- and long-term variability of
transient events.

Systematic, integrated use of these telescopes leads to the early detection of
changes in the behavior of objects and better information about their evolution.
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Abstract. For symbiotic nova RT Ser, we corrected the orbital period by using
the analysis of long-term wave-like variability in B passband, the new value is
4431(±22) days. When analyzing the observations in the V-band, the cycles of
the variability of about 93-107 and 159 days were found, which are probably
caused by the multiperiodic pulsation variability of a red giant.

Key words: stars – symbiotic – photometry

1. Introduction

RT Ser showed a symbiotic nova outburst that started in 1909 with maximal
brightness in 1920 and followed by a decline in brightness and its wave-like vari-
ations after about 1970 (Payne-Gaposhkin & Gaposhkin (1938), Shugarov et al.
(2003)). For the first time, the existence of an orbital period of about 10 years in
this system was suspected by Pavlenko et al. (1996). Then, as the result of the
analysis of photographic observations over a 40-year interval (Shugarov et al.
(1997), Shugarov et al. (2003)), it was possible not only to confirm the binarity
of the system but also to correct the orbital period, which was determined to
be about 4500 d. In the cited paper, a preliminary model of this broad binary
system was proposed.

The main parameters of the system were estimated by Murset & Nuss-
baumer (1994): spectral class A8 (1919-21, in outburst), with the temperature
of white dwarf rising from 7500 K to over 120000 after 1980, and by Rudy
et al. (1999): spectral class of the red component M5.5, distance about 5.8 kpc,
E(B-V)=0.64(±0.1).

2. Observations

The photometric observations were made using the telescopes of the Astronom-
ical Institute of Slovak Academy of Science. Observations from August 2002 to
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May 2012 were performed at the 50/225 cm Newton telescope (G1) with the
CCD camera SBIG ST-10XME in BVRI passbands. Then (up to October 2023)
at telescopes G1 and G2, but both Zeiss 60/750 cm, using cameras G4 Moravia
Instrument (BVRI) or FLI-ML3041 (UBVRI). The magnitudes of comparison
stars were taken from Henden & Munari (2006). The old observations in the
Bpg and B passbands were described by Shugarov et al. (2003). In this article
we will denote these close photometric systems as ”B”.

We used B-observations for analyzing the long-term wave-like brightness
variations and our V-observations together with ones made by AAVSO observer
Shawn Dvorak (DKS) for search of possible pulsation periods.
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Figure 1. Observations and long-term wave-like brightness variations

3. Long-term wave-like brightness variations

Figure 1 shows wave-like brightness variations in the B passband. Similar bright-
ness variations were observed in some symbiotic variables during the grad-
ual decline after the symbiotic nova outburst and transition to the quiescent
phase. Such effect was observed in AG Peg, V1329 Cyg, V426 Sge (Skopal
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Table 1. Extrema and cycles of Long-term wave-like brightness variations

Momemts error cycle lengths error

Minima

44267 33
48779 72 4512 79
53187 114 4408 135
57595 139 4408 180

Maxima
46351 60
50856 44 4505 74
55150 170 4294 176
59592 209 4442 270

et al. (2020)), PU Vul (Cúneo et al. (2018)) and other variables. According to
Skopal (2001), this type of variability is caused by the optically thick part of
the symbiotic nebula (ionized by the hard radiation from the white dwarf),
whose contributions are different at different orbital phases. Shugarov et al.
(2003) studied wave-like brightness variations of RT Ser and found the ephemeris
JDmax = 2446550(±50)+4520(±80)·E with a slightly asymmetrical light curve.
We analyzed the observations in B passband from JD 2437846 to 2460215, to-
taling 288 magnitudes (one per night). Approximation with the trigonometrical
polynomial of the first degree with a linear trend (Andronov (1994); Andronov
(2020), realized in code of Andronov & Baklanov (2004)), gives the ephemeris

JDmax,B = 2446406(±21) + 4431(±22) · E (1)

We have tested hypotheses of statistical significance of higher degrees s of
the trigonometrical polynomial. The false alarm probabilities (FAP), according
to Fischers distributions are 15·10−8 and 0.185 for s = 2 and s = 3, respectively.
So this criterion allows us to accept s = 2. The trigonometrical polynomial of the
second degree with linear trend gives JDmax,B = 2446434(±20)+4384(±19)·E.

However, the best r.m.s. accuracy of the approximation at the times of obser-
vations 0.m020 corresponds to the sinusoidal shape (s = 1), and increases by 12%
for s = 2. The trend is linear during the interval of observations, the parabolic
and higher degrees of the polynomial are not statistically significant. Thus we
accept s = 1, which corresponds to the best accuracy of the approximation.

We also calculated moments of extrema during this variability in the B pass-
band using the Asymptotic parabola method (Marsakova & Andronov (1996);
Andrych et al. (2020)). Moments and cycle lengths between them are listed in
Table 1. We suppose that this cycle becomes shorter with time (our value of the
mean period is also shorter than one obtained by Shugarov et al. (2003))

4. Search for pulsation periods

Pavlenko (1997) suspected two periods (213 and 94 days) connected with red
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giant pulsations by using the observations on TV-complex, including a 50-cm
telescope in BVR (1983-96). We built the periodogram (Andronov (1994); An-
dronov (2020)) using the joint set of our and AAVSO V-observations and also
the periodogram for these series with subtracted sinusoidal 4431.4-days wave.
These periodograms are shown in Fig 2. One can see the high peaks near 94,
107, and 160-day values, which could represent the pulsation cycles of the red
giant. However the periodogram for our R-observations (not so numerous, but
also not showing the long near orbital wave) shows the highest peaks near 170
and 156 days.
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Figure 2. Periodogram for I and V-observations (initial and detrended)

We built two-periodic approximations of V-series with 93.5, 107, and 160-
day secondary periods (the first period always was 4431 days). After differential
corrections in these models, we obtain the more precise values 93.6±0.2, 107.9±
0.2, 159.3 ± 0.4. The same fragment of the light curve is shown in Fig.3 with
different two-periodic approximations. As one can see, 159.3d fits well cycle near
JD 2456770, but looks too long in some other time intervals. 93.6d represents
the best approximation near JD 2456300-500 but shows at least a significant
phase shift in the interval after JD 2456770. The period value of 107.9d fits well
cycle near JD 2457100, but also shows phase shifts and is bad for last year’s
oscillations. So we can conclude that there are cyclic oscillations but they are
not strictly periodic.

5. Conclusion

We corrected the ephemerid of the long-term wave and suspected that the cycle
was getting shorter. We found the cyclicity from about 90 to 170 days and
supposed that the pulsating variability of the red giant is not strictly periodic.



Multiwavelength research of the cyclic variability of symbiotic nova RT Ser 217

56000 58000 60000
17.0

16.5

16.0

15.5

15.0

14.5

14.0

13.5

13.0

93.6

159.3

V

JD - 2400000 

107.9
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Abstract. We have selected suitable 6 exoplanetary candidates from the TESS

database which were observable using a network of small ground-based tele-
scopes to collect photometric transits during follow-up observation. We have
made a new reduction of TESS photometry using a custom aperture, as well
as reducing the ground-based aperture photometry. We have refined the pe-
riod of transits and constructed O−C diagrams. Mean transit was fitted in all
observed photometric filters and we derived individual candidate’s physical pa-
rameters. Using the colour indices during transit, we hint at the exoplanetary
nature of candidates. Three targets TOI-1518b, TOI-2046b, and TOI-2109b
were confirmed as exoplanets by other authors during the writing of this the-
sis. Here, we have provided an independent evaluation and analysis, without
any knowledge of their results. TOI-3856.01 is among the targets more likely a
substellar object based on my results, but it has not been confirmed yet. In the
case of TOI-1834.01, we have proposed another scenario incompatible with the
original assumption that it was an exoplanetary candidate and we assume that
it is a hierarchical triple system. TOI-3604.01 was also modelled concerning
parasitic light in the aperture. Individual models suggest a body too large for
an exoplanet.
Key words: Planetary systems – Binaries: eclipsing – Techniques: photometric

1. Introduction

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015) is a NASA
space all-sky survey that continuously monitors strips of the sky for ∼ 27 con-
tinuous days (i.e. sectors) alternating between the north and south hemispheres.
The cadence of observation was at first 30min, 2min and later 20 s for selected
targets. The detector bandpass spans from 600 – 1040 nm and is centred on
the traditional Cousins I-band (λeff = 786.5 nm). The red part is preferred for
increased sensitivity to small planets transiting in front of cool, red stars, but
lacks the colour information of standard photometric filters.

We have selected six TESS objects of interest (TOIs) that were still consid-
ered candidates for exoplanets (see Tab. 1) in 2021. The selection criteria had
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Table 1. Preliminary transit properties of target TOIs at the start of the campaign:
host star magnitudes in TESS and V bands, normalized depth of transit ∆F , transit
duration tT , and period P .

TOI 1518.01 1834.01 2046.01 2109.01 3604.01 3856.01
TESS [mag] 8.75 11.50 11.00 9.79 11.73 11.66
V [mag] 8.95 12.15 11.55 10.22 12.51 12.29
∆F [%] 0.98 2.11 1.47 0.67 1.49 1.29
tT [h] 2.35 1.85 2.41 1.80 1.64 1.51
P [d] 1.90261 1.21681 1.49718 0.67249 1.06669 2.04345

to ensure observability in Central Europe (Dec > −10 deg), a higher occurrence
of transits per night (P < 2.2 d, tT < 3 h), and bright host stars (V ≤ 12.5mag)
with deep transits (∆F ≥ 0.65%) enough for sub-metre telescopes. We planned
the observation with TransitFinder (Jensen, 2013) and coordinated observers
who were part of ETD (Poddaný et al., 2010), ExoClock (Kokori et al., 2022),
and MuSCAT2 (Narita et al., 2019) projects (see Acknowledgements). This ar-
ticle is based on results of the master thesis by Mesarč (2023).

2. Reduction

The available TESS data of our targets covered 2–5 sectors per object during
the September 2019 – December 2022 time frame. In total, 316 individual tran-
sits were identified. TESS data were reduced independently of the pipeline first
by TPF (Target Pixel File) identification using Python package lightkurve

(Lightkurve Collaboration et al., 2018) with custom pixel aperture for each
TOI using tpfplotter (Aller et al., 2020). Each FOV was individually visually
inspected for nearby transit-like variable signals in each pixel of the selected
aperture and close vicinity. Individual sectors (with 20 s, 2min, and 30 min ca-
dence) were treated separately. Outliers were removed by Sigma clipping, tran-
sits were identified and incomplete ones were omitted for further analysis. For
TOI-3856.01 we also had to correct for momentum dumps. Afterwards, our
custom-mask flux was de-trended using exoplanet package (Foreman-Mackey
et al., 2021).

Follow-up observations took part from May 2021 to April 2022. In total,
136 transits were observed at 27 sites with the help of 33 observers in the
campaign. Telescopes with diameters 150-1520mm were used. Various observers
had different photometric passbands at their disposal: Johnson BV RI, Sloan
g′r′i′z′, or filter-less clear or luminance band.

For the basic photometric reduction, the HOPS software (Tsiaras, 2019) was
used. This allowed for the use of multiple check stars with a circular aperture
automatically determined by the stellar FWHM. In each field, we have selected
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Table 2. Comparison of our results to those models from papers published during the
preparation of the master thesis. Individual papers are: C21 = Cabot et al. (2021),
K22 = Kabáth et al. (2022), and W21 = Wong et al. (2021).

Parameter TOI-1518b TOI-2046b TOI-2109b
This work C21 This work K22 This work W21

RP /RS 0.0819(6) 0.0816(2) 0.1173(8) 0.1213(19) 0.1022(20) 0.0988(13)
a/RS 2.14(1) 2.27(2) 4.53(5) 4.75(18) 4.13(1) 4.29(1)
b 0.785(6) 0.748(7) 0.60(2) 0.51(6) 0.882(6) 0.904(6)
i [deg] 68.9(3) 70.7(4) 81.8(3) 83.6(9) 77.7(2) 77.8(2)
tT [h] 2.070(12) 1.801(13) 2.591(10) 2.410(31) 2.395(18) 2.347(8)
ρ∗ [g cm−3] 0.417(50) 0.417(55) 0.859(101) 0.890(98) 0.341(56) –
∆F [%] 0.667(6) 0.665(4) 1.476(18) 1.627(9) 1.044(16) 0.976(8)

4–7 check stars so that they show no signs of variability. A standard dark and flat
calibration of all frames was performed. From the check stars available in each
FOV, an artificial star was constructed to do the relative aperture photometry.

3. Modelling of transits

The total de-trended TESS light curve (LC) was analysed with a box-fitting
least-square algorithm by Kovács et al. (2002) to find period P and starting
epoch T0 for the transit ephemeris. This was used to predict follow-up ground-
based observations. We have constructed the phased TESS LC and selected the
region ±4 hours around the mid-transit.

Using the mean transit shape, we were able to find more precise times of
mid-transit for 30-minute TESS cadence even when each transit was covered by
only a handful of points. The data was used to construct an O − C diagram.

TESS transit model was calculated using the pyaneti code by Barragán
et al. (2019). The code utilises the MCMC method to compute transit param-
eters: the planet-star radius ratio RP /RS , the ratio of the semi-major axis to
the stellar radius a/RS , inclination i of the orbital plane (or the impact pa-
rameter b), duration tT . The limb-darkening coefficients were adopted using a
parametrization proposed by Kipping (2013).

The ground-based transits were modelled by the HOPS package (Tsiaras et al.,
2016). The necessary stellar limb-darkening coefficients were calculated with
the ExoTETHys package (Morello et al., 2020) for each passband using the non-
linear law by Claret (2000) and the stellar parameters were taken from NASA
Exoplanet Archive.
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Table 3. Our results of assumed exoplanet transit models of TOIs without known
paper published before May 2023. Note: for TOI-3604.01, model A treats all light
as a single star in TESS pixel, while model B assumes half of the observed flux as
contamination.

Parameter TOI-1834.01 TOI-3604.01 TOI-3856.01
A B

RP /RS 0.1485(59) 0.1219(20) 0.1599(7) 0.1135(24)
a/RS 3.25(6) 4.38(8) 5.50(3) 6.13(22)
b 0.891(9) 0.724(49) 0.818(26)
i [deg] 74.1(4) 81.0(5) 86.5(9) 82.3(5)
tT [h] 2.178(27) 1.689(15) 1.715(9) 1.942(40)
ρ∗ [g cm−3] 1.332(162) 1.407(360) 1.407(360) 0.957(201)
∆F [%] 2.206(37) 1.585(40) 2.556(28) 1.289(13)

4. Results

Since the TESS detector has 21-arcsec pixel scale (see Ricker et al., 2015), we
had to check if there are more light sources at the target TOIs position below this
resolution. We have used publicly available speckle polarimetry from SAI 2.5-m
telescope (Safonov et al., 2017), Alopeke Speckle Instrument at Gemini-North
telescope (Howell et al., 2016; Howell & Furlan, 2022), and PHARO instrument
at Palomar 5-m telescope (Hayward et al., 2001) of angular resolution in range
of 20-89 mas. Only in the case of TOI 3604.01, there was a visible detection of
another source within 0.3 arcsec off the target.

Some transit parameters from independent modelling of confirmed exoplan-
ets during this work are listed in Tab. 2 and as of date non-confirmed candidates
are in Tab. 3. We have additionally revised the linear ephemerides (Tab. 4) by
incorporating every observed minimum.

Ground-based observations taken in different filters were analyzed separately.
Parameters RP /RS , a/RS , and i were found for each passband. The relation
between RP /RS and λeff of filter shows “jumps” similar to rigorous models (see
e.g. Fortney et al., 2010). TOI-1834.01 is an exception to this, which seems to
have a monotonous function RP /RS ∝ λeff but only from V R+ r′i′ passbands.
It is also the only system with a periodic O−C signal, with ∼ 10-min amplitude
and a period of 80.3501± 0.3149 days.

Our multi-colour ground-based photometry allowed us to construct a differ-
ential colour transit LC. While no sufficiently precise spectroscopy was available
for us, we still wanted to limit the possibility of false detection by investigating
the limb-darkening profile of the transiting body. If the second component is a
star on an inclined orbit, it would produce shallow grazing eclipses. However, a
star has a different limb-darkening profile than an exoplanet with a night side
facing the observer. According to Tingley (2004), exoplanetary transits produce
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a double-horned profile in differential colour transit LC while a close binary
shows no such feature.

Only a handful of our ground-based transits were observed in two or more
filters during a single night. We have constructed a model LC for each colour.
Then, by subtracting any two models we created an artificial colour LC in arbi-
trary phases to cover the full transit. The more distant the effective wavelength
of bands, the higher the signal.

Table 4. Updated periods (P ) and reference time of primary transit (T0).

Object T0 [BJDTDB ] P [d]
TOI-1518b 2459854.414430(41) 1.90261125(9)
TOI-1834.01 2458928.271637(210) 1.21644035(28)
TOI-2046b 2459883.844897(58) 1.49718679(15)
TOI-2109b 2459718.730971(82) 0.67247386(17)
TOI-3604.01 2459825.953340(850) 1.0666837(427)
TOI-3856.01 2459609.405178(2180) 2.04360450(119)

We have used all identified transits from TESS as well as ground-based
follow-up to construct the O − C diagram. Except for TOI-1834.01 (Fig. 1),
no other target shows a meaningful signal. The most notable part of O − C
is taken during TESS sector 49 (February 26 – March 26, 2022). We have
modelled this part and the whole O − C using the code OCFit by Gajdoš &
Parimucha (2019). We have fitted a simple 3-body scenario with MCMC result-
ing in P3 = 80.35013±0.31488 d on a short (a3 sin i3 = 1.161±0.157 au) eccentric
(e3 = 0.265 ± 0.135) orbit. It is a similar solution to that of Czavalinga et al.
(2023) which was published shortly before submitting the thesis. The problem
is that considering the total O−C amplitude is caused solely by LITE leads to
unrealistic large mass function f(m) = 32.33M⊙.

We have also tried to model the transit of TOI-1834.01 as a grazing binary
with the code RMF by Garai et al. (2020). The simplest case was to assume
M2/M1 = R2/R1 and fit a model spectrum to the spectral energy distribution
fixed around VizieR photometry. The best-fitting temperature was 5200 K cor-
responding to K0 spectral type or ∼ 0.79M⊙, ∼ 0.85R⊙ (based on tables by
Cox (2000)). We can use equations 8 and 12 from Borkovits et al. (2016) to
estimate amplitudes of LTTE and dynamical effects (for M1 = M2 = M3) as
ALTTE = 78.68 s and Adyn = 567.38 s, respectively. This is already enough to
explain the observed 10-minute amplitude of O − C.

TOI-3604.01 is the only target resolved by speckle interferometry in near-IR
into two sources of similar apparent luminosity separated by 0.3 arcsec. We have
thus removed a constant 50% of total TESS out-of-transit flux and constructed
a new model (B in Tab. 3) from the normalized treated flux. In this case, the
supposed exoplanet orbiting one of the two stars had to be ∼ 30% larger than
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Figure 1. The O − C diagram for TOI-1834.01 constructed with the updated
ephemeris T0 = 2458925.271637 + 1.21644035× E.

initially assumed, making it more likely to be a low-mass star. The parent object
is also a very active red dwarf. Lambert et al. (2023) found maybe a similar
(by RP /RS) object TOI-5375.01 which hosts a brown dwarf/low-mass star at
hydrogen-burning limit with ∼ 83.8± 2.1MJ.

TOI-3856.01 was at the time of this work not independently analyzed. The
transit model based on ground photometry gives RP /RS ∈ [0.112, 0.128] in
seven different passbands (c.f. with Tab. 3). With stellar radius R⋆ = 1.12864R⊙

(taken from the EXOFOP page), this gives the candidate radius as RP ∈

[1.26, 1.44]RJ. The U-shaped single colour transits and double-horned differ-
ential colour transit suggest this object may be a hot Jupiter on ∼ 0.034 au
orbit.

5. Conclusion

We have selected six exoplanetary candidates as indicated by the TESS pipeline.
From TESS photometry, we modelled their transits and got independent solu-
tions for TOIs 1518b, 2046b, and 2109b. The TOI-1834.01 was independently
found to be most probably a hierarchical triple star system of late K-type stars.
Based on the corrected flux in TESS aperture, we found TOI-3604.01 to be
probably a very low-mass star close to the hydrogen-burning limit. Based on
our analysis, TOI-3856.01 appears to be a sub-stellar object.
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Abstract. Evolved eclipsing binaries, featuring a white dwarf or a subdwarf
companion on relatively short orbital periods of a few hours, exhibit interesting
characteristics in their eclipse timing variations (ETV), analysis of which brings
several advantages. Firstly, their small total masses enable us to detect substel-
lar mass objects by observing the light-time effect, due to a subtle wobbling of
the binary system around the barycenter. Additionally, the short orbital peri-
ods of these binaries allow for the accumulation of a large dataset comprising
numerous observations, facilitating rigorous analysis and enhancing statistical
significance. Moreover, their minima profiles have symmetric V-shapes in most
cases, which decrease the uncertainties in the measurements of minima timings.
In this study, we collect and analyze all available photometric data from the
Transiting Exoplanet Survey Satellite (TESS), using observation cadences of
both 20 and 120 seconds for such systems identified by various surveys. Our
sample includes more than 60 evolved eclipsing binaries, whose primaries are
either white dwarf or subdwarf companions. By calculating mid-eclipse tim-
ings, we construct detailed ETV diagrams and apply the Lomb-Scargle period
analysis to determine the amplitudes and periods of their ETVs.

Key words: binaries: eclipsing – methods: data analysis – planetary systems

1. Introduction

The Eclipse Timing Variation (ETV) method is a well-known and useful tool
for detecting additional objects within a binary system. This method relies
on analyzing the cyclic variations in eclipse times, which are caused by the
radial component of the binary’s orbit around the barycenter, influenced by the
presence of one or more additional objects.

The emergence of the eclipse signal with varying distances to observers in-
duces the light-time effect (LiTE), also known as the Roemer delay. In many
cases, the precision of timing data and the relatively simple system complexity,
such as a small number of bodies and large orbital separations, allow for the
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use of elliptical orbit models (Keplerian orbits) to sufficiently model ETVs with
LiTE. However, as photometric precision increases, perturbations between the
bodies necessitate the use of Newtonian approaches to precisely determine the
orbital properties of such systems. It’s important to note that other cyclic ETV-
causing mechanisms, like the magnetic activity cycles of late-type companions,
can produce signals that mimic those of additional objects.

The ETV method has detected numerous substellar mass circumbinary ob-
jects (Baştürk et al., 2023). However, the history of ETV searches for substellar
objects includes both successful detections and rejections. The lack of indepen-
dent confirmation methods has contributed to the variability in these ETV anal-
yses. Long-period ETV modulations make comprehensive radial velocity follow-
ups challenging and significantly reduce transit probabilities. Orbital stability
tests for systems with multiple circumbinary candidate objects are currently the
most practical tools for confirmation purposes.

Eclipsing binaries with circumbinary substellar mass objects detected using
the ETV method share common characteristics. They typically fall into two
categories: HW Virginis-like binaries with a subdwarf OB (sdOB) primary star
and a low-mass main sequence companion, or cataclysmic binaries with a white
dwarf primary and a main sequence companion. These systems generally have a
total mass of less than one solar mass, which is crucial for detecting the wobbling
induced by substellar mass objects. Their short orbital periods enable frequent
eclipse observations, while their eclipse light curves often feature prominent
V-shaped eclipses, facilitating precise determination of eclipse mid-times. The
presence of a common envelope in previous evolutionary stages may be a key
factor in these binaries hosting circumbinary planets (Zorotovic & Schreiber,
2013).

Baştürk et al. (2023) revealed that many multiplanet ETV systems lack sta-
ble orbital configurations. Several potential reasons for this issue include: i) The
cyclic ETV modulations have long periods spanning years or decades, requiring
extended observations and thorough analysis, which are often lacking. ii) Mod-
eling of the ETV tends to result in positive eccentricity parameters, increasing
the likelihood of close encounters or even orbit crossings. iii) In some cases, other
ETV mechanisms may not have been correctly implemented.

This research undertakes an initial exploration of a thorough ETV search
to identify potential timing modulations of eclipsing binaries. We introduce our
research project and present preliminary results based on TESS observations.
Our main objective in this study is to detect potential short-period ETV modu-
lations within the TESS data. Following this, we aim to amalgamate timing data
from TESS with existing ground and space-based timings, creating a comprehen-
sive ETV dataset. This dataset will serve as a valuable resource for conducting
timing analyses on a variety of eclipsing binary systems.
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Table 1. Gaia G brightness values, number of TESS sectors with 120-second and

20-second exposures, number of mid-eclipse timings calculated for each exposure, and

their corresponding uncertainties. The first group is HW Vir-like systems and the

second one is cataclysmic variables. 1Full identifier is ATO J294.7689+11.1822

System G Mag Sectors Sectors Timings σ120s σ20s

120 s 20 s 120 s - 20 s (s) (s)

DD CrB 12.9 3 2 580 366 2.61 2.65
HW Vir 10.6 1 1 380 374 6.57 0.72
NY Vir 13.4 3 2 1116 749 2.91 1.72
AA Dor 11.1 29 17 4727 2985 4.44 2.26
V1828 Aql 13.2 1 1 223 190 8.59 4.74
CHSS 3072 14.3 1 0 101 0 5.55 -
HS 0705+6700 14.6 3 2 1252 714 5.01 11.63
Kepler-451 12.1 4 0 1166 0 10.18 -
HS 2231+2441 14.2 1 1 342 249 25.61 7.98
PN A66 46 15.0 3 2 251 196 22.68 6.04
UCAC4 489-038954 15.2 1 0 495 0 26.37 -
TIC 455206965 15.2 3 2 1093 721 35.56 25.63
ATO J294.7+11.11 14.9 1 1 97 133 94.17 19.05
TIC 467187065 15.8 8 6 4318 3370 43.39 17.41
V588 Vir 13.8 1 0 51 0 97.65 -

RW Tri 13.2 1 0 248 0 8.07 -
V1315 Aql 14.3 1 0 231 0 7.16 -
TIC 240872692 15.1 3 1 461 236 16.22 13.34
V363 Aur 14.1 2 0 272 0 17.96 -
UZ For 16.6 1 0 411 0 43.53 -
TIC 271137877 16.9 1 0 217 0 24.48 -
V870 Lyr 15.9 4 0 744 0 25.06 -
V1776 Cyg 16.5 5 0 1276 0 55.73 -

2. ETV analysis of evolved eclipsing binaries

We selected a subgroup of evolved eclipsing binaries from a larger pool of 68
similar systems (see Table 1) for which TESS data was available. Our objective
was to construct ETV diagrams and identify periodic patterns within their TESS
data. To achieve this, we obtained both 120-second and 20-second exposure
TESS data for each system through the Space Telescope Science Institute’s
(STScI) Mikulski Archive for Space Telescopes (MAST)1. The data underwent
quality flag filtering, and any evident outliers were removed. We applied second-
degree polynomial detrending to continuous observation sections within each
sector and normalized the data to their respective median flux levels.

1https://archive.stsci.edu
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To generate ETV diagrams, we initially computed mid-eclipse times using
the well-established Kwee & van Woerden method (Kwee & vanWoerden, 1956),
focusing solely on the primary eclipses. We concurrently updated the linear
ephemeris for each system while also eliminating outliers from the ETV dia-
grams. By combining timings from all available sectors, we produced the final
ETV diagrams for each evolved eclipsing binary. The ETV scatter is generally
smaller for HW Virginis-like binaries in comparison to cataclysmic variables,
primarily due to the symmetrical eclipse features of HW Virginis-like systems.
Notably, we observed that the scatter tends to be smaller for systems with
120-second exposures and brighter systems, aligning with our expectations.

To identify periodic patterns in the ETV diagrams, we employed the Lomb-
Scargle periodogram (Lomb, 1976; Scargle, 1982) on the ETVs from 120-second
exposures using our custom Python script. The script is based on relevant
functions from the astropy package (Astropy Collaboration et al., 2013, 2018,
2022). For each periodogram, we determined the periods corresponding to the
highest Lomb-Scargle power and calculated their associated amplitude and false
alarm probability (FAP), which are listed in Table 2.

We identified two distinct groups within our results. The first group com-
prises three systems: HW Virginis, NY Virginis, and V1776 Cyg. Their asso-
ciated false alarm probability (FAP) values are effectively zero, suggesting po-
tential periodic variations in the ETV diagrams based on TESS data. For HW
Virginis and NY Virginis, we compared the ETV diagrams between 120-second
and 20-second exposures. The periodic variation observed in 120-second expo-
sures disappears in the 20-second ETV diagram of HW Virginis, indicating that
the periodicity is a result of the 120-second TESS exposure times. Conversely,
for NY Virginis, the periodicity remains consistent in the 20-second exposures,
which we attribute to pulsations of the primary sdB component within the
eclipsing binary. These pulsations have detectable amplitudes, even in ground-
based observations, as demonstrated in a prior study by Vučković et al. (2007).
We have deferred assessing the source of periodicity in V1776 Cyg due to the
absence of 20-second exposures, leaving it for further investigation.

The second group exhibits periodicities extending beyond a single TESS
sector, and the associated false alarm probability (FAP) values for these peri-
odicities are notably high (FAP > 0.2). These systems include HS 0705+6700
and Kepler-451. We phase-folded the ETV diagrams for these systems using the
periods with the highest Lomb-Scargle power. In the case of HS 0705+6700,
the phase-folded ETV lacks coverage for almost half of the phase. For Kepler-
451, although the period we found is somewhat close to that of the innermost
planet (Pd = 43 d) detected by Esmer et al. (2022), however, the amplitude is
significantly higher than expected for such an object. The periodicities observed
in these cases may result from jitter caused by pulsations of the primary star
or stellar spots on the secondary star, phenomena expected in these types of
eclipsing binaries. Additionally, the sampling of TESS may introduce jitter at a
detectable level in their ETVs. However, a comprehensive explanation for these
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Table 2. Periods, amplitudes, and false alarm probabilities (FAP) of the ETV data

calculated by Lomb-Scargle periodograms for our target subgroup.

System LS Period (d) Amplitude (sec) FAP

DD CrB 6.408 1.30 0.94
HW Vir 3.884 4.85 10−38

NY Vir 4.309 1.93 10−7

AA Dor 3.146 0.52 1.00
V1828 Aql 2.005 3.73 1.00
CHSS 3072 2.311 6.30 0.31
HS 0705+6700 61.345 7.81 0.49
Kepler-451 33.671 8.68 0.21
HS 2231+2441 2.200 10.11 1.00
PN A66 46 2.112 15.73 0.89
UCAC4 489-038954 2.351 10.85 1.00
TIC 455206965 5.294 10.88 1.00
ATO J294.7+11.1 5.767 61.34 1.00
TIC 467187065 4.562 22.25 1.00
V588 Vir 2.751 3749.80 0.38

RW Tri 5.607 12.84 1.00
V1315 Aql 6.96 13.94 1.00
TIC 240872692 3.203 12.47 1.00
V363 Aur 7.175 30.15 0.96
UZ For 2.382 16.37 1.00
TIC 271137877 8.651 26.69 1.00
V870 Lyr 4.092 24.66 0.76
V1776 Cyg 6.520 87.33 10−8

periodicities in their ETVs is yet to be provided and remains a subject for future
studies.

3. Summary

With this study, our primary goal is to search for potential short-period ETV
modulations within the TESS data. We intend to expand our ETV datasets
for these systems by incorporating both ground-based and space-based timing
calculations. The TESS photometry, in particular, will play a crucial role in
binary modeling, which we aim to apply to a majority of the evolved eclipsing
binaries on our target list.

This study serves as a preliminary ETV search for our list of evolved eclips-
ing binaries. We have compiled this list as part of a comprehensive ETV research
project, where we aim to detect circumbinary substellar mass objects around
evolved binaries. Our objectives include testing the validity of previous ETV so-
lutions, updating them as necessary, building population statistics for hosts and
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substellar companions, creating a comprehensive ETV catalog, and contributing
to the research field by developing the required software tools.
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Astronomical Observatory, University of Warsaw, Al. Ujazdowskie 4,
00-478 Warszawa, Poland (E-mail: soszynsk@astrouw.edu.pl)

Received: November 9, 2023; Accepted: December 17, 2023

Abstract. The Optical Gravitational Lensing Experiment (OGLE) is one of
the most extensive sky surveys on a global scale. It focuses on optical astrophys-
ical variability and is carried out using the dedicated 1.3-meter Warsaw Tele-
scope located at Las Campanas Observatory in Chile. Since 1992, the OGLE
project has been continuously observing the densest regions of the southern sky,
namely, the Galactic bulge, Galactic disk, and Magellanic Clouds. To date, the
survey has collected over a trillion individual photometric observations for ap-
proximately two billion stars. Throughout its long history, the OGLE project
has yielded significant contributions to various fields of astrophysics, includ-
ing gravitational lensing and microlensing, dark matter, exoplanets, variable
stars, the structure of the Milky Way and other galaxies, and more. This article
presents the most significant achievements of OGLE over the past 30 years.

Key words: Surveys – Gravitational microlensing – Planetary systems – Vari-
able stars – Cepheids – Galaxy: structure – Catalogs

1. Introduction

The name of the Optical Gravitational Lensing Experiment (OGLE) project
reflects its initial objective: the search for gravitational microlensing phenom-
ena. However, over the course of its long history, the project has evolved, and
presently, OGLE is a large-scale photometric survey aimed at identifying and
studying all forms of variability in the sky. The OGLE project was initiated in
1992 in response to the seminal paper by Paczyński (1986), who introduced the
theory of gravitational microlensing and suggested arranging an observational
program aimed at monitoring the brightness of at least a few million stars with
the goal of detecting the first microlensing events. Such a sky survey was de-
signed to shed light on the nature of dark matter and to serve as a potential
source of a substantial number of newly discovered variable stars.

Historically, the OGLE project has been divided into four phases. The ini-
tial phase of the survey (OGLE-I; Udalski et al., 1992) was carried out from
1992 to 1995, using the 1-meter Swope telescope at Las Campanas Observatory
in Chile. In 1996, a dedicated 1.3-meter Warsaw Telescope was constructed at
the same observatory, marking the beginning of the second phase of the OGLE
project (OGLE-II; Udalski et al., 1997). The next milestone occurred in 2001,
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Table 1. Four phases of the OGLE project

Phase of Camera Observed Number Data Main targets
the project size area of stars flow

[pixels] [deg2] [×106] [TB/year]

OGLE-I 4M 1.5 6 0.09 Galactic bulge
(1992–1995)

OGLE-II 4M 27 44 0.4 Galactic bulge
(1997–2000) Magellanic Clouds

OGLE-III 64M 170 389 3.8 Galactic bulge
(2001–2009) Magellanic Clouds

OGLE-IV 256M 3600 2000 40 Galactic bulge
(2010–now) Galactic disk

Magellanic Clouds

when the Warsaw Telescope was equipped with an 8-chip mosaic CCD camera,
which initiated the OGLE-III project (Udalski, 2003). Finally, in 2010, Andrzej
Udalski, the leader of the OGLE project, designed and constructed a camera
consisting of 32 CCD chips. Since then, the fourth phase of the OGLE project
(OGLE-IV; Udalski et al., 2015) has been conducted. Tab. 1 shows the progress
that has been made between the successive phases of the OGLE project. The
initiation of each new stage of the survey was associated with a tenfold enhance-
ment of its observational capabilities. Over the past three decades, the number
of monitored stars, the volume of collected data, and the area of the surveyed
sky have been expanded by three orders of magnitude. Currently, OGLE ranks
among the world’s largest sky surveys dedicated to the exploration of celestial
variability.

The OGLE-IV project monitors approximately two billion point sources
across an area of about 3600 square degrees, encompassing the most densely
populated stellar regions of the southern sky, including the central regions of the
Milky Way, the Galactic disk, and the Large and Small Magellanic Clouds (LMC
and SMC). The OGLE database presently contains approximately 1.2 · 1012 in-
dividual photometric measurements, making it one of the largest photometric
database in the history of astronomy. This huge dataset has served as the ba-
sis for numerous pioneering discoveries, some of which will be discussed in the
following sections of this proceedings contribution.

2. Dark matter

The primary goal of the OGLE survey was to detect gravitational microlensing
events in order to validate the hypothesis that dark matter is composed of
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Figure 1. Upper panel: light curve of the first microlensing event detected by OGLE

(Udalski et al., 1993). Lower panel: light curve the first known binary microlensing

event (Udalski et al., 1994).

MAssive Compact Halo Objects (MACHOs). This term refers to hypothetical
non-emitting or extremely faint objects, such as primordial black holes, brown
dwarfs, or even free-floating planets, located in galactic halos and contributing
to the observed mass of galaxies. A gravitational microlensing event occurs
when the light of a background source star is temporarily magnified due to
its alignment with a foreground lens object (Einstein 1936). When Paczyński
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(1986) proposed using this phenomenon to assess the contribution of MACHOs
to dark matter, not a single microlensing event had been observed until then.

The OGLE team announced the discovery of its first microlensing event in
September 1993 (Udalski et al., 1993), almost simultaneously with the first-
ever gravitational microlens toward the LMC recorded by the MACHO group
(Alcock et al., 1993). The upper panel of Fig. 1 displays the light curve of the
OGLE’s microlensing event number 1. Today, such characteristic light curves are
commonly referred to as Paczyński curves. The first OGLE microlensing event
was found toward the center of the Milky Way. Currently, the OGLE project
routinely detects between 1000 and 2000 gravitational microlensing events per
year (depending on the adopted observational strategy), and the overwhelming
majority of the lensed stars also reside in the Galactic bulge.

The limited number of gravitational microlensing events detected by OGLE
in the direction of the Magellanic Clouds imposes strong constraints on pos-
sible explanations for the nature of dark matter. Wyrzykowski et al. (2011)
analyzed 13 years of the OGLE-II and OGLE-III observations of the LMC and
SMC and found only eight candidates for microlensing events, which demon-
strated that MACHOs with masses in the range 10−2 M⊙

<
∼M <

∼ 1M⊙ cannot
constitute more than 10% of dark matter. Much stronger limits have recently
been obtained by Mróz et al. (2023, in preparation) based on the analysis
of light curves of over 78 million stars in the LMC monitored for 20 years
by the OGLE-III and OGLE-IV surveys. It was found that MACHOs in the
mass range 1.8 · 10−4 M⊙

<
∼M <

∼ 6.3M⊙ cannot contribute more than 1% to the
dark matter in the Galactic halo, while MACHOs with masses in the range of
1.3 · 10−5 M⊙

<
∼M <

∼ 860M⊙ cannot compose more than 10% of dark matter.
In fact, all thirteen microlensing events detected by Mróz et al. (2023) in the
direction of the LMC can be explained by astrophysical objects located in the
LMC itself or in the Milky Way disk.

3. Exoplanets

The significance of the OGLE’s contribution to exoplanetary research cannot be
overestimated. The OGLE observations have been used to the first successful
applications of two new techniques for detecting extrasolar planets: gravitational
microlensing and transit methods.

Mao & Paczyński (1991) originally proposed the idea that binary stars and
planetary systems could be detected through the microlensing phenomena. Bi-
nary lenses may produce significantly different light curves than the Paczyński
curve, and this effect can be easily detectable even if the companion is a planet.
This characteristic is the foundation of the microlensing technique for identifying
planetary systems.

In 1994, the OGLE group discovered the first-ever binary microlensing event
(Udalski et al., 1994; the lower panel of Fig. 1). This was an important step to-
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Figure 2. Light curve of OGLE 2003-BLG-235/MOA 2003-BLG-53 – the first plane-

tary microlensing event (Bond et al. 2004). The OGLE and MOA measurements are

shown as blue and yellow symbols, respectively.

ward detecting the microlensing exoplanets. OGLE-2003-BLG-235/MOA-2003-
BLG-53 was the first gravitational microlensing event that yielded a definitive
planet identification (Bond et al. 2004). This breakthrough discovery was possi-
ble thanks to the collaboration between the OGLE survey and the Microlensing
Observations in Astrophysics (MOA) project. Fig. 2 presents the light curve of
this microlensing event, where the characteristic shape of the Paczyński curve
is distorted by an anomaly attributed by the presence of a Jupiter-like planet.
Since then, OGLE has participated in the discovery of over a hundred microlens-
ing exoplanets, including the first known cold super-Earth, a scaled analog of
the Solar System, planets orbiting brown dwarfs, and planets in binary star
systems.

Gravitational microlensing is an effective method for detecting free-floating
planets, i.e. worlds that have been ejected from their parent planetary systems
and are no longer gravitationally bound to any star. Microlensing events caused
by Jupiter-mass planets typically last from 1 to 2 days, whereas Earth-mass
lenses last merely a few hours. An in-depth analysis of the OGLE photometric
database conducted by Mróz et al. (2017) unveiled a notable surplus of very
short microlensing events, indicating the presence of a substantial population
of Earth-to-Neptune-mass planets that appear to have no host stars. Mróz et
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Figure 3. Light curve and finding chart of OGLE-TR-56 – the first exoplanet discov-

ered with the transit method.

al. (2017) estimated that free-floating planets far outnumber stars in the Milky
Way.

Finally, the OGLE survey pioneered another technique of detecting extraso-
lar planets: the transit method. In 2002, the OGLE team published its first list
of candidates for planetary transits (Udalski et al., 2002). It was the result of
a special observing campaign conducted at the onset of the OGLE-III project.
At that time, only one transiting exoplanet was known – HD 209458 b (Char-
bonneau et al., 2000; Henry et al., 2000) – but this object had been discovered
using the spectroscopic method, while the observations of its transits followed
afterward.

OGLE-TR-56 b was the first spectroscopically confirmed exoplanet discov-
ered with the transit method (Konacki et al., 2003). Fig. 3 displays the light
curve of this system folded with its orbital period of 1.2119 days. In the next
several years, seven more OGLE planets were positively verified through spec-
troscopy. At that time, HD 209458 b and the OGLE planets were the only known
transiting planets. Then, dedicated wide-field sky surveys, such as WASP, HAT,
and TrES, began to discover transiting planets around much brighter stars,
which led to the discontinuation of the OGLE’s observing campaigns aimed at
searching for transiting planet candidates.
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Table 2. OGLE Collection of Variable Stars

Type of variable stars Number of stars

Classical Cepheids 11 707
Type II Cepheids 2 010
Anomalous Cepheids 390
RR Lyrae stars 128 472
δ Scuti stars 42 672
Long-Period Variables 403 636
Eclipsing binaries 510 782
Dwarf novae 1 091
R Coronae Borealis stars 23
TOTAL 1 100 783

4. The OGLE Collection of Variable Stars

The light curves of two billion sources observed for decades by the OGLE sur-
vey constitute an ideal dataset for detecting and studying variable stars of all
types. The OGLE Collection of Variable Stars (OCVS) is a continuously grow-
ing catalog of variable stars identified in the OGLE database. Tab. 2 shows a
list of different types of variables included in the already published parts of the
OCVS. At present, the OGLE catalog contains over 1.1 million variable stars
in the Milky Way and Magellanic Clouds. The OCVS is accessible through the
WWW and FTP sites:

https://ogle.astrouw.edu.pl → OGLE Collection of Variable Stars
https://www.astrouw.edu.pl/ogle/ogle4/OCVS/

The catalog data include observational parameters of the variable stars, such
as coordinates, periods, mean magnitudes, amplitudes, etc. Additionally, time-
series OGLE photometry in the I and V bands is made available to the astro-
nomical community.

It is worth emphasizing that the OCVS is characterized by exceptionally high
levels of completeness and purity because we still employ the traditional method
of variable star classification, namely, the visual inspection of their light curves.
Each of the over one million variables included in the OCVS has been carefully
reviewed by experienced astronomers. This rigorous procedure has not only
resulted in an extraordinarily low contamination rate of our collection but has
also led to the discovery of new types of variable stars (see Section 6). Therefore,
the OGLE catalog is widely used as a training set for machine learning variable
star classification algorithms.
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5. Classical Cepheids

Due to the limited space of this contribution, I cannot present the full variety
of studies on different types of variable stars included in the OCVS. Therefore,
for illustrative purposes, I will concentrate on the latest investigations related
to only one type of pulsating stars – classical Cepheids – which are relatively
young (<∼400 My) and luminous (102–105 L⊙) standard candles, 4–20 times more
massive than the Sun. Classical Cepheids play a key role as primary distance
indicators thanks to the famous relationship between their pulsation periods
and intrinsic luminosities, the period–luminosity relation.

Most of the Cepheid pulsators in the Magellanic Clouds (Soszyński et al.,
2017), and approximately half of the classical Cepheids currently known in the
Milky Way (Pietrukowicz et al., 2021), were identified in the OGLE photomet-
ric databases. At present, the OGLE collection comprises a virtually complete
census of Cepheids in the LMC and SMC, thus our group concluded the task of
cataloging these variable stars initiated by Henrietta Leavitt in the early 20th
century.

The OCVS contains 4713 and 4954 classical Cepheids in the LMC and SMC,
respectively. These are the largest known samples of such variables detected in
any galaxy, including the Milky Way, so classical Cepheids in the Magellanic
Clouds have been the subject of extensive studies in recent decades. These two
satellite galaxies are close enough to us that individual stars are easily distin-
guishable for ground-based telescopes, but they are far enough that their stellar
populations can be considered to be located at the same distance from us. More-
over, the distance to the LMC is known with unprecedented accuracy of about
1% (Pietrzyński et al., 2019). Consequently, the Magellanic Clouds, particularly
the LMC, serve as anchors for the cosmic distance scale.

Fig. 4 shows the period–Wesenheit index1 diagram for classical Cepheids in
the LMC. The four ridges visible in this diagram are attributed to the stel-
lar pulsations in the fundamental, first-, second-, and third-overtone modes.
Cepheids in the Magellanic Clouds play a crucial role in the calibration of the
period–luminosity, period–luminosity–color and period–Wesenheit index rela-
tions across a wide range of wavelengths, spanning from optical to mid-infrared
domains (e.g., Macri et al., 2015; Riess et al., 2019; Chown et al., 2021). In
addition, a thorough exploration of the non-linearities of the period–luminosity
relations (e.g., Garćıa-Varela et al., 2013; Bhardwaj et al., 2016) and the cor-
relation of the zero-points of these relations with the metallicity of Cepheids
(e.g., Wielgórski et al., 2017; Gieren et al., 2018; Breuval et al., 2022) has been
conducted to assess their influence on the cosmic distance scale, particularly in
the context of the Hubble constant measurements.

1The Wesenheit index is an extinction-free quantity, defined as WI = I − 1.55(V − I), where
I and V are apparent mean magnitudes of the stars.
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Figure 4. Period–Wesenheit index diagram for classical Cepheids in the LMC. Blue,

green, orange, and red dots mark the fundamental, first-, second-, and third-overtone

pulsation modes, respectively.

The complete samples of classical Cepheids have been employed to inves-
tigate the three-dimensional geometry of the LMC and SMC (e.g. Jacyszyn-
Dobrzeniecka et al., 2016; Ripepi et al., 2022). These studies are vital for gaining
insights into past interactions between the Magellanic Clouds and between the
Magellanic System and the Milky Way.

An analogous analysis of the structure of the MilkyWay’s disk was performed
by Skowron et al. (2019) using the sample of about 2500 Galactic classical
Cepheids, significantly expanded thanks to the observations carried out by the
OGLE survey (Udalski et al., 2018). In particular, OGLE was the first survey
that identified a significant number of Cepheids in the outskirts of the Milky
Way, which was used to construct of a three-dimensional map of the Galactic
disk. This map unambiguously revealed that the disk is not flat but exhibits a
warp, beginning at galactocentric distances of about than 8 kpc, and extending
to the edge of the Milky Way, approximately 20 kpc from the center. Moreover,
the spatial distribution of Cepheids was utilized to assess the disk’s flaring, its
scale height, and pinpoint the Sun’s location within the disk. Additionally, the
relationship between periods and ages for classical Cepheids was employed to
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obtain an age tomography of the young stellar population in the Milky Way.
Finally, this analysis was supplemented by Mróz et al. (2019) who used the
OGLE Cepheids with their proper motions and radial velocities from the Gaia
database to construct the most precise rotation curve for the outer regions of
our Galaxy.

6. New types of variable stars

The huge OGLE photometric database contains light curves of variable stars
belonging to all categories, including types that have remained entirely un-
known. Thanks to our individualized approach to the analysis of observational
data, the OGLE team discovered several new classes and subclasses of vari-
able stars, for example the so-called peculiar W Virginis stars (Soszyński et al.,
2008), anomalous double-mode RR Lyrae stars (Soszyński et al., 2016), type II
Cepheids pulsating in the first overtone (Soszyński et al., 2019), and the first
known multimode anomalous Cepheid (Soszyński et al., 2020).

A completely new class of pulsating stars was extracted from the OGLE
database by Pietrukowicz et al. (2017). These stars, known as Blue Large Ampli-
tude Pulsators (BLAPs), are hot subdwarfs with temperatures around 30 000K,
pulsating in the fundamental mode with periods ranging from 3 to 75 minutes.
The light curves of BLAPs (Fig. 5) resemble those of Cepheids or RR Lyrae
stars. The uniqueness of BLAPs lies in the fact that they are the only known
type of fundamental-mode pulsating stars situated on the blue side of the
Hertzsprung-Russell diagram. Recently, the total number of known BLAPs has
been significantly increased, reaching 80 objects at present (Borowicz et al.,
2023). However, the evolutionary status of these stars still remains a mystery.

Figure 5. I-band light curves of three example Blue Large Amplitude Pulsators

(Pietrukowicz et al., 2017).

Another new type of pulsating stars was discovered in the OGLE database by
chance. OGLE-BLG-RRLYR-02792, as its name suggests, was initially classified
in the OCVS as an RR Lyrae star due to its short period (P ≈ 0.6275 days) and
characteristic light curve morphology (Fig. 6). This pulsating star stood out as
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Figure 6. Light curves of the Binary Evolution Pulsator OGLE-BLG-RRLYR-02792

(Pietrzyński et al., 2012). The left panel displays the original light curve folded with the

pulsation periods, while the middle and right panels show the disentangled pulsation

and eclipsing light curves of the same object.

it is a component of an eclipsing binary system, providing an opportunity for
the first direct determination of the RR Lyrae’s mass. Pietrzyński et al. (2012)
obtained highly precise spectroscopic observations for this system and measured
the mass of the pulsating component, which turned out to be surprisingly small
– only 0.26M⊙. Such low mass indicates that OGLE-BLG-RRLYR-02792 is not
an RR Lyrae variable but rather a representative of a new category of pulsating
stars that mimic RR Lyrae stars. Because these stars pulsate as a consequence
of their evolution in binary systems, they have been named Binary Evolution
Pulsators.

7. V1309 Scorpii – a “Rosetta stone” for stellar mergers

V1309 Scorpii (Nova Scorpii 2008) was discovered in September 2008 when it
underwent an outburst, increasing its brightness by about 10 mag. This event
represented a rare case of a so-called “red nova” – a class of variable stars
for which there was no definitive explanation at that time. Fortunately, V1309
Scorpii had been observed by the OGLE-III project for seven years prior to
the eruption. Using the OGLE time-series photometry, Tylenda et al. (2011)
demonstrated that the progenitor of V1309 Sco was a contact binary with an
orbital period decreasing at an accelerating rate.

Fig. 7 displays the light curve of V1309 Scorpii, obtained within 20 years of
the OGLE monitoring. After the outburst, there are no signs of binarity, proving
that Nova Scorpii 2008 and, consequently, other red novae were stellar-merger
events. Because of the pivotal role played by V1309 Scorpii in clarifying the
process of star mergers, this object has been dubbed a “Rosetta stone” for the
interpretation of red novae.



Three decades of the OGLE survey 245

Figure 7. OGLE light curve of V1309 Scorpii (Tylenda et al., 2011). The insets on

the left side display detrended and phased light curves observed four years and one

year prior to the outburst, respectively. The inset on the right side shows the evolution

of the orbital period of the V1309 Scorpii progenitor.

8. Summary

In this proceeding, I have presented a subjective overview of the most fascinating
achievements of the OGLE project. I have outlined OGLE’s research in the area
of gravitational microlensing, dark matter, extrasolar planets, variable stars, and
the structure of galaxies. Nevertheless, over the last three decades, the OGLE
survey has made a substantial contribution to many other fields of astrophysics.
OGLE observations have been widely used to establish cosmic distance scale,
analyze star clusters, investigate both old and young stellar populations, identify
unique modes of stellar oscillations, and produce maps of interstellar extinction.
The OGLE team has been involved in the discovery of free-floating black holes,
thousands of novae and supernovae, hundreds of quasars, Cepheids in eclipsing
binary systems, as well as transneptunian objects in the Solar System.
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Garćıa-Varela, A., Sabogal, B.E., Ramı́rez-Tannus, M.C.: 2013, Monthly Notices of the

RAS 431, 2278, DOI: 10.1093/mnras/stt325
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I., Udalski, A., Pietrukowicz, P., Koz lowski, S., Wyrzykowski,  L., Poleski, R.,
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teo, M., Krzemiński, W.: 1994, Astrophysical Journal, Letters 436, L103, DOI:
10.1086/187643
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Abstract. This study presents the identification and the best photometric so-
lution of 92 low mass ratio (LMR) totally eclipsing contact binaries in Catalina
Sky Survey data, among which 37 are new discoveries, six are candidates for
mergers, and a unique ultra-short period LMR.

Key words: contact binaries- eclipsing binaries – fundamental parameters–
data analysis

1. Introduction

A low mass ratio contact binary (LMRCB) is a type of binary star system where
the two stars have a significant difference in mass. They are believed to exhibit
a low mass ratio cut-off and will merge into fast-rotating single stars due to
Darwin’s instability (Darwin & Glaisher, 1879). The research on LMRCBs is
essential to our understanding of the merging process and the theoretical low
mass ratio limit that is still debated around 0.070.1 (Rasio, 1995; Arbutina,
2009). Recently Pešta & Pejcha (2023) found a dependence of the minimum
mass ratio on the structure of the components. The confirmation by Tylenda
et al. (2011) that Nova 2008 Sco (V1390 Sco) is a red nova formed by the merger
of eclipsing cool contact binary components has also increased interest in the
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different ways leading to stellar mergers. Although the observed period of the
premerger of V1309 Sco was long for the observed population of contact binaries
(1.4 days), and the primary was more evolved in the suggested model of Stȩpień
(2011), the low mass ratio (0.1-0.15) of the progenitor triggered the investigation
of the orbital stability of LMRCBs in search of pre-mergers.

To study LMRCBs at the merger limit, large astronomical surveys such as
ASAS-SN (in the V filter; Shappee et al., 2014; Jayasinghe et al., 2018), Catalina
Sky Surveys (CSS; Drake et al., 2014b), Zwicky Transient Facility (ZTF1, in
g and r; Masci et al., 2019), and the Asteroid Terrestrial-impact Last Alert
System (ATLAS2, o and c bands; Heinze et al., 2018) play a crucial role as they
discover a large number of contact binaries. Although without spectroscopy the
automated methods of classification can result in erroneous samples, we can
take advantage of the totality in eclipses to search for the most reliable mass
ratio (Terrell & Wilson, 2005; Hambálek & Pribulla, 2013)

1.1. Methodology

The sample used focuses on the initial sample of 30 743 eclipsing binaries (Drake
et al., 2014a), classified as eclipsing contact binaries from the Catalina Real-
Time Survey Data Release 2 (CRTS DR2), and includes observations from
2004-2013. The data was obtained unfiltered to maximize throughput and trans-
formed to an approximate V magnitude. After excluding systems with less than
150 observations and periods longer than 0.8 days, we removed outliers and poor
measurements, cleaned the light curves (LCs), and determined the initial epoch
values. LMRCBs with total eclipses have LCs with flat bottoms of long dura-
tion, unlike common contact systems. We compiled LCs from 42 well-studied
LMRCBs based on mass ratios, eclipse totality, and V-band LC availability and
performed a high order (20 terms) Fourier decomposition (FD) of the phase-
folded, normalized flux LCs of both samples. The performance of FD of the
phase-folded, normalized flux LCs of both samples revealed that higher order
coefficients can separate LMRCBs from the common contact systems. After vi-
sually examining 2100 discoveries, we recognized 92 LMRCBs, including 37 that
are newly identified (the remaining 55 systems are common to Sun et al. (2020)).

In addition, new multicolor photometric observations for three of them (CSS
J210228.3-031048, CSS J231513.3+34533, and CRTS J163819.6+03485) were
carried out using the Ritchey Chrétien 2.3 m Aristarchos telescope at Helmos
Observatory, Greece in 2018-2021.

1https://irsa.ipac.caltech.edu/
2https://atlas.fallingstar.com/
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2. Light-curve modeling and results

The photometric properties of the binaries were analyzed by light curve mod-
eling with PHOEBE-0.31a scripter (Prsa & Zwitter, 2005; Papageorgiou et al.,
2019), to explore the parameter space through a detailed scan in the mass
ratio–inclination plane, using also in some cases the PIKAIA 3 genetic algo-
rithm optimizer. The uncertainties in the derived physical parameters were esti-
mated by performing Monte Carlo simulations (Papageorgiou & Christopoulou,
2015; Papageorgiou et al., 2023). In the absence of spectroscopic data, given the
photometric mass ratio of contact binaries with total eclipses, we use our semi-
empirical mass-luminosity relation for the primary component (Christopoulou
et al., 2022) to estimate the absolute parameters

logL1 = log(0.63± 0.04) + (4.8± 0.2) logM1. (1)

using the systems temperature by Stassun et al. (2019), the distance by Gaia
Early Data Release 3 (EDR3; Bailer-Jones et al., 2021) or Gaia Data release 3
(DR3; Gaia Collaboration, 2022), and the total line-of-sight Galactic extinction
from the 3D dust reddening map of Green et al. (2019). The physical param-
eters of the 37 new LMRCBs are presented in Christopoulou et al. (2022) and
Lalounta et al. (in prep) and of the 92 systems in Lalounta (PhD 2023)4. The
main results from our study shown in Fig. 1 are as follows:

– The distribution of the mass ratio of the 92 CSS LMRCBs systems has a
peak of 0.12 although a significant number has q=0.17. 10% systems have
q < 0.10 whereas the lower value is 0.07± 0.02 (CSS J075839+131355).

– Primary masses M1 are 1.0−1.4M⊙ whereas there are a lot of systems with
M1 > 1.4M⊙ which is unusual for contact binaries (e.g 22% of systems have
M1 > 1.5M⊙).

– The distribution of T1 shows that the majority has T1 > 6000K and 13%
has T1 > 7000K larger than the mean primary temperature 5758±928 K of
contact binaries (Latković & Čeki, 2021).

– The 92 CSS LMRCBs present deep, medium, and shallow degrees of contact
although 50% of them have f > 45%. By including all previously known
LMRCBs from literature (updated Table A1; Christopoulou et al., 2022)
together with contact binaries with spectroscopic mass ratio (EWsp), we
confirm their conclusion that the smaller the q value, the larger the fill-out
factor distribution range.

We compared our parameters of the 55 common systems to those of Sun
et al. (2020) using CRTS DR1 data, different analysis, and relations for the ab-
solute parameters and found that the mass ratios are similar within the reported

3http://n2t.net/ark:/85065/d70r9ntr
4https://hdl.handle.net/10889/26132
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errors. We observe the largest deviation in the ratio of the temperatures of the
components when their difference is increasing.

Figure 1. The distributions of q, f,M1 and T1 of the 92 CSS LMRCBs

2.1. Orbital stability

To investigate the dynamical stability we apply

– Darwins criterion by adopting the gyration radius k22=0.205 for convective
secondary because of its very low mass and k1 from the derived linear re-
lationships (Christopoulou et al., 2022) as k1 = −0.250M + 0.539 for stars
withM = 0.5−1.4M⊙ and k1 = 0.014M+0.152 for stars withM > 1.4M⊙.

– the instability mass ratio criterion of (Wadhwa et al., 2021) that involves the
mass of the primary and the degree of contact.

Systems that fulfill both criteria (Js/Jo)k ∼ 0.3 and q/qinst ∼ 1 are consid-
ered candidates for merging. These are

– CSS J075839.9+131355
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– CSS J090748.9+375447

– CSS J093010.1-021624

– CSS J095733.5+151606

– CSS J224450.0+071816

– CSS J231513.3+345335.

2.2. The unique low mass ratio and ultra short period contact binary

We have discovered the first LMRCB binary system CRTS J163819.6+034852
(q = 0.16±0.02) with a period (P=0.2053321 d) under the contact binary period
limit (Fig 2 left). It appears to be an A subtype, in deep contact (72± 15%), in
which a primary of F5/F4 spectral type is eclipsed during the deeper minimum.
Based on the analysis of the dedicated BVRI LCs and LCs from CSS, ASAS-
SN, ZTF, ATLAS and the distance of Gaia DR3, the physical parameters are
estimated as M1 = 1.19± 0.02M⊙, M2 = 0.19± 0.02M⊙, R1 = 0.93± 0.02R⊙,
R2 = 0.44±0.01R⊙, L1 = 1.45±0.07L⊙ and L2 = 0.31±0.05R⊙ (Papageorgiou
et al., 2023).

−1.6 −1.4 −1.2 −1.0 −0.8 −0.6 −0.4 −0.2 0.0
logq

−0.8

−0.6

−0.4

−0.2

0.0

lo
gP

LMRs
USPCBs

Figure 2. (left) Distribution of LMRCBs (open circles, from Christopoulou et al.,

2022) and Ultra Short Period Contact Binaries (USPCBs) (filled circles, from Pa-

pageorgiou et al., 2023) in the log q − logP plane. The star symbol represents

CRTS J163819. (right) O−C diagram of CRTS J163819. The dashed line represents

the full contribution of the quadratic plus LTTE ephemeris.

In the time span of 15 yr (2004–2021), the orbital period of this unique
object decreases at a rate of −7.11× 10−8 days yr−1 implying mass transfer at
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the rate of dM1/dt = −2.61 × 10−8M⊙ yr−1 in addition to a periodic vari-
ation, interpreted by the light travel time effect (Figure 2 right). The latter
may be due to the presence of a circumbinary companion of minimum mass
M3 = 0.18M⊙ at a separation from the binary ∼ 11.0AU . Through the analy-
sis of stability criteria, CRTS J163819.6+03485 is currently in a stable contact
stage. According to Stepien (2006) and Stȩpień & Kiraga (2015, and references
therein) the formation and evolution investigation of the progenitors of CRTS
J163819.6+03485 indicate that it may have evolved from a detached binary with
masses 0.89 + 0.46M⊙ and an initial period of 2.2 days or from a detached bi-
nary with masses 1.01 + 0.35M⊙ and 2.5 days that required around 10.7 and
7.2 Gyr, respectively, to match the current properties of the system.

.
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Stȩpień, K. & Kiraga, M., Model computations of blue stragglers and W UMa-type
stars in globular clusters. 2015, Astronomy and Astrophysics, 577, A117, DOI:
10.1051/0004-6361/201425550

Stepien, K., The Low-Mass Limit for Total Mass of W UMa-type Binaries. 2006, Acta
Astronomica, 56, 347

Sun, W., Chen, X., Deng, L., & de Grijs, R. 2020, Astrophysical Journal, Supplement,
247, 50, DOI: 10.3847/1538-4365/ab7894

Terrell, D. & Wilson, R. E., Photometric Mass Ratios of Eclipsing Binary Stars. 2005,
Astrophysics and Space Science, 296, 221, DOI: 10.1007/s10509-005-4449-4
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