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Abstract. We present and discuss the results of our photometric and spec-
troscopic monitoring of 2SXPS J173508.4-292958 carried out from April to
August 2020. This X-ray source, in the foreground with respect to the Galac-
tic center, brightened in X-rays during 2020, prompting our follow-up optical
observations. We found the star to contain a K4III giant with a modest but
highly variable Ho emission, composed by a ~470 km s~! wide component
with superimposed a narrow absorption, offset by a positive velocity with re-
spect to the giant. No orbital motion is detected for the KA4III, showing an
heliocentric radial velocity stable at —1241 km s™!. No flickering in excess of
0.005 mag in B band was observed at three separate visits of 2SXPS J173508.4-
292958. While photometrically stable in 2016 through 2018, in 2019 the star
developed a limited photometric variability, that in 2020 took the form of a
sinusoidal modulation with a period of 38 days and an amplitude of 0.12 mag
in V band. We argue this variability cannot be ascribed to Roche-lobe filling
by the K4III star. No correlation is observed between the photometric variabil-
ity and the amount of emission in He, the latter probably originating directly
from the accretion disk around the accreting companion. While no emission
from dust is detected at mid-IR wavelengths, an excess in U-band is probably
present and caused by direct emission from the accretion disk. We conclude
that 2SXPS J173508.4-292958 is a new symbiotic star of the accreting-only
variety (AO-SySt).

Key words: binaries: symbiotic

1. Introduction

Attention to the X—ray source 2SXPS J173508.4-292958 has been recently driven
by a report from Heinke et al. (2020) about a brightening of the object they
observed in X-rays with the Swift satellite in April 2020. Noting the positional
coincidence with the cool 2MASS star 17350831-2929580 of Ks=7.4 mag, Heinke
et al. suggested that 25XPS J173508.4-292958 could be a previously unknown
symbiotic star. The optical counterpart was quickly subjected to BVRI pho-
tometry and high- and low-resolution spectroscopy by Munari et al. (2020a)
that found 2SXPS J173508.4-292958 to host a K4 III/IT giant, with marked
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near-UV excess and Ha in emission, the latter showing a broad profile with
a central absorption. Such properties confirm a probable symbiotic nature for
2SXPS J173508.4-292958 (for a recent global review of symbiotic stars see Mu-
nari 2019). In this paper we report about the results of our follow-up photometric
and spectroscopic campaign to monitor 2SXPS J173508.4-292958 (2SXPS for
short in the rest of this paper) during the period of seasonal visibility in 2020.

2. Observations

Our observations have been carried out primarily from Italy. At such north-
ern latitudes, the —29° declination of 25XPS implies a very short observing
window, ~2 hours around transit at meridian at just 15 to 20° above horizon.
Such a short observing interval coupled with the large atmospheric extinction
and seeing degradation led to a lower-than-usual S/N for our observations, and
argued against employing the highest possible resolution in the spectroscopic
observations.

2.1. BV RI photometry

We have obtained optical photometry of 2SXPS in the Landolt photometric
system from late April to early August 2020 with two telescopes operated by
ANS Collaboration. ID 0310 is a 0.30m f/8 Richey-Chretien telescope located in
Cembra (TN, Italy) and equipped with an SBIG ST-8 CCD camera, 1530x 1020
array, 9 um pixels = 0.77” /pix, with a field of view of 19’ x13’. ID 1301 is a 0.50m
/6 Ritchey-Chretien telescope located in Stroncone (TR, Italy). It feeds light to
an SBIG STL1001E CCD Camera 1024x1024 array, 24 pum pixels = 1.60” /pix,
field of view of 28’ x28’. Both telescopes adopt BV Rc I photometric filters from
Astrodon, in the version corrected for red-leak.

Data reduction has involved all the usual steps for bias, dark and flat with
calibration images collected during the same observing nights. We adopted aper-
ture photometry because the sparse field around 2SXPS did not required PSF-
fitting procedures. The transformation from the local to the Landolt standard
system was carried out via color equations calibrated on a photometric sequence
recorded on the same frames as 25XPS:

V=vta,xw—1)+v
B-V = Bbv X (b—v)-ﬁ-éby
V-R = ﬂvr X ('U_T)"_(svr
V—-I= Bm’ X (U*i)“i’(;vi
where lowercase and uppercase letters denote values in the local and and in

the standard system, respectively. The local photometric sequence has been ex-
tracted from APASS DRS survey (Henden et al. 2016), ported to the Landolt
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Table 1. Our BVRI photometry on the Landolt system of 2SXPS J173508.4-292958.

HJD date B err \% err R err I err ID
8962.57973  2020-04-23.080  13.489  0.008  11.846  0.005  10.904  0.007 9.935 0.015 0310
8962.57973  2020-04-23.080  13.490  0.008  11.848 0.005 10.906  0.007 9.935  0.015 0310
8963.57773  2020-04-24.078  13.426  0.008  11.835 0.006  10.974  0.007 9.890 0.011 1301
8963.58953  2020-04-24.090  13.444  0.009 11.851  0.007 10.911  0.008 9.898 0.015 0310
8971.58456  2020-05-02.085  13.417  0.009  11.788  0.007  10.835 0.008 9.893  0.013 0310
8974.57796  2020-05-05.078  13.387  0.024  11.757  0.008  10.856  0.008  9.866  0.009 0310
8978.53534  2020-05-09.035  13.376  0.010  11.780  0.005 11.174 0.005 0.103  0.005 1301
8990.53842  2020-05-21.038  13.466  0.008  11.840  0.007  10.924 0.008 9.936  0.012 0310
8990.56051  2020-05-21.061  13.442  0.017  11.861  0.008 9.913  0.012 0310
8991.50080  2020-05-22.001  13.452  0.006  11.843 0.004 10.917  0.003 9.903 0.008 1301
8992.50328  2020-05-23.003  13.512  0.007  11.859  0.003  10.917 0.004 9.893  0.009 1301
8993.54900  2020-05-24.049  13.496  0.007  11.871  0.004  10.927 0.004 9.912 0.011 1301
8994.54993  2020-05-25.050  13.444  0.013  11.852  0.006  10.955 0.010 9.944  0.008 0310
8995.51675  2020-05-26.017  13.486  0.009  11.901  0.008  10.908  0.008 9.944  0.012 0310
8995.53700  2020-05-26.037  13.469  0.013  11.837  0.008 9.945 0.010 0310
8995.54481 2020-05-26.045 11.852  0.002  10.961  0.002 0.044 0.005 1301
8996.50775  2020-05-27.008  13.508  0.007  11.896  0.004  10.937  0.005 9.932  0.011 0310
8996.52131  2020-05-27.021 11.874  0.006 9.919 0.010 0310
8996.56371  2020-05-27.064  13.395 0.010 11.866  0.004  10.954  0.004 9.927 0.006 1301
8997.51757  2020-05-28.018  13.481  0.007  11.870  0.006  10.927  0.006  9.914  0.013 0310
8997.53240  2020-05-28.032  13.411  0.010 11.839  0.005 10.914 0.003 9.883  0.005 1301
8998.52015  2020-05-29.020  13.480  0.010  11.828  0.005 10.979  0.011  9.923  0.012 0310
9012.45686  2020-06-11.957  13.416  0.007  11.804 0.004 10.835 0.005 9.883  0.015 0310
9012.53045  2020-06-12.030  13.339  0.010  11.758  0.004  10.827  0.003 9.824  0.008 1301
9013.45632  2020-06-12.956  13.421  0.006 11.791  0.005  10.857  0.007 9.888  0.013 0310
9013.46770  2020-06-12.968  13.377  0.006 11.766  0.003  10.861  0.008  9.902  0.009 1301
9021.39395  2020-06-20.894  13.432  0.004 11.816 0.006 10.882  0.008 9.882  0.014 1301
9021.43568  2020-06-20.936  13.440  0.008  11.834 0.005 10.858  0.006  9.883  0.012 0310
9023.40886  2020-06-22.909  13.436  0.005 11.835 0.009  10.908  0.009 9.900 0.014 1301
9023.43529  2020-06-22.935  13.456  0.008  11.805 0.008 10.919 0.006 9.921  0.012 0310
9024.42908  2020-06-23.929  13.483  0.007 11.876  0.005 10.891  0.005 9.910 0.013 0310
9024.44579  2020-06-23.946  13.463  0.005 11.872  0.007  10.905 0.008 9.921 0.014 1301
9027.46236  2020-06-26.962  13.513  0.009  11.890  0.004  10.927  0.005 9.863  0.008 1301
9030.42147  2020-06-29.921  13.544  0.007  11.876  0.006  10.909  0.007 9.829  0.009 1301
9036.39575  2020-07-05.896 11.885  0.006 9.938  0.012 0310
9037.40316  2020-07-06.903  13.463  0.006  11.843  0.004 10.928 0.010 9.967 0.014 1301
9038.39037  2020-07-07.890  13.491  0.010  11.872  0.004 10.888  0.014 9.919 0.011 0310
9039.38832  2020-07-08.888  13.472  0.009  11.842 0.005 10.922 0.006 9.929 0.012 0310
9043.37997  2020-07-12.880  13.427  0.010  11.811  0.004 9.883  0.013 0310
9056.37435  2020-07-25.874 11.758  0.008 9.827  0.014 0310
9056.37609  2020-07-25.876 ~ 13.358  0.004  11.789  0.003  10.875  0.007 9.913  0.011 1301
9058.38020  2020-07-27.880  13.407  0.015 11.814  0.007  10.826  0.008 9.881  0.010 0310
9067.36391  2020-08-05.864  13.513  0.013  11.850  0.009 9.941  0.011 0310
9068.35588  2020-08-06.856  13.484  0.012 11.866 0.004  10.926  0.005 9.879  0.007 1301

system via the transformations calibrated by Munari et al. (2014). Our photom-
etry of 2SXPS is listed in Table 1. The quoted errors are the quadratic sum of
the Poissonian error on the variable and the error in the transformation to the

standard system via the above color equations.

2.2. Spectroscopy

Low resolution spectra of 25XPS have been obtained with a Shelyak LHIRES
spectrograph + 300 In/mm grating mounted on the 0.50 Ritchey-Chretien tele-
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scope operated for ANS Collaboration in Stroncone (TR, Italy). The CCD Cam-
era is an ATIK 460EX (2749x2199 pixels, 4.5 pm in size). A slit width of 30 ym
(=2.0 arcsec) has been adopted. Table 2 presents a log of these low-res obser-
vations.

Echelle high resolution spectra of 2SXPS have been obtained with the 0.84m
telescope operated by ANS Collaboration in Varese (Italy), and equipped with a
mark. ITT Multi-Mode Spectrograph from Astrolight Instruments. The detector is
a SBIG ST10XME CCD camera (2192x1472 array, 6.8 pm pixel, KAF-3200ME
chip with micro-lenses to boost the quantum efficiency). In the high resolution
mode, an R2 Echelle grating of 79 In/mm is used in conjunction with an equi-
lateral 60° prims made in high dispersion N-SF11 flint glass, for a final 18,000
resolving power with a 2arcsec slit width. For 2SXPS observations a binning
2x2 was adopted leading to a resolving power 10,000.

The spectroscopic observations at both telescopes were obtained in long-slit
mode, with the slit always rotated to the parallactic angle and widened to 2arc-
sec on the sky. All data have been similarly reduced within IRAF, carefully
involving all steps connected with correction for bias, dark and flat, sky sub-
traction, wavelength calibration and heliocentric correction. The low-res spectra
have been flux calibrated using similar observations of the nearby spectropho-
tometric standard HR 6698 observed immediately before or after 25XPS.

Table 2. Log of spectroscopic observations of 25XPS J173508.4-292958.

low-resolution Echelle
2020 uT JD expt 2020 uT JD expt
(-2450000)  (sec) (-2450000)  (sec)
Apr 24 01:38 8963.572 9000 Apr 23 02:25 8962.601 3600
May 03 00:21 8972.519 3600 24 02:30 8963.604 3600

22 00:41  8991.534 5400 May 21 01:28 8990.561 4500
24 00:15 8993.516 4500 Jul 29 20:58 9060.374 3600
27 00:14  8996.515 2700 Aug 05 20:40 9067.361 4500
Jun 11 23:40 9012.492 7200 09 20:15 9071.344 3600
12 22:50 9013.457 7200 20 19:55  9082.330 2700
20 20:45 9021.370 4500
22 21:02 9023.382 3600
23 22:00 9024.422 4500
25 23:15  9026.474 7200
29 21:28 9030.400 3600
Jul 12 21:16  9043.391 3600
25 20:21  9056.352 4500
Aug 06 19:48 9068.329 3600
20 19:07 9082.299 2700
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3. Results

3.1. Spectral classification, energy distribution, and radial velocities
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Figure 1. The observed energy distribution of 2SXPS J173508.4-292958 from our
BVRIzY observations complemented with JHKs from 2MASS (Cutri et al. 2003),
W1,W2,W3 from AIWISE (Cutri et al. 2014), and U band from Heinke et al. (2020).
The green line is the intrinsic energy distribution of a K4III star from Koornneef
(1983), Cousins (1980) and Fitzgerald (1970) subjected to an Ep_y=0.375 following
the reddening law of Fitzpatrick (1999).

Even if projected close to the Galactic Center, 2SXPS is in the foreground
at 1.50 kpc distance according to Gaia eDR3 parallax 0.668540.0197 mas (Gaia
Collaboration 2020). The distance would be minimally affected, to 1.53 kpc, by
the application of the mean —0.017mas offset derived by Lindegren et al. (2020)
to affect globally the eDR3 parallaxes (they reported this bias to depend in a
non-trivial way on - at least - the magnitude, colour, and ecliptic latitude of the
source, with different dependencies that apply to the five- and six-parameter
solutions in eDR3).

From Green et al. (2019) 3D extinction maps, 2SXPS should suffer from a
modest E(B-V)=0.375. We have dereddened accordingly our BVRI photometry
combined with 2MASS JHKSs data and found an excellent match with the spec-
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tral energy distribution of a K4IIT giant (Fig. 1). Fitting instead with K3IIT or
K5III distributions would require to change E(B-V) to 0.49 or 0.28, respectively.
Combining distance, reddening and observed V=11.825, an absolute magnitude
M(V)=-0.55 is derived, intermediate between KA4III and K4III/IT luminosity
classes for which Sowell et al. (2007) list M(V)=+40.20 and M(V)=-1.00, re-
spectively.

The AIWISE mid-IR data in Fig. 1 exclude the presence of circumstellar
dust warmer than ~200 K. Any remnant blown-off by the progenitor of the
present-day degenerate companion to the K4III has therefore already dispersed
at a great distance from the central binary.

The SED in Fig. 1 is suggestive of an excess flux at the shortest wavelengths,
amounting to 0.29 mag at U band. A word of caution is however in order con-
sidering that the U-band Swift observation from Heinke et al. (2020) in Fig. 1 is
not contemporaneous with the BVRIzY data, and 2SXPS is moderately variable
(see below). So the apparent excess at the shortest wavelengths of Fig. 1 may
be (in part or entirely) an artifact. Such an ultraviolet excess is frequently seen
in symbiotic binaries of the accretion-only variety, and probably originates from
the accretion disk around the companion to the cool giant (Mukai et al. 2016,
Munari et al. 2020b). A significant contribution to the UV excess can be also
provided by nebular emission from ionized gas located somewhere else in the
binary system (Skopal 2005a,b), ionized by either the hard radiation emitted
from the accretion disk and its central star or from some other mechanism, in-
cluding wind collision. For simplicity, in this paper we attribute the UV excess
to the accretion disk, including cumulatively in it also the contribution by any
nebular region distinct from the disk itself.

The KA4III classification for 2SXPS agrees with our low resolution spectra.
Their average is plotted in Fig. 2 and compared with spectra of standards for
spectral types K3III, K4III and K5III selected from the compilation by Ya-
mashita and Nariai (1977) and observed along 2SXPS with the same spectro-
graph set-up. These nearby K giants trace the metallicity and chemical partition
of the Solar neighborhod. The presence of Ha in emission in 25XPS is rather
obvious. The very large airmass affecting all our observations of 2SXPS marks
the spectrum in Fig. 2 with signatures of telluric absorption red-ward of the
Nal doublet at 5893 A, the strongest feature being the O, band at 6285 A. The
Ball feature at 6496 A shows the same strength in 2SXPS and the field K giants
of Fig. 2, suggesting a normal abundance (for a discussion of Barium enhanced
stars vs. symbiotic stars see Jorissen 2003).

Radial velocities have been obtained from the Echelle spectra by cross-
correlation (fxcor task in IRAF) with spectra of the IAU radial velocity standard
HR 6859 obtained immediately before and after those of 2SXPS on each visit.
This standard is rather convenient: it is located a short angular distance from
2SXPS at RA=18:21:48 DEC=-29:49:18 (minimizing differential spectrograph
flexures), it is very bright at V=2.7 mag, and its K2III spectral type is an excel-
lent proxy for that of 2SXPS. We adopted the —20.04-0.0 km s~! heliocentric
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Figure 2. The low resolution spectrum of 2SXPS J173508.4-292958 compared with
those of K3III, K4III and K5III spectral standards observed along with it. The strong
telluric O band at 6285 A is marked, and the arrow points to Ha in obvious emission.

Table 3. Heliocentric radial velocities of the K-giant in 2SXPS J173508.4-292958 ob-
tained with the Varese 0.84m telescope.

date RVe err
(km/s)  (km/s)
2020 Apr 23/24 —11 1.5
2020 May 21 -15 3
2020 Aug 05 —13 1.5
2020 Aug 09 —-12 1.5
2020 Aug 20 —12 2

velocity listed in the ”Standard Radial Velocity Stars” section of the Nautical
Almanac. The epoch radial velocities so obtained for 25XPS are listed in Ta-
ble 3. They are fully compatible with a constant heliocentric radial velocity of
—12+1 kms~! for 2SXPS during the four months span of our observations.
This suggests that the orbital period is either rather long (and as a consequence
the amplitude of orbital motion quite small) and/or the viewing angle to 2SXPS
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is oriented high above the orbital plane. The tangential velocity of 2SXPS is sim-
ilarly low at —26 km s~! (from Gaia eDR3 parallax and proper motions), for a

combined space velocity of 29 km s~

3.2. The variable and structured emission in Ho

Supporting the association of the K4IIT giant with the X-ray source 2SXPS is
the presence on optical spectra of emission in Ha, not expected in normal and
single K4III stars belonging to the field.

In the left panel of Fig. 3 we present small portions around Ha from a
sample of our low-resolution spectra (those with the highest S/N). The flux and
equivalent width of Ha are observed to change by a large amount over the course
of our observations; no correlation is noted (see phases marked on the spectra)
with the low-amplitude (0.12 mag), 38-day sinusoidal variability exhibited by
2SXPS, and presumably associated with the K4III giant (see sect. 3.4 an Eq.
1 below). The absence of correlation, and the low temperature characterizing a
KA4III giant, suggest the accretion disk around the companion as the origin of
the Ha emission.

The Ha profile as recorded on our Echelle spectra is presented on the right
panel of Fig. 3. It is composed by a broad emission, about 470 km s~! of width
at half intensity, on which it is superimposed a narrow absorption component
(only slightly wider than the instrumental PSF), which heliocentric velocity
averaged over all spectra is —4 km s~!. While the observed velocity of the K4III
giant is consistent with a constant value, the velocity of the narrow absorption
component could vary over the range —10to 0 km s~!. Our spectra lack however
the S/N required for a firm conclusion about that.

One thing about the narrow absorption seems however well established: its
velocity is positive with respect to the K4III giant, so it seems unlikely it may
form in the gentle wind out-flowing from it and engulfing the whole binary sys-
tem. A typical shift Avel ~#—10/—20 km s~ is generally observed in symbiotic
stars for the narrow absorption superimposed to the Ha emission, matching the
typical wind velocity of field cool giants (Munari et al. 2020b, Shagatova et al.
2020). This leaves open the possibility that the narrow absorption component
seen in 2SXPS may form elsewhere in the binary system (as the accretion disk
itself or an atmosphere engulfing it), or in alternative its appearance is spurious
and the Ha profile is actually composed by two separate emission components.
The latter could be expected for an accretion disk seen at high inclination angle
(e.g. Horne and Marsh 1986), but this condition seems to contrast with the lim-
ited (or null) orbital motion exhibited by the K4III giant over the four months
of our observations.
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Figure 3. The variable Ha emission observed in 2SXPS J173508.4-292958 during
2020. Left panel: a strong variation in intensity in recorded on our low-res spectra. Right
panel: on Echelle spectra the profile turns out to be characterized by a broad emission
component with superimposed a narrow absorption. For reference, the spectrum at the
bottom show the telluric absorption lines in the region as derived from observations
of a telluric divider observed along the program star.

3.3. No flickering observed

We carried out a search for flickering at optical wavelengths as an indication
of on-going accretion. To search for flickering we used a 50cm telescope, with
a 40arcmin corrected field of view and quality photometric filters, operated
robotically for ANS Collaboration in Atacama (San Pedro Martir, Chile). We
observed in B-band with 1-min integration time, with interspersed observations
in V-band serving to construct the B—V color base for the transformation from
the instantaneous local photometric system to the Landolt’s standard one. The
same local photometric sequence and data reduction procedures as used for the
long term BV RI monitoring, were adopted.

About 50 field stars close on the image to 2SXPS, of a similar magnitude and
well isolated from neighboring stars were also measured on all recorded images
in exactly the same way as 2SXPS. The photometry of these 50 field stars was
then inspected looking for those with a B—V color as close as possible to 2SXPS.
Four such stars were found, which serve as samplers of the observational noise
above which the flickering has to be detected.

A first run, 70min in duration, was carried out from Sept 2.971 to 3.018 UT,
2020. The results are presented in Fig. 4: the dispersion of B-band measurements
for 25XPS is the same as for the four field stars of the same color and magnitude,
and if any flickering is present, its amplitude does not exceed 0.005 mag. Other
two runs, each one lasting 35min were carried out from Oct 24.980 to 25.003,
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Figure 4. Results from a 70min run in B band in search for flickering from 2SXPS
J173508.4-292958 (red dots). The regular gaps in the data mark epochs when V-band
exposures have been obtained to allow the transformation to the standard system. The
corresponding data for four field stars of similar color and magnitude are presented
as crosses. The progression from ¢=0.007 for field star D to ¢=0.010 for 2SXPS is
accounted for by the AB~0.5mag difference, and exclude the presence of any flickering
with an amplitude in excess of 0.005 mag.

and from Oct 26.981 to 27.003 UT, 2020. They confirmed the findings for the
early September run, with no flickering being detected.

We have seen above how large is the variability displayed by Ha emission.
It probably parallels a similarly large variability of the accretion rate onto the
compact object in 2SXPS. Therefore, the absence of flickering on early Septem-
ber and late October observations does not necessarily imply it is always absent.
Unfortunately, at the time of flickering observations, the object was no more ob-
servable from Italy, and therefore we have no contemporaneous spectroscopy to
compare the absence of flickering to the amount of emission in Ha.

3.4. Photometric evolution

Our BV RI photometry from Table 1 is plotted in Fig. 5. The V' band light-curve
is characterized by a mean 11.825 mag value, and a sinusoidal modulation with
a period of 38 days and an amplitude of 0.12 mag, with the following ephemeris
providing times of mimina:

min(V) = 2458994.5(+1) + 38(+0.5) x E (1)

The colors do not appear to change along the cycle. As illustrated by the SED
in Fig. 1, the emission at optical wavelengths is dominated by the K4III giant,
so the sinusoidal variability probably originates from it, either in the form of
some pulsation or the rotation of a spotted surface.
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Figure 5. Our April-to-August 2020 light-curve of 2SXPS J173508.4-292958 built
from data in Table 1 (red dots mark the observations obtained with ANS Collaboration
telescope ID 0310, and black dots those with telescope ID 1301). The sinusoid going
through the V-band data has minima according to Ephemeris (1), an amplitude of
0.12 mag and a period of 38 days.

The sinusoidal variability could instead point to an ellipsoidal deformation of
the K4III, should the latter fill its Roche lobe, in which case the orbital period
would be twice the photometric one, or 76 days. The typical mass of a field
KA4III is listed as 1.2 Mg, by Drilling and Landolt (2000). Assuming 1.0 Mg for
the companion, this leads to a semi-major axis for the binary system of 98 Rg.
The relation between mass ratio g, orbital separation a, and Roche lobe radius
Rpgy as given by Eggleton (1983) is

RRL o 0.49(]2/3
a  0.6¢%3 +1n(1+q'/3)

(2)

and returns a radius of 39 Ry for the K4III, twice the tabulated values of
~20 Rg (Drilling and Landolt 2000). The discrepancy would persist also for
different assumption on the mass of the companion: 0.5 Mg leads to 41 Rg and
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2.5 Mg to 37 Rg. Therefore, the origin of the observed sinusoidal light-curve is
probably other that Roche-lobe filling.
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Figure 6. Long-term light-curve of 2SXPS J173508.4-292958 built from ASAS-SN
sky-patrol data in V' and g bands.

In support of this conclusion comes the absence of detectable radial velocity
changes in Table 3. A 76-day period would correspond to an orbital velocity
of the K4III of 30 km s~! for a 0.5 M, companion and 38 km s~ for 2.5 M.
The maximum photometric amplitude (for edge-on systems) of the ellipsoidal
modulation is 0.25/0.30 mag. An amplitude of 0.12 mag for 2SXPS requires a
significant orbital inclination, such that the amplitude of radial velocity varia-
tions would be at least 10 km s~!, incompatible with results from Table 3.

The nail in the coffin about ellipsoidal modulation is however the fact that
the sinusoidal variability is not always present but highly variable with time, as
discussed in the following section.
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Figure 7. Phased light-curves for the modulated part of Figure 6.

3.5. Long-term light-curve

To reconstruct a longer term light-curve of 2SXPS we have downloaded ASAS-
SN all-sky patrol data (Shappee et al. 2014, Kochanek et al. 2017) and plotted
them in Fig. 6. 2SXPS was observed by ASAS-SN with a V-filter over 2016-2018
and with a g-filter during 2018-2020.

The median value of the 2016-2018 ASAS-SN V band data in Fugure 6 is
0.076 mag brighter than our data in 2020. We do not regard this as significative:
ASAS-SN data are just differential magnitudes with respect to not-transformed
data for field stars, while our photometry is fully transformed to Landolt’s sys-
tem of equatorial standards (cf. sect. 2.1). The rather red color of 2SXPS, much
redder than typical field stars, can easily account for the offset affecting ASAS-
SN data.

The ASAS-SN light-curve in Fig. 6 shows a stable 2SXPS during 2016-2018,
and appearance of the sinusoidal modulation only in 2019, which extended to
2020 with a lower degree of coherence. The phased light-curves of 2SXPS from
ASAS-SN data for 2018, 2019 and 2020 is presented in Fig. 7, with the best-
fit ephemeris given at the top of the panels. The differences between them are
marginally within uncertainties.

While certainly arguing against an interpretation in terms of ellipsoidal dis-
tortion of the K4III giant, the light-curves of Fig. 5, 6 and 7 do not disentangle
a specific cause for the variability observed in 2SXPS, although some kind of
pulsation could be a viable explanation.

4. Conclusions

Our observations suggest 2SXPS to be a previously unknown symbiotic star, of
the accreting-only variety (AO-SySt). The low space velocity, absence of cool
circumstellar dust, solar-like metallicity and lack of enhancement in Barium set
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2SXPS aside from other symbiotic stars of the yellow class (i.e. those harbouring
a cool giant of the F,G,K spectral types). As typical of AO-SySt systems, the
signature for 25XPS of on-going accretion onto a degenerate companion are fee-
ble (weak and structure emission in He, just a hint of near-UV excess emission)
and highly variable in time, so that the AO-SySt nature may be not recognized
at all times from optical observations alone. The star clearly deserves further
observations, especially accurate radial velocities over a long time interval in
order to derive the orbital period, orbital inclination and an estimate for the
mass of the unseen companion.

References

Cousins A. W. J., 1980, SAAOC, 1

Cutri R. M., Skrutskie M. F., van Dyk S., Beichman C. A., Carpenter J. M.,
Chester T., Cambresy L., et al., 2003, yCat, 11/246

Cutri R. M., et al., 2014, yCat, 1I/328

Drilling J. S., Landolt A. U., 2000, in Allen’s Astrophysical Quantities, 4th ed.,
A.N. Cox ed., pag. 381, Springer-Verlag (New York)

Eggleton P. P., 1983, ApJ, 268, 368. doi:10.1086/160960
Fitzgerald M. P., 1970, A&A, 4, 234

Fitzpatrick E. L., 1099, PASP, 111, 63. doi:10.1086/316293
Gaia Collaboration, 2020, yCat, 1/350

Green G. M., Schlafly E., Zucker C., Speagle J. S., Finkbeiner D., 2019, ApJ,
887, 93. doi:10.3847/1538-4357/ab5362

Heinke C. O., Rivera Sandoval L., Maccarone T. J., Kennea J., Bahramian A.,
Strader J., Sivakoff G. R., 2020, ATel, 13648

Henden A. A., Templeton M., Terrell D., Smith T. C., Levine S., Welch D.,
2016, yCat, 11/336

Horne K., Marsh T. R., 1986, MNRAS, 218, 761. d0i:10.1093/mnras/218.4.761
Jorissen A., 2003, ASPC, 303, 25

Kochanek C. S., Shappee B. J., Stanek K. Z., Holoien T. W.-S., Thompson
T. A., Prieto J. L., Dong S., et al., 2017, PASP, 129, 104502. doi:10.1088/1538-
3873/2a80d9

Koornneef J., 1983, A&A, 500, 247

Lindegren L., Bastian U., Biermann M., Bombrun A., de Torres A., Gerlach E.,
Geyer R., et al., 2020, arXiv, arXiv:2012.01742

Mukai K., Luna G. J. M., Cusumano G., Segreto A., Munari U., Sokoloski J. L.,
Lucy A. B, et al., 2016, MNRAS, 461, L1. doi:10.1093/mnrasl/slw087



Photometry and spectroscopy of the new symbiotic star 2SXPS J173508.4-292958 117

Munari U., 2019, in The Impact of Binary Stars on Stellar Evolution, G. Beccari
and M.J. Boffin eds., Cambridge Univ. Press., Cambridge Astrophysical Series
vol. 54, pag. 77 (arXiv:1909.01389)

Munari U., Henden A., Frigo A., Dallaporta S., 2014, JAD, 20, 4

Munari U., Valisa P., Dallaporta S., Vagnozzi A., Andreoli V., Castellani F.,
2020a, ATel, 13660

Munari, U., Traven, G., Masetti, N. et al., 2020, MNRAS, submitted

Shagatova N., Skopal A., Shugarov S. Y., Komzik R., Kundra E., Teyssier F.,
2020, arXiv, arXiv:2012.08417

Shappee B. J., Prieto J. L., Grupe D., Kochanek C. S., Stanek K. Z., De Rosa
G., Mathur S, et al., 2014, ApJ, 788, 48. doi:10.1088/0004-637X/788/1/48

Skopal A., 2005a, A&A, 440, 995. doi:10.1051/0004-6361:20034262
Skopal A., 2005b, ASPC, 330, 463

Sowell J. R., Trippe M., Caballero-Nieves S. M., Houk N., 2007, AJ, 134, 1089.
doi:10.1086 /520060

Yamashita Y., Nariai K., 1977, An Atlas of Representative Stellar Spectra, Uni-
versity of Tokyo Press



Contrib. Astron. Obs. Skalnaté Pleso 51, 118131, (2021)
https://doi.org/10.31577/caosp.2021.51.2.118

V355 And: a neglected detached binary in a
multiple star system

B. Ozkardes' 2

L Department of Space Science and Technologies, Faculty of Arts and
Sciences, Canakkale Onsekiz Mart University, Terzioglu Kampisi,
TR-17020, Canakkale, Turkey, (E-mail: burcu@comu.edu.tr)

2 Canakkale Onsekiz Mart University, Astrophysics Research Center and
Ulupwnar Observatory, TR-17100, Canakkale, Turkey

Received: October 9, 2020; Accepted: December 28, 2020

Abstract. The analysis of light curves (from TESS, ASAS-SN and KWS
databases) of the eclipsing binary V355 And is presented for the first time.
The O-C diagram was constructed using all available times of minimum light
together with the ones determined in this study, and the revised ephemeris
was obtained. The final photometric model describes V355 And as an Algol-
like type binary star with a detached configuration. Absolute parameters of the
components of the system were found to be: masses, M1=1.56 & 0.01 Mg and
M>=1.38 £ 0.01 Mg, radii, R1=1.70 + 0.03 Ry and R»=1.38 + 0.03 R, and
effective temperatures, 71=6650 £ 200 K and 75=6235 + 201 K. Considering
interstellar extinction the distance to V355 And was computed as 117 + 7 pc.
The evolutionary state of V355 And is also discussed using the Geneva stellar
models.

Key words: Stars: binaries: eclipsing; Stars: absolute parameters; Stars: In-
dividual V355 And

1. Introduction

Eclipsing binary systems are important celestial objects in astrophysics in de-
termining the astrophysical parameters of stars in our galaxy, the Milky Way,
and nearby galaxies and understanding stellar evolutionary status. Since the
proximity and ellipsoidal effects are not important in detached binary systems,
their absolute parameters can be derived more accurately from the solutions of
light and radial velocity curves. This paper focuses on the neglected eclipsing
binary V355 And. The primary objectives of the present study are to determine
the absolute dimensions of V355 And and to examine the evolutionary state of
the system’s components. Literature-based studies of this neglected binary star
are summarized below.

V355 And is an Algol-type binary star and a component of the visual binary
WDS 00442-4614. The eclipsing nature and multiplicity of the system were
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discovered by the Hipparcos satellite (ESA, 1997). The system has a fainter
(AV gip~1™.17) component at a separation of 1.41 arcsec and a position angle
of 5.5 deg. The target system V355 And is one of the poorly studied eclipsing
binary stars. Kazarovets et al. (1999) gave the GCVS name and variability type
of the system in their 74th name-list of variable stars. Tikkanen (2002) published
the complete visual light curve of V355 And and revealed the light elements to
be Tp=2452295.088(8) and P=4.71841(2). Imbert (2006) determined the spec-
troscopic orbits of 25 binary stars, including the double-lined system V355 And,
using 1402 Coravel radial velocity measurements. Zasche et al. (2009) presented
a new catalog of visual double systems containing eclipsing binaries as one com-
ponent. For V355 And, they suggested the visual orbit’s period to be in the
order of 3000 yr according to the orbital coverage. Hubscher (2015) recorded
one minimum light time in the Ifilter for the system. Some photometric prop-
erties of the multiple system V355 And are given in various catalogues (e.g.
Malkov et al., 2006; McDonald et al., 2012; Avvakumova et al., 2013; Paunzen,
2015; Soubiran et al., 2016). The fundamental data for V355 And is given in
Table 1.

Table 1. Fundamental data based on the ASAS—-SN database for V355 And.

Star Name ASASSN-VJ004411.33+461407.2

LCID 51037

RA, DEC 11.0472, 46.2353
Epoch (HJD) 2457747.80809
V mag 7.97

Amplitude 0.73

Type VAR

2. O-C analysis

2.1. Data

For V355 And, there are few times of minimum light in the literature: Tikka-
nen (2002) observed the system visually and obtained 5 minima times. In the
O-C Gateway archive!, 4 minima times of the eclipsing binary V355 And are
recorded. In this study, 9 minima times of the system were obtained from the
photometric light curves of the SuperWASP (Wide Angle Search for Planets;
Butters et al., 2010) and TESS (Transiting Exoplanet Survey Satellite; Ricker
et al., 2015) surveys. Newly determined minima times were computed with the
software Minima Vers.27 published by B. Nelson? using the Kwee & van Woer-

Lhttp://var2.astro.cz/ocgate/index.php?lang=en
2https://www.variablestarssouth.org/software-by-bob-nelson/
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den (1956) method. All minima times in HJD were converted to BJDpp using
the HID2BJD calculator® (Eastman et al., 2010) because the calculated times
of minima from TESS observations were in the BJDTpg time system. Minima
times of V355 And are tabulated in Table 2.

Table 2. Minima times of V355 And.

BJDtpgr(+2400000) Type Method Reference
52271.5000£0.0210 P visual

52276.2170+£0.0160 P visual

52283.2910+0.0070 p visual ~ Tikkanen (2002)
52295.0900=0.0080 P visual

52309.2420+0.0110 S visual

56928.5218+0.0033 p CCD

57256.4517+0.0064 S CCD O — C Gateway
57992.5188+0.0015 S CCD

58379.4208+0.0015 S CCD

54418.3577+0.0004 p CCD SuperWASP
54373.5245+0.0004 s CCD

58768.6916+0.0001 p CCD

58778.1289+0.0002 P CCD

58782.8474+0.0001 P CCD

58766.3361+£0.0002 S CCD TESS
58771.0540+0.0001 S CCD

58780.4909+0.0001 S CCD

58785.2092+0.0001 S CCD

2.2. New light elements

We can examine whether the orbital period of a binary system has changed
using the O-C diagram. In the case of V355 And, the O-C values of the minima
times listed in Table 2 were calculated using Tp=2458768.6916 (from TESS ob-
servations) and P=4.71841 (from Tikkanen, 2002), and thus the O-C diagram
of the system was created. A linear regression of all O-C values was performed
to obtain the revised ephemeris, given in equation (1). The residuals are plotted
in Fig. 1. In this figure, it is clearly seen that the period of the system has been
constant throughout the time interval of 18 years.

Min I (BJDrpp) = 2458768.6924(20.0011) + 44.7183707(=£0.0000013) x E,
(1)

where the values in brackets are the uncertainties.

3http://astroutils.astronomy.ohio-state.edu/time/hjd2bjd.html
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Figure 1. A plot of O—C residuals versus the ephemeris used in equation (1).

3. Light curve modeling

3.1. Data

The neglected binary V355 And was observed by five different photometric sur-
veys: The All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee et al.,
2014; Kochanek et al., 2017; Jayasinghe et al., 2018), Kamogata/Kiso/Kyoto
Wide-field Survey (KWS; Maehara, 2014), Hipparcos, SuperWASP and TESS.
The photometric light curves observed by the TESS*, ASAS-SN® and KWS6
were analyzed, while the Hipparcos and Super WASP light curves were not solved
because of the inadequate phase covering and more scattered data.

The main purpose of TESS is to explore planetary transits by scanning
the chosen sky over a period of two years. TESS observational data comes
from sectors that cover a 24°x90° region in the sky. The observations of 32
sectors in total have been completed so far. TESS observations of V355 And
(Trhag=7.42, TIC 601366244) were made in 120 s cadence during Sector 17
starting in October 2019. In this study, Simple Aperture Photometry (SAP)
Flux data with QUALITY=0 of V355 And, which consists of 12,613 photometric
points for the system, was converted into magnitude values. The average values
per each three data points were used to generate the normalized data, thus
nearly 4200 normal points in total. The photometric phases of the TESS light
curve were computed using equation (1).

The ASAS—SN project aims to survey the whole sky up to 18th magnitude
and focuses on the discovery of bright nearby supernovae. In the ASAS-SN
Variable Stars database 666,502 light curves are available, including the V-
band light curve of the target binary V355 And obtained between October

4https://mast.stsci.edu/portal/Mashup/Clients/Mast /Portal.html
Shttps://asas-sn.osu.edu/
Shttp://kws.cetus-net.org/ maehara/VSdata.py
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2013 and January 2018. The ASAS-SN light curve of V355 And is composed
of about 1800 data points in V mag. The outliers with ¢ > 0.0004, where

o= grrorof observation point ' ore removed from the ASAS-SN data. The remain-
observation point !

ing data points, ~1480, were processed in the analysis. Using equation (1), the
phases of the ASAS—SN light curve were calculated.

KWS is designed for the automated wide-field optical survey of bright tran-
sits and variable stars via a small CCD camera and lens to achieve a photometric
precision of < 5% for stars with V~band magnitude between 5 and 11. KWS ob-
servations of V355 And were made between December 2010 and January 2020,
and nearly 1200 data points were obtained in total in the V and I. filters. The
scattered data points with o > 0.00095 for V and o > 0.00013 for I. were re-
moved from the KWS data, thus a total of ~800 data points remained for the
analysis. Equation (1) was used for phasing the KWS-VI, light curves.

The spectroscopic orbital parameters of the system given by Imbert (2006)
are tabulated in Table 3. The spectroscopic mass ratio (q:%) of V355 And is
calculated to be 0.88 based on this table. Public data of the radial velocity curves
of the eclipsing pair can be extracted from the webpage” of SB9 (Pourbaix et al.,
2004).

Table 3. Spectroscopic orbital parameters of V355 And from Imbert (2006).

Parameters Unit  Primary Secondary

TO HJD 48929.67£0.007

Period day 4.71835+0.00002

e - 0 (fixed)

w deg 0 (fixed)

K km/s 85.01£0.28 96.59+0.30

v, km/s 6.9340.17

asin(i) km 5.52x10°40.02x10°  6.27x10°40.02x10°
msin® (i) Me  1.56+0.01 1.38+0.01

3.2. Analysis

If both a light curve and radial velocity curves of an eclipsing binary system are
obtained, the absolute parameters of that system can be determined more pre-
cisely. The Wilson-Devinney (WD) code (Wilson & Devinney, 1971), appended
with the Monte Carlo (MC) algorithm (Zola et al., 2010), was used for the light
curve modeling. In the first step, due to its high inherent accuracy (each datum
on the order of 0.0001 mag), the TESS light curve of V355 And was solved.
The MC procedure outlined by Zola et al. (2010) was followed, and the spec-
troscopic mass ratio value was kept fixed. In the second step, ASAS-SN and

"https://sb9.astro.ulb.ac.be/
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KWS light curves were solved. The ASAS—-SN and KWS light curves both have
lower photometric accuracy and show more scattering at their maximum levels
(see Fig.2). On the other hand, there are not enough observation points in the
depths of the minima of KWS light curves. As it is well known, the depths of
minima of a given light curve are important factors in determining the surface
potential parameters (then the fractional radii) of component stars. Therefore,
in the solution of ASAS-SN and KWS light curves, these surface potential pa-
rameters (1, Q3) were fixed at the values obtained from the solution of the
TESS light curve, and the other parameters were adjusted.

The following parameters were adopted and fixed during all iterations. The
temperature of the primary component was fixed at 6650 K corresponding to
the F5 spectral type given by the Hipparcos catalogue using Drilling & Landolt
(2000)’s calibration for MK spectral types. The bolometric gravity-darkening
exponents (g1=¢2=0.32) and albedos (A;=A2=0.5) of the components were set
at their theoretical values as suitable for the spectral type of component stars,
following Lucy (1967) and Rucinski (1969), respectively. The square-root limb-
darkening law was adopted with limb-darkening coefficients from the calibration
tables of Claret & Bloemen (2011) and Claret et al. (2013), depending on the
filter wavelengths and temperatures of the primary and secondary components.
Besides synchronous rotation of the components, a circular orbit for the systems
was also assumed.

The free parameters in the light curve fitting were the orbital inclination (),
phase-shift (¢), temperature of the secondary component (75), non-dimensional
surface potential parameters of components (2; and Qs), luminosity of the pri-
mary (L) and third light contribution ( Ltl:)?al ). In the MC process, an assumed
range within realistic bounds for each free parameter should be defined. In the
analysis, the search ranges of the adjusted parameters are given in Table 4.

The parameters of the WD+MC solution are listed in Table 4 with the er-
rors corresponding to a 90% confidence level. The best theoretical fits of the
WD+MC modeling program are compared with the observed light curves in
Fig. 2. The 2D plot of the parameter space for degeneracies between the chosen
five parameters (i, T, Q1, Q2 and L3) are shown in Fig. 3 using MC confidence
levels. There are considerable degeneracies between 21 and €, and between
and L3, while no degeneracies are seen between i and 15, 7 and 27 and 7 and Q5.
Such degeneracies between the geometric and physical parameters were found
in some detached binaries (see Garcia et al., 2014; Siirgit et al., 2017).

Table 4. Selected search ranges of adjusted parameters in the WD+MC method.

System i (deg) ¢ T> (K) Qi and Q1 Ly L3

Liotal

V355 And 70-90  -0.01-0.01 5500-6600 9.0-14.0 2.0-12.0 0.1-0.50
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Table 5. Results of the analysis of light curves of V355 And.

Parameters TESS ASAS-SN KWS

1 (°) 88.1+0.2 87.5+0.2 88.1£0.2

0] -0.0006+0.0001  -0.000740.0001  -0.0007+0.0001

T (K) 6650 (fixed) 6650 6650

T> (K) 6414412 6237+14 6297+23

q = My/M; 0.88 (fixed) 0.88 0.88

951 10.867+0.109 10.867 10.867

Qo 11.8384+0.191 11.838 11.838

r1 (mean) 0.100+0.001 0.100 0.100

ro (mean) 0.082+0.001 0.082 0.082

Li/Liotar -TESS 0.45+0.02 - -

L1/Liotar -V - 0.46+0.01 0.45+0.02

Li/Ltotar -Ic - - 0.4640.01

L3/Liotar -TESS 0.2940.02 - -

L3/ Ltotar -V - 0.30+0.01 0.28+0.01

Ls/Ltotar -1c - - 0.2840.01

SW(O - C’)2 -RV1 0.0003 0.0003 0.0003

S W(O - C’)2 -RV2 0.0003 0.0003 0.0003

> W(O —~C)*-LC —TESS 0.0194 - -

SN W(O-C)? -LC -V - 0.2548 0.2843

S W(O - C)* -LC — I, - — 0.1731

4. Results and discussion

A detailed photometric data analysis of V355 And was performed in this study
for the first time. The best-fitting model reveals that V355 And has a detached
configuration, and the primary and secondary components fill 34% and 31% of
their Roche limiting lobes, respectively. In the following subsections, the ob-
tained absolute parameters and evolutionary status of the system are given.

4.1. Absolute dimensions

The absolute dimensions of V355 And were calculated from the combination of
the TESS light curve solution and the RV curve solution, and are given in Table 6
with  their  uncertainties. The solar  values, T.,;y=5771.840.7 K,
Mo =4.7554+0.0004 mag and g=27423.2+7.9 cm/s?, taken from Pecaut & Ma-
majek (2013), were used in the computations.

The uncertainty of 20 K in the temperature of the secondary component,
seen in Table 5, corresponds to the 1-o formal error resulting from the WD+MC
analysis. The standard error of the secondary component’s temperature has been
corrected to 201 K by adopting the standard error of 200 K in the temperature
of the primary component given in Table 6. The Bolometric corrections (BC)
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Figure 2. Comparison between the theoretical (solid lines) and TESS (top),
ASAS-SN-V (middle) and KWS-V I, light curves (bottom) of V355 And. The resid-
uals of the WD+MC model fitting are shown in the bottom panel.

of the primary and secondary components were chosen from the tabulation of
Flower (1996) to be BC1;=0.016 and BC5=-0.017, respectively, according to the
computed effective temperatures of the components. The absolute magnitudes
of both components were then obtained.

Through the well-known equation E(B — V)= (B — V)—(B — V), the color
excess of the system was determined as 0.017, where the de-reddened color index
(B—V)o was computed using the absolute magnitude calibrations for detached
binaries given by Bilir et al. (2008), while the (B — V') value of the system was
taken from the APASS catalogue®. The interstellar extinction value A4, in the
V passband was computed as 0.052 mag by means of the well-known formula
Ay = 3.1 x E(B — V). Finally, the distance to V355 And of 11747 pc was
derived from the distance modulus formula. Additionally, the distance of the

8 APASS Catalogue: The AAVSO Photometric All-Sky Survey, http://www.aavso.org/apass.
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Figure 3. Degeneracies of the selected parameters, (i, T, Q1, Q2 and L3), for the
WD+MC search best fit solution using three confidence levels (68%, 90%, and 99%).
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monds. The best-fit solution is represented by the cross symbol with error bars selected

from a 90% confidence level.
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system was calculated to be 117.9+2.0 pc according to the Gaia DR2 parallax
(Gaia Collaboration et al., 2018). It is clearly seen that the determined distance
is in good agreement when compared with the Gaia distance.

Table 6. Absolute parameters of the components of V355 And.

Parameters Unit Primary Secondary
A Ro 16.94+0.03

P,y days  4.718380840.0000001)
M Mg  1.56£0.01 1.3840.01
R Ro 1.70+0.03 1.3840.03
log g cgs 4.1740.02  4.294+0.01
T K 6650+200 6235+201
My mag 2.99£0.16 3.59+0.14
My mag 2.97+£0.16 3.61+0.14
L Lo 5.10x0.77  2.924+0.37
My, mag 2.10+0.13

BC mag 0.016 -0.017

d pc 11747

4.2. Evolutionary status

A comparison of the measured physical parameters of a star with predictions
from theoretical models can be made by means of the Hertzsprung—Russell (HR)
diagram. According to the iron number abundance, [Fe/H]=0.17, given by Nord-
strom et al. (2004) and Holmberg et al. (2009), the metallicity value was com-
puted to be 0.021 using the relation between Z and [Fe/H] in the logarithmic
scale?. Therefore, the locations of the components of V355 And were plotted on
the log Tesp-log (L/Lg) diagram (see Fig.4), namely the HR diagram, using
the Geneva stellar evolution models!? (Mowlavi et al., 2012) for the metallicity
7=0.02. Trials were made for other Z values (Z=0.14 and Z=0.03); however,
as it can be seen in Fig. 4, the theoretical evolution model at Z=0.02 is the
most suitable for the masses of both components of the system. In addition, we
also tried to predict the age of V355 And using the evolutionary isochrones for
7=0.02 adopted from Mowlavi et al. (2012). Consequently, with respect to the
HR diagram, it can be said that the components of V355 And are main-sequence
stars at the age of ~ 1.26 Gyr.

9https://people.umass.edu/wqd/astro640/ToO.pdf
LOhttps: //www.unige.ch/sciences/astro/evolution/en/database/syclist /
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Figure 4. Locations of primary and secondary components of V355 And in the loga-
rithmic temperature-luminosity plane according to Geneva stellar evolutionary models.
ZAMS, TAMS and evolutionary tracks were taken from Mowlavi et al. (2012) for the
metallicity of Z=0.02. Lines drawn vertically and horizontally denote error bars of the
measured parameters. The isochrone for the estimated age of the system at 1.26 Gyr
is represented by a dashed line. In the HR diagram the numbers added to the left of
ZAMS indicate initial masses.
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Abstract. We carried out a search for unknown dwarf novae in a public data
release of the Zwicky Transient Facility survey and suspected that the object
ZTF18abdlzhd is a SU UMa-type star. Performed multicolor CCD observa-
tions permit us to follow its fading from an outburst in August and an entire
superoutburst in October 2020. The duration of the superoutburst is 13 days.
We detected superhumps with period P = 0@06918(3) that are characteristic
of UGSU type stars.

Key words: stars — photometry — dwarf novae — ZTF18abdlzhd

1. Introduction

Cataclysmic variables provide opportunities to observe various accretion-related
phenomena in a setting of close binary systems. A white dwarf primary is receiv-
ing matter via the inner Lagrangian point (L1) from a low-mass secondary star
that fills up its Roche lobe. Dwarf novae are a subclass of cataclysmic variables
where the stream of matter forms an accretion disk around the white dwarf and
the disk alters between hot (high accretion rate) and cold (low accretion rate)
states resulting in recurrent dramatic changes in brightness.

SU UMa-type dwarf novae are known to increase their brightness by several
magnitudes for days, after which they get back to the quiescent state for a
while. Two kinds of outbursts are found in these systems, distinguished by
the outburst amplitude and duration. Short low-amplitude outbursts are called
normal, and long ones having greater amplitudes and a “plateau” phase, are
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known as superoutbursts. In the course of a superoutburst, periodic brightness
variations called “superhumps” occur. They are characterized by amplitudes up
to 0.3 mag and have periods longer than the orbital period of a system by several
percent. See more detailed information on Dwarf Novae in Warner (1995), and
specifically on UGSU-type stars in Kato et al. (2009).

We revealed the object in Zwicky Transient Facility Data Release 3 (Bellm
et al., 2019) during the dedicated search of dwarf novae. We downloaded ZTF
DR3 light curves from the IRSA IPAC server!. Then we selected all zr (ZTF
Sloan r band, see Fig. 2 from Bellm et al. (2019)) light curves with the following
restrictions: the peak magnitude is brighter than 19.5 mag, the amplitude is at
least 1 mag, the duration is between 10 and 30 days, and the number of observed
nights is at least 10. Only good weather-condition observations were considered.
This search yielded us 15 out of 3 billion ZTF DR3 objects.

A visual analysis of light curves was performed with the SNAD ZTF web-
viewer? (Malanchev et al., in prep.) and the object ZTF18abdlzhd was found
as the only reliable UGSU candidate.

The outburst light curve based on ZTF data is shown in Fig. 1.

2. Observations

CCD photometry of ZTF18abdlzhd (o = 23"15™303841,5 = +57°08'4698,
J2000) carried out in August and October 2020 permit us to follow the end of
the fading stage of one outburst and a full superoutburst of this dwarf nova.
We monitored the field of the variable with the new automated 60-cm telescope
of the Caucasus Mountain Observatory of SAT MSU. The ASA RC600 60-cm
reflector was installed at the Caucasus observatory supported by M.V. Lomo-
nosov Moscow State University Program of Development. It is equipped with
an Andor iKon-L (DZ936N-BV) 2048 x 2048 CCD-camera and a set of filters
(see Berdnikov et al., 2020). Sloan g, r, ¢ (Fukugita et al., 1996) and Johnson-
Cusins B, V, R, I. bands were used to explore the behaviour of ZTF18abdlzhd.
Observations in g, 7, ¢ were obtained on August 19-23, 2020 (JD2459081-85, 4
nights), and CCD frames in B, V, R., I. were taken on October 10-26, 2020
(JD2459133-149, 15 nights). The observational log is given in Table 1. The
exposure times varied from 120 seconds during the outburst to 600 seconds in
minimum brightness of the object.

To perform aperture photometry and magnitude calibration, we used VaST#
software (Sokolovsky & Lebedev, 2018). We derived magnitudes of an ensemble
of comparison stars within the field of view from the APASS (B, V, R, I.) and
the PanSTARRSI (g, r, i) survey (Chambers et al., 2016).

Thttps://irsa.ipac.caltech.edu/data/ZTF /lc_dr3/
2https://ztf.snad.space
Shttps://arxiv.org/abs/2012.01419
4https://scan.sai.msu.ru/vast
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Figure 1. ZTF18abdlzhd outburst light curve from ZTF survey data. zr is for ZTF
r band whose transmission curve is depicted in Fig.2 in Bellm et al. (2019).

3. Results

Our data cover two outbursts of ZTF18abdlzhd. Unfortunately, we have no op-
portunity to classify the type of the August outburst (normal or superoutburst,
see the left panel of Fig.2) because the observations reveal only the final stage
of the event.

On October 10, 2020, we found the variable in its bright state again. The
brightness of the variable star increased to the next night of observations, so
we can say that we detected the dwarf nova at the beginning of an outburst.
The total duration of this outburst is 13 days which is very similar to the event
found in ZTF data (cf. Fig. 1 and the right panel of Fig. 2).

ZTF18abdlzhd reached the maximum brightness on October, 11, R, = 17.49
mag. Immediately after the superoutburst, the star faded to R, = 21.8 mag. In
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Table 1. Observational log.
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JD Date Number of frames (Band)
2459081  August 19, 2020 3(g), 23 (r), 2 (4)
2459082 August 20, 2020 1(g),1(r), 1 (4)
2459084  August 22, 2020 1(r)
2459085  August 23, 2020 1(r)
2459133  October 10, 2020 5 (B), 5 (V), 5 (Re), 5 (I.)
2459134  October 11, 2020 2 (B), 2 (V), 2 (R.), 2 (I.)
2459135 October 12, 2020 2 (B), 2 (V), 2 (R.), 2 (I.)
2459136 October 13,2020 2 (B), 2 (V), 2 (R.), 2 (I.)
2459137 October 14, 2020 1 (B), 1 (V), 73 (R.), 1 (I.)
2459138  October 15, 2020 45 (R.)
2459139  October 16, 2020 43 (R.)
2459140 October 17, 2020 2 (B), 2 (V), 2 (R.), 2 (I.)
2459141  October 18, 2020 2 (B), 2 (V), 2 (R.), 2 (I.)
2459144  October 21,2020 1 (B), 1 (V), 1 (R.), 1 (I.)
2459145  October 22, 2020 1 (B)
2459146  October 23, 2020 6 (R.)
2459147  October 24, 2020 1 (Re)
2459148  October 25, 2020 1 (R.)
2459149  October 26, 2020 1 (R.)
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Figure 2. ZTF18abdlzhd. The fading stage of the August outburst (left panel) and
the superoutburst of October 2020 (right panel).
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the next few days, the dwarf nova passed beyond the detection limit (about
22.0mag in R.-band at 600 s exposure). Thus, the variability amplitude is
greater than 4.5 mag. We found ZTF18abdlzhd in PanSTARRS DR1 (object
ID 176573488784746366) at r = 22.096 £ 0.196 mag (Chambers et al., 2016)).

Color indices remain constant during the plateau phase of the outburst and
are equal to B—V =046 + 0.02, V — R. = 0.41 £ 0.02 and V — I. = 0.23 £+
0.03.

During the maximum of the October 2020 outburst we found a periodic
brightness variability — superhumps — which are a distinctive feature of a su-
peroutburst (see Fig.3). The most of our observations in the plateau phase of
this superoutburst were obtained in R, band — 161 frames for three nights cov-
ered with photometry densely (see Table 1). For this set we removed a linear
trend from the brightness measurements before running the period search for
which WinEfk software® developed by Dr. V.P. Goranskij was applied. The cor-
responding periodogram and the phased light curve of the superhumps are given
in Fig. 4. The ephemeris is as follows:

JDppas = 2459137.4314 + 0.06918(3) x E.

024591374 15 6l 02459138 1 ol JD2459139 |

vstiad 8 2% 1 79F % 4 180} -

17,9} - 18,0} 4 18,1} .
[N I RN PN NN NN NN NE ENENE FNNEE NN [ FETE IR NN N NW
0,30 0,35 040 045 0,20 025 030 035 040 020 025 030 035 d

Figure 3. Individual light curves of ZTF18abdlzhd for three nights in maximum of
the superoutburst (October 14, 15 and 16, 2020).

4. Conclusion

Based on the ZTF survey data, we suspected that object ZTF18abdlzhd is a
UGSU-type star. Our CCD observations allow us to confirm this assumption.
The duration of the October 2020 superoutburst was 13 days. We found a su-
perhump period P = 0906918(3).
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Abstract. A CCD photometry of the dwarf nova MASTER OT J172758.09
+380021.5 was carried out in 2019 during 134 nights. Observations covered
three superoutbursts, five normal outbursts and quiescence between them. The
available ASASSN and ZTF data for 2014 — 2020 were also examined. Spectral
observations were done in 2020 when the object was in quiescence. Spectra
and photometry revealed that the star is an H-rich active ER UMa-type dwarf
nova with a highly variable supercycle (time interval between two successive
superoutbursts) of ~ 50 — 100 d that implies a high and variable mass-transfer
rate. MASTER OT J172758.09+380021.5 demonstrated peculiar behaviour:
short-lasted superoutbursts (a week); a slow superoutburst decline and cases
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of rebrightenings; low frequency (from none to a few) of the normal outbursts
during the supercycle. In 2019 a mean period of positive superhumps was found
to be 0.05829 d during the superoutbursts. Late superhumps with a mean
period of 0.057915 d which lasted about ~ 20 d after the end of superoutburst
and were replaced by an orbital period of 0.057026 d or its orbital-negative
superhump beat period were detected. An absence of eclipse in the orbital light
curve and its moderate amplitude are consistent with the orbital inclination
of about 40° found from spectroscopy. The blue peaks of the V-Ic and B-Re
colour indices of superhumps during the superoutburst coincided with minima
of the light curves, while B-Rc of the late superhumps coincided with a rising
branch of the light curves. We found that a low mass ratio ¢ = 0.08 could
explain most of the peculiarities of MASTER OT J172758.094-380021.5. The
mass-transfer rate should be accordingly higher than what is expected from
gravitational radiation only, this assumes the object is in a post-nova state and
underwent a nova eruption relatively recently — hundreds of years ago. This
object would provide probably the first observational evidence that a nova
eruption can occur even in CVs near the period minimum.

Key words: stars: MASTER OT J172758.094-380021.5 — dwarf novae — ac-
tivity

1. Introduction

Cataclysmic variables (CVs) are close binary systems in which a white dwarf
(WD) accretes matter from a late-type donor star that fills its Roche lobe.
Accretion is either disc-like or pole-on if a WD is non-magnetic or magnetic one,
respectively. The orbital periods of CVs are limited by a rather blurry border of
about 12 hours and by a strong period minimum at 78 min (Hellier, 2001). There
is a so-called orbital period gap between 2.15 and 3.18 hours (Knigge, 2006) with
a significant deficit of non-magnetic CVs. Non-magnetic CVs in the period gap
and below it up to the period minimum are the SU UMa-type stars (Warner,
1995). These binaries are the H-rich stars approaching during their evolution
to the period minimum or passed it ("period bouncers”), further evolution of
period bouncers takes place with an increase of the orbital period. 56 system are
known at present which have shorter periods than the period minimum. They
are the He-rich AM CVn stars (Green et al., 2018) evolving with a decrease
of the period. CVs on a way to AM CVn stars are called "EI Psc-type stars”
(Kato et al., 2016a), they exhibit both H and He and are located near the period
minimum. Another subgroup of SU UMa-stars, namely WZ-type stars, could
also be found close to the period minimum (Kato, 2015). Transfer of matter
from the late-type companion leads to thermal instability of the accretion disk
and causes its outburst - a dwarf nova (DN) event (Osaki, 1996). SU UMa stars
display two types of outbursts: the normal outbursts that last 2-5 days and
brighter and longer superoutbursts lasting up to several weeks.

During the superoutbursts periodic brightness variations (positive super-
humps) with periods of a few percent longer than the orbital period are present.
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These superhumps, as it was shown by Whitehurst (1988); Osaki (1989); Hirose
& Osaki (1990); Lubow (1991), are the consequence of tidal instability resulting
from the 3:1 resonance in the accretion disc. This can only happen for the SU
UMa-type stars with a mass ratio ¢ = My /M; < 0.3, where My and M; are the
masses of the donor and WD stars, respectively.

Kato et al. (2009) introduced three stages in the positive superhump evolu-
tion: Stage A has longer superhump periods and growth of superhump ampli-
tudes; superhump periods during Stage B could systematically decrease/increase
or be stable with a decrease of their amplitudes; Stage C has shorter superhump
periods.

Some of the DNe display so-called late superhumps (Vogt, 1983). They have
a similar period as positive superhumps, but have phases shifted by a half of
this period. One explanation of this phenomenon is that they arise from a hot
spot on an elliptical disc (Osaki, 1985).

Contrary to the positive superhumps, the negative superhumps have periods
a few percents shorter than the orbital one. Negative superhumps mostly appear
in quiescence independently on the mass ratio (Montgomery, 2010; Pavlenko
et al., 2019) and probably are caused by nodal precession of a tilted accretion
disk (Warner, 2003). Osaki & Kato (2014) suggested that decrease of the fre-
quency of the normal outbursts in some DNe resulting in a transition from a
short (S) cycle to a long (L) one (designations of cycles, i.e., the interval between
two successive outbursts, is taken from Smak (1985)) could be caused by a tran-
sition of a disc from coplanar with an orbital plane to a tilted to the orbital plane
and the subsequent appearance of nodal precession and negative superhumps.
This suggestion was confirmed for NY Her (Sosnovskij et al., 2017), V1504 Cyg
(Osaki & Kato, 2013) and V503 Cyg (Pavlenko et al., 2019).

WZ-type stars have in average a lowest mass transfer rate and rare outbursts
that occur every several years - decades and actually are the superoutbursts with
no normal outbursts with rare exceptions (Kato, 2015). One of the outstand-
ing features of WZ Sge-type stars is rebrightenings, which are outbursts that
appear after the plateau of the superoutburst during the superoutburst decline
(Kato, 2015). WZ-type stars display a long-lasting approach to the quiescence.
The superhumps during this stage (late-stage superhumps) could be observable,
indicating that the disc in this stage is still thermally and tidally unstable.

About 25 years ago a special sub-group of SU UMa stars, ER UMa-type stars
(Kato & Kunjaya, 1995; Nogami et al., 1995), was distinguished among the DNe
as having an extremely highest frequency of superoutbursts (every 20-50 days).

DN MASTER OT J172758.09+380021.5 (hereafter MASTER, 1727) was dis-
covered by Denisenko et al. (2014) in an outburst at V' = 14™.3. Thorstensen
et al. (2016) obtained spectrum in quiescence at V' ~ 18™.5. It showed very
strong, relatively narrow single-peaked emission lines of H. The emission-line
velocities indicated an orbital period of 82.14(6) minutes. The authors predicted
the superhumps detection in the nearest future. Indeed, superhumps were dis-
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covered in the 2019 superoutburst (see vsnet-alerts 22236 and 23335)!, where
the superhump period was reported to be 0.0565(1) d and 0.05803(1) d, respec-
tively. K. Naoto previously suggested that this object might be the EI Psc-type
candidate (vsnet-alert 23720). According to the available ASASSN (Shappee
et al., 2014) light curve? one could suggest a rather short supercycle (inter-
val between two successive superoutbursts) of ~ 50 — 60 d and unusually low
frequency of normal outbursts between them within JD 2458415 — 2458650.

In this paper, we present a spectral and photometric study of MASTER 1727
at different stages of its activity based on our observations in 2019 — 2020 and
on the ASASSN and ZTF? (Masci et al., 2019) database in 2014 — 2019.

2. Observations and data reduction

Spectral observations were carried out at the 6-m telescope of SAO RAS on
29 April 2020 using the SCORPIO reducer with a long slit mode. We used
the volume holographic grating with 1200 lines per mm (VPHG1200G) and
the 17 slit. We obtained the spectra in the range A\ = 3900 — 5700 A with
the resolution of 5.5 A. Five consecutive exposures with a total duration of 25
minutes were obtained. For the wavelength and flux calibration we used the
HeNeAr lamp and a spectrophotometric standard. The observed data reduction
was performed with standard methods under the IDL* environment. Bright sky
background, light clouds and seeing of stars about 2.5” provided the resulting
S/N ratio ~ 40.

Photometric observations were carried out in 2019 during 134 nights (174 in-
depended runs of observations) from June 25 to November 5 in the Crimean As-
trophysical Observatory, Vihorlat Observatory, and in Observatories of Mayaki,
Sanglokh and Terskol (see the log of observations given that is available in an
electronic form). Most of the observations were done in white light (without any
filter) but several observations close to the Johnson-Cousins B, V, Rc and Ic
system were obtained. We used the comparison star 1280-0316078 of the USNO
B1.0 catalogue. Depending on astroclimatic conditions (i.e. sky background,
light absorption in the atmosphere and seeing), telescope and brightness of the
object, exposure time varied and provided S/N = 20—200. We used the MAXIM
DL package for aperture photometry after standard data processing (i.e., debi-
asing, dark subtracting, flat-fielding).

For further analyses of the time series we used the Stellingwerf method im-
plemented in the ISDA package (Pel’t, 1980) and used the O-C analysis for the
times of light curves maxima. For this and analysis of multicolour observations,
we used the MCV program (Andronov & Baklanov, 2004).

Thttps://groups.yahoo.com/neo/groups/cvnet-outburst /
2http://cv.asassn.astronomy.ohio-state.edu/
3https://lasair.roe.ac.uk/

4http:/ /www.ittvis.com/idl
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3. Results

3.1. Spectrum in the 2020 quiescence

Hel? Hel? Hel?

Hel? | [Mgll? Hell? | |Hel?

4250 4500 4750 5000
A

Figure 1. Spectrum of MASTER 1727 in the 2020 quiescence.

In the spectrum, double-peaked emission lines of the Balmer series with
a FWHM = 23 — 27 A are observed (see Fig. 1). The lines of neutral and
ionized He are not found with exception of a weak emission near 5015 A, which
probably is an artefact of sky lines subtraction. Besides of these lines, the CII
and Mg II ions are also absent in the spectrum. Peak-to-peak distances in the
HI (AX = 13.2 — 13.9 A) correspond to rotational velocity of the outer radius
of the accretion disc Vsin(i) = 410 — 450 km/s. Assuming the WD Roche-lobe
radius Ry, = 0.4Re), its mass My = 0.75M) and the ratio of the outer radius
of the accretion disk to the Roche-lobe size equal to 0.8, one could estimate the
orbital inclination ¢ = 40° 4 2°.

According to the theoretical calculations of Paczynski (1977), the size of this
radius is limited by the tidal effect of the secondary component and is about 0.8
R} . To find the value of R} we applied the method for estimating the masses of
the components of the close binaries developed by Borisov et al. (2017). The WD
mass corresponds to My = 0.75M), the average mass of the primary component
WD (Ritter & Kolb, 2011). For a large set of mass ratios of the components
q = My /M, we calculated the mass of the secondary component My and the
size of its Roche lobe according to the Eggleton formula (Eggleton, 1983):

R2 _ 0.49¢2/3
L7 0.6¢2/3 + In(1 + ¢1/3)’

We estimated the radius of the secondary component Ry for each value of its
mass based on the results of evolutionary calculations of Baraffe et al. (2003) and

0<g<oo (1)
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Figure 2. Dependences of the secondary star radius Rz and its Roche-lobe radius R?
on its mass Ms.

Girardi et al. (2000) for the low-mass dwarfs. The resulting dependences of Ry
and R? on M, were compared (see Fig. 2) taking into account the assumption
that for systems with stable accretion the following condition is valid:

R? =1.05—-1.09 ~ Ry (2)

For My = 0.070M¢) £ 0.005M ), ensuring the fulfillment of the condition,
we calculated by the formula (Eggleton, 1983) Roche-lobe radius of the primary
component R} = 0.347R¢) £ 0.030R and the outer radius of the accretion
disk R4p = 0.28 R +0.03R. Comparing the Keplerian velocity at this radius
V = 690 km/s with the observed values presented above we can find the angle
of inclination of the orbit is ¢ = 41° 4 5°.

3.2. A long-term light curve

In this subsection, we consider supercycles, cycles and morphology of superout-
bursts based on our data obtained in 2019 and on the available ASASSN and
ZTF data obtained in 2014 -2019.

3.2.1. 2019 light curve

The overall 2019 light curve of Master 1727 is shown in Fig. 3. It is constructed
using our and part of ASASSN data. It covered three superoutbursts with the
amplitude of ~ 4™ and four normal outbursts. All superoutbursts displayed an
unusually short duration of about one week. This is shorter than a range of
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Figure 3. An overall 2019 light curve of MASTER 1727. SO1, SO2 and SO3 denote
the number of superoutbursts while S1, S2 and S3 denote the number of supercycles.
Our and ASASSN data are marked by black and open circles, respectively. Arrows
indicate the time of colourimetric observations.

typical H-rich DNe (Warner, 1995) with exception of the 6-d duration in RZ
LMi (Robertson et al., 1995), though there are a few He-rich AM CVn systems
(Cannizzo & Ramsay, 2019) with a duration of superoutbursts less than 10 days.
The superoutburst plateau of MASTER, 1727438 declined with a rate of ~ 0.136
mag/d. Then the superoutburst displayed rapid decay of ~2.5 mag in two days,
subsequent slow return to quiescence that lasted up to the beginning of the
next superoutburst, and a short supercycle of 52 d. The normal outbursts lasted
about two days. There was only one normal outburst just in the middle between
superoutbursts, this activity repeated for two neighbour supercycles. However,
the next supercycle included at least two normal outbursts. The appearance of
outbursts during a slow approaching of superoutbursts to quiescence looks like
rebrightenings often seen in the WZ Sge-type stars (Kato, 2015).

3.2.2. ASASSN and ZTF 2014 — 2019 light curve

It was possible to explore the outburst activity of MASTER 1727 on the ~5.5-
year scale (2014 — 2019) using the available ASASSN and ZTF data (see Fig.
4). Contrary to our observations, we cannot immediately identify a type of all
bright events (whether they are normal outbursts or superoutbursts) for this
data. Moreover, in the case of the the superoutburst, maximum of brightness
potentially could refer to any moment within the 7-day plateau. Probably all
the data of 14™ — 14.5™ refer to the superoutbursts. The impression from the
visual inspection of the data is that the supercycle is not constant on a 5.5-year
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Figure 4. The ~5.5-year light curve. ASASSN and ZTF data are shown by blue and
red colours, respectively.

scale. Due to the short duration of the superoutburst, risk of missing it in a
not very dense observation series makes it difficult to accurately determine the
supercycle length. Nevertheless, denser observations (also taking into account
our data) allow us to conclude that the supercycle could change in a range
of 52 - 110 d during 1.5 years at least in 2018 - 2019. Note that no normal
outbursts occurred during the 110-d supercycle. Of all the data on a 5.5-year
scale, six events with a complex profile can be distinguished (Fig.5). The most
striking among them are the fifth and sixth events. The fifth event obviously
is the superoutburst with two rebrightenings. A plateau of this superoutburst
lasted a ~week. The sixth event could be understood as a superoutburst lasting
6 — 9 d and the subsequent rebrightening with an unusually long (~6 d) rising
branch. The first — fourth events probably can also be related to superhumps
with rebrightenings.

3.3. Superhumps during 2019 SO2 superoutburst

Due to the fact that the SO2 superoutburst plateau was closely covered by ob-
servations, we calculated its mean superhump period. A periodogram indicates
the most significant period of 0.05803(4) d among the one-day aliased peaks (see
Fig. 6) that we attribute to the positive superhump period. Its mean the profile
is asymmetric one with an amplitude of about 0™.1. Over a course of all super-
outbursts and in more detail during the SO2 superoutburst (Fig.8), the original
amplitudes of superhumps decrease from 0™.15 to 0™.05 This means that su-
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Figure 5. Fragments (a, b, ¢, d) of the long-term light curve displaying complex
morphology of the outburst profile. The first event probably associates with a normal
outburst + superoutburst + rebrightening, the second — fourth events and the sixth
one with the superoutburst 4 rebrightening and the fifth event with the superoutburst
and two rebrightenings. ASASSN and ZTF data are shown by blue and red colours,
respectively.

perhumps were already fully grown since the superoutburst maxima (stage B)
and stage A was probably too brief (a day or so) to be catched by us.

The periodic light variations with a period close to a superhump period
continued over the quiescence between superoutbursts during every supercycle.
The times of maxima for nightly light curves were defined wherever possible (see
Tab.1) and (O-C)s were calculated using the zero epoch of BJD 2458710.346
and the period of 0.0580294 d. The O-C for the superhumps maxima of the SO2
superoutburst displayed a possibly slight increase of the mean period.

3.4. Periodicity in quiescence

Starting with BJD 2458717, which was ~ a middle of the fast SO2 superoutburst
decline, the (O-C)s displayed a clear jump by a half the period of positive
superhumps. This event looked like classical late superhumps (Vogt, 1983; Kato
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Figure 6. Left: a periodogram for the S2 superoutburst plateau in the vicinity of the
superhump period. A corresponding zero epoch is 2458711.29888. The most significant
peak indicates the period of 0.05803(4) d. Right: data folded on this period.

et al., 2002; Uemura et al., 2002) that is shown in Fig.7 and Fig.8. Further (O-
C)s decreased up to the next superoutburst that means that the corresponding
period was shorter than superhumps in the superoutburst. Simultaneously the
mean amplitude of this periodicity grew from 07.05 to 0™.35 up to the onset
of the normal outburst. After that, the cycle-to-cycle amplitudes varied around
the mean amplitude of ~ 0".15 up to the end of the supercycle.

It seems that the O-C behaviour repeated from supercycle to supercycle. To
study the nature of periods in quiescence we combined the O-C for all S1, S2
and S3 supercycles by choosing the zero-point as the onset of the corresponding
superoutburst. Despite poorer statistics for S1 and S3 supercycles, the O-C
behaviours are consistent with each other. We have identified three stages in the
O-C behaviour: a stage of the superoutburst plateau Sa, quiescence Sb that is
limited by the end of the superoutburst and the normal outburst, and quiescence
Sc between the end of the normal outburst and the next superoutburst (see Fig.
9). Limited and uneven coverage of the superhump plateau does not enable us to
define the evolution of superhumps during stage B. The mean period at this stage
is 0.058029 d. The stages Sb and Sc could be fitted by the linear trends which
refer to two periods of 0.057938 d and 0.057611 d, respectively. Alternatively,
Sb+Sc stages could be approximated by a parabola. The scattering around
linear fits seems to be slightly less than around the parabola, so the version of
two periods in quiescence is more reliable.

We performed a periodogram analysis for the data at Sb and Sc stages
using data of the S2 supercycle only (Fig. 10). The periods at these stages were
0.057915(10) d and 0.057026(10) d, respectively. One could see a good agreement
of the O-C and periodogram analyses for the period at the Sb stage. The mean
period at the stage Sb is 0.00011 d less than the mean period at the Sa stage.
We suggest that this is a period of late superhumps that lasted about 20 d up to
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Table 1. Times of nightly light curves maxima of the MASTER J1727 in 2019.

BJD Error BJD Error BJD Error BJD Error
2458000+ 2458000+ 2458000+ 2458000+

659.457 0.003 715.212 0.003 722.318 0.004 733.324 0.003
659.517 0.003  715.270 0.002 722.324 0.003 736.332 0.005
660.333 0.004 715.330 0.005  722.325 0.002 736.343 0.004
660.395 0.003 715.331 0.002  722.381 0.002 738.264 0.005
660.456 0.002 715.332 0.003  722.441 0.003  743.298 0.006
665.356 0.004 715.389 0.003  723.252 0.002  745.245 0.007
665.419 0.003  715.445 0.004 723.311 0.003  747.293 0.005
668.377 0.003 716.144 0.003  723.375 0.003  748.328 0.006
668.432 0.003 716.202 0.003  724.298 0.002  749.230 0.004
669.415 0.003 716.316 0.002  724.359 0.002  749.290 0.005
670.400 0.003 716.317 0.003 724.414 0.002  749.325 0.006
670.456 0.003 716.318 0.005  725.279 0.002 752.311 0.003
671.380 0.008 716.375 0.003  725.279 0.003  755.317 0.004
671.503 0.005 716.376 0.002  725.336 0.002 759.315 0.003
672.400 0.003 716.435 0.003  725.390 0.004 760.297 0.005
683.319 0.01 717.160 0.003  725.396 0.002  764.296 0.004
683.445 0.008 717.225 0.004 726.319 0.003 765.213 0.003
686.347 0.005 717.396 0.003  727.255 0.002 766.265 0.005
686.410 0.007 718.317 0.003 727.310 0.008 770.243 0.005
691.390 0.01 719.300 0.004 727.314 0.004 770.295 0.005
710.346 0.002  719.301 0.003 727.368 0.008 772.288 0.004
711.331 0.002 719.421 0.003 727.373 0.004 772.261 0.004
712.311 0.002 720.292 0.004 728.293 0.004 773.263 0.004
712.311 0.003  720.295 0.003  728.296 0.004 774.251 0.002
712.370 0.005 720.356 0.005  728.347 0.004 776.276 0.005
713.360 0.005  720.360 0.003  728.352 0.003 778.241 0.002
713.412 0.003  720.361 0.003  730.253 0.003  779.232 0.002
714.288 0.003  721.280 0.003  730.269 0.004 781.246 0.003
714.342 0.005 721.281 0.002  731.309 0.003 782.185 0.003
714.343 0.004 721.332 0.003 731.368 0.003  782.223 0.004
714.398 0.002 721.334 0.003 731.368 0.003 791.258 0.005
714.402 0.003  721.394 0.005 732.344 0.002  800.220 0.005
714.460 0.003  722.268 0.002  732.400 0.003 801.192 0.005

the start of a normal outburst. Note that IY UMa (Patterson et al., 2000) also
displayed the period of late superhumps that was slightly shorter than during
the superoutburst plateau. As for the Sc stage, the O-C also yields confirmation
of the period obtained from the periodogram analysis but with less accuracy
(probably because of an insufficient number of the O-C data). We adopt the
0.057026(9) d for the orbital period.

According to Hellier (2001) an expected fractional period deficit ¢~ of nega-
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Figure 7. From top to bottom: O-C for maxima; amplitudes and an overall light curve
during three S1, S2 and S3 supercycles.

tive superhumps is ~ 0.5 x €™ (here et is a fractional period excess). In our case
€~ should be ~ -0.0087 and the period of negative superhumps has to be about
0.0565 d (frequency 17.70 d~1). No prominent peak at this frequency for both
the superoutburst and the quiescence was found. There is only a week signal
at this frequency during the stage C that we cannot take into account due to
its low significance. Instead, a period of 0.057026(9) d within errors coincides
with the orbital period 0.057042(42) d that was obtained from spectroscopy
(Thorstensen et al., 2016). The mean light curve does not contain the eclipse
and has a relatively low amplitude (about 0™.1). This does not contradict the
moderate inclination of the orbit (i = 40° 4 2°) that we obtained from spec-
troscopy.
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Figure 8. The same as in Fig. 7, but for the part of the S2 supercycle only.

Despite the insufficiently dense rows of the ASASSN and ZTF data for each
night, a large number of nights in the quiescent state following the fifth super-
outburst made it possible to search for periodicities in this quiescence. We have
done this for data of a slow decline (JD 2458227 — 2458250) and quiescence (JD
2458253 — 2458315) separately. A result is presented in Fig.11.

A periodogram for the slow superoutburst decline revealed a most significant
period of 0.057929(7) d. It coincides, within accuracy, with the period of late
superhumps 0.057915(10) d found in 2019. Among the day-aliased peaks of
periodogram for quiescent data one peak points to a period of 0.057797(3) d
that is close to but is slightly less then the period of the late superhumps. In the
case of our observations in 2019, where the second half of the supercycle was
presented by orbital variations, the ZTF periodogram does not show this period.
Possibly a period of late superhumps acted in quiescence and was somewhat
smaller than during a slow fading, or there was cross-contamination of the late
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periods of 0.057929 d and 0.0577965 d, respectively.

superhumps, orbital periodicity, potential negative superhumps or some of them
(the negative superhumps could be good candidates to an additional periodicity
in the quiescence taking into account that this supercycle does not contain
normal outbursts, so we can consider it as an L-type supercycle). The negative
fractional period excess is poorly defined on the empirical diagram ”orbital
period — €7 (Hellier, 2001) for the shortest orbital periods. The extrapolation
of the data suggests an expected €~ in a region from -0.008 to -0.02. In the case
of the orbital frequency F,,., = 17.536, a frequency of variations in quiescence
F, = 17.302 could be a beat (side-band) frequency Fy, = 2F,q, — F), for e~ =
—0.013 and the frequency of negative superhump F,, = 17.767.

3.5. Color indices

The multicolour V, Ic and B, Rc observations of superhumps were done for two
nights of the S2 superoutburst plateau and those of B, Rc were done during the
slow S2 superoutburst decline close to quiescence. As it follows from Fig. 12,
colour indices are the phase-dependent ones and their dependence is different
for different stages of outburst activity. During the S2 superoutburst, the bluest
peak of the V-Ic and B-Rc coincided with a maximum of the light curve, while
during a slow approach to quiescence it was slightly shifted and coincided with
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a rising branch of the light curve. The amplitudes of colour curves were ~
0™.08 during the superoutburst and ~ 0™.1 — 0™.2 close to quiescence. Similar
behaviour of the superhumps colour indices was reported for several SU UMa
stars (see a brief review by Pavlenko et al. (2020).

3.6. Mass ratio from photometry

With known orbital and positive superhumps periods, one could calculate the
fractional period excess et at stage B of the superoutburst

et = (Psh — Porb)/Porb, (3)

where Psh and Porb are positive superhump and orbital periods, ¢ = Ms /M,
My and M; are the masses of the donor and the primary components, respec-
tively. We obtained et = 0.0173 for the stage B.

With a known orbital period and € we can estimate the mass ratio g(e*).
According to Kato & Osaki (2013), the real ¢ one could obtain with the period of
superhumps that is detected at stage A of the superoutburst, which is unknown
in our case. As we pointed in Section 5, stage A was not recorded in any of
the superoutbursts: it is seen from Fig. 7 and Fig. 8 that the onset of the
superoutburst is already accompanied with fully grown superhumps. The only
thing that can be said is that a potential stage A lasted no more than a day.
However, we could estimate expected €* at stage A using the relation of Kato
& Osaki (2013),

€ =0.012(2) + 1.04(8)e™, (4)

where €* and €T are the fractional period excesses at stage A and B, respectively.
We found €* = 0.030. Then, according to Table 1 from Kato & Osaki (2013),
we obtain ¢ = 0.081 and assuming M; = 0.75M ), we have My = 0.061 M.

This result is in a good agreement with the estimate for the mass described
in Section 3 and places MASTER, 1727 near a low-mass bound of the H-rich SU
UMa stars (Fig. 13).

4. Discussion: MASTER 1727 as a peculiar ER UMa-type
star

In the 90s the known supercycles of SU UMa-type stars were mainly between
~100 and ~500 days (Kato et al., 1999). A special group of four objects with
supercycles of 19 — 44 d, called ER UMa-type stars (Nogami et al., 2003), stood
out among them. At that time, no new SU UMa type-stars were known between
these two groups. Over time, information began to appear about both new
stars of the ER UMa-type and stars with supercycles less than 100 d (”active
novae”). Moreover, as it turned out, ER UMa itself displayed a change of its
supercycle (Zemko et al., 2013) in a range of 42-60 d. A modern histogram
of the supercycles of SU UMa-stars distribution is presented in Fig. 14. This
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Figure 12. Left from top to bottom: original light and colour indices curves for the
data of the S2 superoutburst plateau (BJD 2458714 and 2458715 ) and two consecutive
nights close to quiescence (BJD 2458724 and 2458725). Right from top to bottom:
folded light (V and Ic¢, B and Rc) and instrumental colour indices ( V-Ic and B-Rc) on
the 0.058029 d period with the zero epoch BJD 2458724.0. The dotted line is plotted
through the B-Rc maximum. The smoothed line is drawn through the V, V-I¢, and
B, B-Rc light and colour indices curves, respectively.
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distribution is a bimodal one. The largest number of supercycles falls on 250-
400 days (the primary maximum). A smaller, almost flat secondary maximum
falls on the interval of 40-160 days and ER UMa-type stars no longer look like
a separate group in this distribution.

A short ~50-d supercycle length could define MASTER 1727 as an ER UMa-
type DN. Also, like other ER, UMa-type stars, MASTER 1727 displays ampli-
tudes of superhumps that are largest in the earliest stage of the superoutburst;
similarly to RZ LMi (Osaki, 1995b), it has an extremely short superoutburst
duration.

Besides of MASTER 1727, there are two other known ER UMa-type objects
around the period minimum, RZ LMi (Nogami et al., 1995) and DI UMa (Kato
et al., 1996). MASTER, 1727 is the next after DI UMa object on the standard
CV evolutionary path. The evolutionary state of RZ LMi may be different (Kato
et al., 2016b).

According to light curve simulations based on the thermal-tidal instability
model of SU UMa stars (Osaki, 1995a), the ER UMa-type stars have a high
rate of mass transfer, about ~ 10 times higher than that expected from the CV
evolution. In our case, for the shortest supercycle of about 50 d, two possibilities
correspond to the mass-transfer rate of 4 or 7 M, where M is the mass-transfer
rate in units of 1016 gs—! for the disk radius 0.35a, where a is the binary sepa-
ration.
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The low mass ratio (and, hence, a small mass of the secondary) is a key
parameter that may explain the peculiarities of MASTER 1727. A small mass
of the secondary causes the weaker tidal torques compared to the usual SU
UMa-type stars (Osaki, 1995b). The weak tidal torques lead to an increase in
the radius of the accretion disc at the end of the superoutburst and a reduction
in its duration since a smaller angular momentum will be removed during the
superoutburst. This could explain a shortening of a supercycle because it takes
a shorter time to replenish the angular momentum reservoir in the disc. Osaki
(1995b) showed that dependence of a number of normal outbursts on supercycle
for ordinary and ER UMa-type DNe (i.e. for DNe with low and high M) is the
opposite: while this number is inversely proportional to the supercycle for stars
with low and moderate M, it is proportional to the supercycle for stars with
high M.

A big radius of the disk could provide the possibility of accumulation of cold
matter in the outer parts of the accretion disc beyond the 3:1 resonance that
may be the cause of rebrightenings. Note that the colour indices behaviour of
MASTER 1727 during the superoutburst is also similar to that in WZ Sge-type
stars (see e.g. Imada et al. (2018); Neustroev et al. (2017)). A strong variations
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in M probably may modify a morphology of the superoutburst from a ”clear”
superoutburst to a superoutburst with rebrightenings.

The supercycle variation of MASTER 1727 deserves special attention. Ac-
cording to Osaki (1995b), a two-fold increase in the supercycle corresponds to
a ~ two-fold decrease of M. There are several known examples with variable
supercycles in active novae where the supercycle changes in a form of secu-
lar increase and/or quasi-periodic oscillations as was shown by Kato (2001),
Otulakowska-Hypka & Olech (2014), Zemko et al. (2013). Generally, the nature
of these variations is still an open question. However, the tendency of the sec-
ular increase in the supercycle, which means a gradual increase in M, suggests
that these objects (at least some of them) could experience a transition between
DNe and nova-likes. Thus Kato et al. (2016b) applied this idea for a systematic
increase of the supercycle length in RZ LMi.

There are several known postnovae stars of different evolution status (i.e.,
orbital periods) showing some activity that is probably caused by a high mass
transfer rate after the nova explosion. Thus in the renown classical Nova Cygni
1975 (V1500 Cyg), which is an asynchronous polar with the orbital period
of 0.14d, a strong eruption heated the WD up to the ~100 000 K (Schmidt
et al., 1995). The hot WD irradiated the secondary and formed a radiation-
driven wind (Katz, 1991), which during the first three years after the eruption
could have an even stronger decelerating effect on the orbital motion of the
WD than the magnetic field. The observational evidence of this was shown by
Pavlenko & Malanushenko (1995). At present (45 years after the WD erup-
tion) the white dwarf is still hot and produces ~1.5-mag reflection effect of the
secondary (Pavlenko et al., 2018).

It was shown by Patterson et al. (2020) that the mass-transfer rate in recur-
rent novae T Pyx and IM Nor is unnaturally high for their state of evolution
(orbital periods are 0.076 d and 0.103 d, respectively) and supposed that it is
caused by a strong and long-lasting irradiation effect of the secondary compo-
nent powered by a WD eruption.

MASTER 1727, with an orbital period of 0.057 d and mass ratio 0.08 is
a low-q extension of ER UMa stars. The mass-transfer rate should be accord-
ingly higher than what is expected from gravitational radiation only. The only
currently known mechanism could be a post-nova state. They suggest that the
object underwent a nova eruption relatively recently — hundreds of years ago.
(Note that checking the DASCH archive® did not reveal a nova outburst over
the past ~100 years). This object would provide the evidence that a nova erup-
tion can occur even if CVs are near the period minimum (probably the first
observational evidence for that).

Shttp://dasch.rc.fas.harvard.edu/
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5. Summary

— The spectrum of MASTER J1727 that was obtained in 2020 quiescence con-
tained H lines and no He lines;

— The continuous photometry in 2019 over ~ 160 d revealed a supercycle length
to be 52 d, but the supercycle variability was found from 50 to 100 d on the
~b.5-year scale. This implies as high as two times variations in the mass ratio;

— We found a mean period of positive superhumps to be 0.058029 d during a
rather short 7-d superoutburst plateau;

— Late superhumps with a slightly shorter period of 0.057915 d were detected
after the superoutburst. They lasted about 20 d up to the start of a normal
outburst;

— In 2019 we found the orbital period of 0.057026 d during quiescence after
the normal outburst and established its identity with those found earlier
by spectroscopy (Thorstensen et al., 2016); the absence of an eclipse in the
orbital light curve and its moderate amplitude is consistent with the orbital
inclination of about 40° that we found from spectral observations;

— A blue peak of V-Ic and B-Rc colour indices coincides with a minimum
of the superhump light curve during the superoutburst and those of B-Rc
colour-index coincides with a rising branch of the late superhumps in quies-
cence;

— We estimated a low mass ratio of 0.08 and a small mass of the secondary
~0.06 M® that could explain most of the observed peculiarities of MASTER
J1727 in the frame of thermal-tidal instability of accretion discs;

— The high mass-transfer rate indicates that in the relatively recent history,
the MASTER J1727 could undergo a nova eruption. If so, it means that an
eruption can occur even if the star is near the period minimum.
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Abstract. In this study we performed the first detailed photometric and period
analysis of the recently discovered eclipsing binary star V2783 Ori. The analysis
of the light curve has shown that the system is in a detached configuration,
with the orbital eccentricity e = 0.274 + 0.008. The photometric mass ratio of
V2783 Ori determined from the light curve analysis is ¢ = 0.734 4+ 0.015. The
absolute parameters of the system were obtained as a result of the light curve
solution. Absolute parameters were found as follows: masses M1 = 1.80 4+ 0.01
Mg, M2 = 1.32 £ 0.01 Mg, radii Ry = 2.19 £ 0.10 Re, R2 = 1.91 £ 0.10
R, temperatures 77 = 8325 + 100 K and T3 = 8300 £+ 100 K. A comparison
of these parameters with theoretical stellar models show that the secondary
component is located inside the main-sequence band and still close to ZAMS,
while the primary component is located in the middle of ZAMS-TAMS limits.
The distance of the system determined from the absolute parameters, d = 1064
+ 150 pc, takes into account the interstellar reddening.

The (O—C) diagram was discussed considering all reliable minima times found
in the literature and new values for the parameters of the apsidal motion and
light-time effect were found. The apsidal motion rate of V2783 Ori is w =
0.0063 £ 0.0017 deg cycle !, and it corresponds to an apsidal motion period
of U= 656 + 103 yr. The third body orbital period is 10 4+ 2 yr, its minimal
mass is 0.82 + 0.11 Me.

Key words: photometric — stars: variables: binaries: eclipsing — stars: indi-
vidual: V2783 Ori

1. Introduction

It is well known that in close binary systems of stars with eccentric orbits, the
tidal and rotational distortions of the components from spherical symmetry lead
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to secular changes in the position of the periastron.

Apsidal motion is the rotation of the major orbital axis of an eccentric orbital
binary star in space. It is primarily caused by the effect of the tidal bulge due
to the companion and the rotational distortions of the stars. Besides these con-
tributions to the apsidal motion, there is also a general relativistic contribution.
This contribution is often small.

Apsidal motion studies on the eclipsing binaries allow the determination
of the observational internal constants of stars and the observational tests of
General Relativity theory (Giménez 1985; Claret & Giménez 1993). The orbital
elements of the binary stars with eccentric orbits have been used to constrain the
timescales of synchronization and circularization predicted by the tidal theories
(Zahn 2008). These studies depend on the number of such systems and the
precision of their absolute and orbital parameters.

The star system V2783 Ori (GSC 0143-0226, HD 252984, P = 4 .21618, V
= 10™.39 ) is identified as a new eclipsing binary by Otero et al. (2004). They
determined its period as 4.21618 days. The spectral type of this system was
classified as A0 (according to Otero et al. (2004)). The ASAS light curve of
V2783 Ori indicates that the orbit is eccentric, with the secondary minimum
occurring at phase 0.54. The apsidal motion in the system was calculated by
Bulut et al. (2017) who obtained its period to be U = 415 yr and the orbital
eccentricity e = 0.25. The Gaia EDR3 gives a parallax of 0.876 + 0.035 mas for
the system, which means a distance of 1141 + 46 pc (Gaia Collaboration et al.
2021).

There has been no photometric and spectroscopic study for V2783 Ori until
now. In this paper, the detailed photometric and the orbital period study of
V2783 Ori is presented.

2. Observational data

V2783 Ori was named as ASAS 061057+0621.1 in the ASAS catalogue of vari-
able stars. We have taken from the ASAS-3 database (Pojmanski 2003) the
V' photometric data of V2783 Ori observed between 2002, August, and 2009,
November. About 476 observations of the system were made during the survey,
of which 442 were recorded as being of good photometric quality; these data
were used in the analysis. The light curve of the system is plotted in Figure 1.
The phases are computed according to the following linear light elements given
by Otero et al. (2004):

HJD (Min I) = 2412946.750 + 4421618 x E. (1)
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3. Analysis of the light curves

For the analysis of the light curve of V2783 Ori we used the program PHOEBE
(version 0.31a), which was developed by Prsa & Zwitter (2005). This software is
based on the Wilson-Devinney (W-D) method (Wilson & Devinney 1971). The
program computes the light curves as a function of the following main parame-
ters: orbital eccentricity (e), longitude of periastron (w), orbital inclination (3),
surface temperature (T 2), dimensionless surface potentials (€21 2), mass ratio
(¢ = My/M,), relative luminosities (L1 2), gravity darkening exponents (gi 2),
limb darkening coeflicients (z1,2) and bolometric albedos (A 2).

The detached binary mode (in W-D mode 2) was used with several assump-
tions. Some parameters of components should be fixed during the light-curve
modeling. The corresponding linear limb-darkening coefficients were interpo-
lated for the square root law from van Hamme’s tables (van Hamme 1993).
The values of gravity-darkening exponents (g1,2 = 1.0) and bolometric albedo
coefficients (A;2 = 1.0) were set at their suggested values for the radiative
atmospheres (Lucy 1968).

The magnitudes and color indices in the literature can be used to estimate
the mean effective temperature of the system for the combined light of the
system. The results were collected in Table 1. We used the color/temperature
calibrations of Casagrande et al. (2010) and Ramirez & Meléndez (2005) for the
dwarf stars. The weighted average of the seven estimates is 8325 K. This value
is adopted to be the mean of the effective temperature of the primary star in
the analyses.

Table 1. Photometric indices and inferred mean effective temperature of V2783 Ori.

Photometric Index Value T (K) References
Johnson V 10.39 £ 0.05 1
2MASS J 10.003 + 0.024 2
2MASS H 10.008 + 0.026 2
2MASS K 9.985 £+ 0.016 2
Johnson B - V -0.04 £ 0.05 9210 +£ 800 1
Johnson/2MASS V - J 0.387 £ 0.036 8254 £ 768 1,2
Johnson/2MASS V - H 0.382 £ 0.039 8117 £+ 829 1,2
Johnson/2MASS V - Ks  0.387 £ 0.033 8343 £+ 711 1,2

2MASS J-Ks 0.018 £ 0.019 7750 £+ 818 2
1: Hog et al. (2000), 2: Cutri et al. (2003)

As the spectroscopic value of the mass ratio is not known, we applied the
g-search method with a step of 0.1 with trials, to find sensible photometric
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estimates for the mass ratio. Figure 2 presents the sum of the squared residuals
>°(O — C)? for the tested mass ratios (g). It can be seen that the smallest value
of squared residuals is achieved around ¢ = 0.75. This value was used as the
initial value of the mass radio in differential-corrections.

Considering the calculated apsidal motion period given in Table 3, the total
change in the longitude of periastron during the observation time interval can
be neglected. Therefore we assumed w = 0.0 in the analyses.

The adjustable parameters are the temperature of secondary star (T'), the
orbital inclination (7), the orbital eccentricity (e), the longitude of periastron
(w), the surface potentials (€21 2), the relative luminosity of primary star (L1),
and the mass ratio (¢). The results of the light curve solution can be found in
Table 2. For the parameters in the light curve fitting, the standard deviations of
the differential corrections supplied by the W-D program were used as an error.
The synthetic light curve and the observations are shown in Figure 1.

The analysis of the light curve suggests partial eclipses in both of the light
curve minima. The depths of the primary and secondary minima are 0.581
mag and 0.523 mag in V, respectively. The duration of the minima are also,
respectively, 4.84 hours for the primary and 9.29 hours for the secondary.

Table 2. Parameters of the light curves of V2783 Ori.

Parameter ASAS (V)

T (HJD) 24412949.828 + 0.013
P (day) 4.216180 + 0.000001
i (deg) 87.18 + 0.09

e 0.274 + 0.008

w (deg) 70.28 £+ 0.70
PSHIFT 0.0213 + 0.0004
T (K) 8325

T3 (K) 8300 + 57

0 8.40 + 0.11

Qs 8.22 + 0.15

q 0.734 + 0.015

1 0.503

Zo 0.503

Ay = A 1.0

g1 = g2 1.0

Ly (L1/Lrotar) 0.59 + 0.11

Ly (L2/Lrotar) 0.41

T'mean,1 0.136 4+ 0.002
"mean,2 0.112 £ 0.002
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Figure 1. Light curves of V2783 Ori. The points are the individual observations. The
solid lines are the synthetic light curves based on the parameters in Table 2.

4. (O—C) analysis

The orbital period variation of V2783 Ori was studied by means of an (O-C)
diagram analysis. The minima times were taken from the modern database of the
(O-C) Gateway (http://var2.astro.cz/ocgate/) (Paschke & Brat 2006). A total
number of 25 photoelectric and CCD times of minimum light were collected,
including 15 primary and 10 secondary eclipses. Those compiled minimum times
spread over 18 years from 1999 to 2017. These minima times were used to study
(O—C) residuals of V2783 Ori. The (O-C) values were computed with the linear
ephemeris which was given in Eq.1.

The corresponding (O-C) curve is shown in Figure 3. It is clearly evident
that the (O-C) diagram of V2783 Ori is represented by a sinusoidal variation
superimposed on the apsidal motion effect. We assumed that the most likely
cause of the sinusoidal variation could be an unseen third body in the system.

The calculations of the apsidal motion rate of the system were made with the
computer program written by Zasche et al. (2009), which uses the method de-
scribed by Giménez & Garcia-Pelayo (1983), with equations revised by Giménez
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Figure 2. Sum of the squared residuals as a function of the mass ratio for V2783 Ori.

& Bastero (1995). The standard approach formulated by Irwin (1959) was used
for the light-time effect resulting from the effect of the third body in the system.
Parameters are determined in the following procedures :
For the apsidal motion;
Ts: The zero epoch (HID);
wo: The position of the periastron at the zero epoch;
P,: The anomalistic period;
P;: The sidereal period;
e: The orbital eccentricity;
w: The apsidal motion rate;
U: The apsidal motion period (U = 360 P,/w);
For the light-time effect
A: The observed semi-amplitude of the light-time curve;
T3 : The time of the periastron passage of the third body;
a2 sin i3: The semi-major axis of the relative orbit of the eclipsing pair around
the common center of mass;
e3: The eccentricity of the third-body orbit;
ws: The longitude of periastron of the third-body orbit.
The computed apsidal motion and the third body parameters with their
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errors are presented in Table 3. The observational curves and the theoretical
best fit curves, as well as the residuals, are plotted in Figures 3-4.

The apsidal motion rate (w) obtained in this study appears to be statistically
significant, 0.0063 & 0.0017 deg cycle™!. This corresponds to an apsidal period
of U= 656 £ 103 yr. Using the parameters of the hypothetical three-body orbit
in Table 3, we derived that the mass of the third body in the system is 0.82 £+
0.11 Mg for iz = 90 deg.

Table 3. Apsidal motion and third body parameters for V2783 Ori.

Parameter Unit Value

To (HJD) 2452946.879 4+ 0.046
P, (day) 4.21617 £ 0.00007
P, (day) 4.21625 + 0.00007
e 0.253 £ 0.016

W (deg/cycle) 0.0063 + 0.0017
wo (deg) 64.3 + 3.2

U (yr) 656 + 103

A (day) 0.00924+ 0.0046
Ty (HJD) 2454100+ 2100
P (yr) 10+ 2

es 0.262+ 0.087

w3 (deg) 65.7 + 2.3

ajo sinig  (au) 1.6+ 0.8

F(M;) (M) 0.043:£ 0.025

M3 in (M) 0.82 + 0.11

5. Conclusions and remarks

The light curve of the eclipsing binary V2783 Ori has been modeled using the
W-D method. The analysis has shown that V2783 Ori is a detached binary
system with a moderately eccentric orbit.

The absolute parameters of the system cannot be determined directly be-
cause no spectroscopic observations were available. But the absolute dimensions
for V2783 Ori can be estimated from the empirical relations between tempera-
ture and stellar mass. According to the temperature of the primary component,
its main sequence mass would be My = 1.80 + 0.01 My, (see Eker et al. (2015)).
In this case the mass of the secondary component should be M, = 1.32 £ 0.01
Mg using the mass ratio (¢ = 0.734 £ 0.015) given in Table 2. The distance
between the mass centers of the components would be calculated as a = 16.1



170 1. Bulut and A.Bulut

2450000 2455000 2460000
02 T T T T T T T T T T
045 1990 1995 2005 2010 2015 2020 2025 2030 2035 2040 10.04
01r 002 —
—_ ©
2. 0.05 kel
© [}
z 0 0 o
W ~
2 9
© _p.05- o
-0.1F -0.02
_015 1 1 1 1 1 1 1 1 —004
-1500 -1000 -500 0 500 1000 1500 2000 2500 3000 3500
Epoch

Figure 3. The complete (O-C) diagram for mid-eclipse times of V2783 Ori. The solid
lines denote combination of the apsidal motion and the third-body LITE. Filled and
open symbols represent the individual primary and secondary minima, respectively.
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Figure 4. The (O-C) diagram of V2783 Ori after subtraction of apsidal motion.

+ 0.2 R using Kepler’s Third Law and the orbital period (P = 49.21617). By
using definition of fractional radii as 1,2 = R1,2/a and the mean fractional radii
from Table 2 as r; = 0.136 4+ 0.002 and 7o = 0.112 £ 0.002, the radius of the
primary and secondary components Ry = 2.19 &+ 0.10 R, R; = 1.91 £ 0.10 Ry
can be obtained. The absolute dimensions are listed in Table 3. The bolometric
corrections (BC) have been adopted from Flower (1996), together with Mg po
= 4.75 , according to their effective temperatures.
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Table 4. The absolute parameters of V2783 Ori.

171

Parameter Primary Secondary
M (Mg) 1.80 £ 0.01 1.32 £0.01
R (Rp) 2.19 £ 0.10 1.91 + 0.10
log g (cgs) 4.01 +0.10 4.00 £+ 0.10
T (K) 8325 £ 100 8300 + 100
log L (L) 1.61 £0.02 1.55 £ 0.02
Mo 0.80 + 0.05 1.10 &+ 0.06
a (Rp) 16.1 £ 0.2

B.C. -0.17 -0.16
M, 0.97 £ 0.04 1.26 + 0.04
d (pc) 1064 + 150
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N
o0
=
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Figure 5. Locations of the components of V2783 Ori in the HR diagram. The ZAMS
(lower) and the TAMS (upper) lines were taken from (Girardi et al. 2000) for the
solar chemical composition. The filled and open symbols represent the primary and
secondary stars, respectively.
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Computed absolute elements of both the stars, reported in Table 4, are also
used to estimate the evolutionary status of V2783 Ori by means of the log T -log
L (i.e. Hertzsprung-Russell) diagram (in Fig. 5). The Zero Age Main Sequence
(ZAMS) and the Terminal Age Main Sequence (TAMS) were obtained from
Girardi et al. (2000). As it can be seen from this figure, the primary component
of the system is located almost in the middle of ZAMS-TAMS limits, while the
secondary component is found to be closer to the ZAMS. According to the mass
values of these stars, it seems that the more massive component is more evolved
that the less massive one.

The estimate of the interstellar reddening was performed by using maps of
dust infrared emission by Schlafly & Finkbeiner (2011). We obtained a colour
excess of E(p_y) = 0.316 £ 0.006. Using the colour excess and the apparent
visual magnitude of V = 10.39 at maximum light, we computed the distance to
the V2783 Ori system to be 1064 + 150 pc. This result agrees with the value of
1141 + 46 pc obtained by the trigonometric parallax (0.876 £ 0.035 mas) from
Gaia EDR3 (Gaia Collaboration et al. 2021).

Analysing the (O-C) diagram, we solved the apsidal motion and the light-
time effect (LITE) simultaneously. The apsidal motion rate (w) obtained in this
study appears to be statistically significant, 0.0063 & 0.0017 deg cycle~!. This
corresponds to an apsidal period of U = 656 + 103 yr. The observational average
value (log k2 obs) of the internal structure constant can be calculated from the
apsidal motion period with the absolute dimensions. We found the general rel-
ativistic contribution within the total apsidal motion rate, approximately 7.6%
of the observed value. After making this correction, we calculated log k2 ops =
2.04 with an assumption of the periastron-synchronization.

Using the standard solar composition (Y, Z) = (0.28, 0.02) models of Claret
(2004), we obtained an average theoretical internal structure constant value
k2teo = 2.40 by the interpolation. According to these results, the observational
mean central density concentration for V2783 Ori seems to be smaller than that
predicted by Claret (2004) models.

The invisible component around the V2783 Ori has a period of P; = 10 +
2 yr, an eccentricity of e3 = 0.262 £+ 0.087, and its mass is M3 = 0.82 £ 0.19
Mg, which could be a main—sequence star. The third-body mass corresponds
to a spectral type of about K5.5V, and the bolometric luminosity is calculated
to be Lz = 0.36 Lg (see Eker et al. (2015); Pecaut & Mamajek (2013)), which
contributes about 0.6 % to the total luminosity of V2783 Ori. This contribution
is negligibly small.

Future spectroscopic observations will help to a more complete understand-
ing of the system.

Acknowledgements. The author would like to thank an anonymous referee who
provided valuable comments for improving the manuscript.
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