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ABSTRACT

The first analysis of the light curves of contact binaries
ROTSE J135349.84305205 (CB1) and 1SWASP J150957.5-115308 (CB2) us-
ing the Wilson-Devinney code is presented. Both binary systems are of the
A-subtype with a shallow fill-out (20.8% and 15.8% respectively) and a difference
in temperatures between the components of < 200 K. A mass-ratio of 0.302 is
found for CB1, while for CB2 the interesting value of 0.904 is found. The short
periods, 0.246 d for CB1 and 0.229 d for CB2, and their spectral type K suggests
that these systems are near the shortest period limit. The absolute elements are
estimated using GAIA parallaxes. CB2 is found to be at the beginning of its
evolution, while CB1 will approach the final evolutionary stage. The sum of the
component masses of CB1 is 0.813 Mg, below the mass limit of 1.0 — 1.2Mg
assumed for the known contact binary stars.

RESUMEN

Se presenta por primera vez el andlisis, usando el cédigo Wilson-Devinney,
de las curvas de luz de las binarias de contacto ROTSE1 J135349.84-305205 (CB1)
y 1SWASP J150957.5-115308 (CB2). Ambos sistemas son del subtipo-A con un
relleno poco profundo (20.8% y 15.8%, respectivamente) y una diferencia en tem-
peratura entre las componentes de < 200 K. Se encuentra que su razén de masas
es de 0.302 para CB1, y para CB2 se encuentra el valor interesante de 0.904. Los
periodos cortos, 0.246 d para CB1 y 0.229 d para CB2, y sus tipos espectrales
K sugieren que estos sistemas estan cercanos al limite de periodo més corto. Los
elementos absolutos se estiman usando paralajes de GAIA. Se encuentra que CB2
estéd al comienzo del estadio evolutivo, mientras que CB1 se aproximara al estadio
evolutivo final. La suma de las masas componentes de CB1 es 0.813 Mg, debajo del
limite de 1.0 — 1.2 Mg, que se supone para las binarias de contacto conocidas.

Key Words: techniques: photometric — binaries: contact — stars: individual:
ROTSE J135349.8+305205, 1ISWASP J150957.5-115308

1. INTRODUCTION

A contact binary (CB) is a close binary star sys-
tem where both components interact strongly, fill
out their Roche lobes and share a common enve-
lope (Kopal 1959; Eggleton 2006). Thermal energy
is transferred from the hotter (primary) to the colder
(secondary) star mainly through the common enve-
lope leading to the establishment of a similar tem-

1Stazione Astronomica Betelguese, Magnago, Italy.

2Instituto de Astronomia, UNAM, Ensenada, Baja Cali-
fornia, México.

3Department of Physics and Astronomy, Shumen Univer-
sity, Bulgaria.

perature of the two stars. However, their mass ratio
can be rather different.

The observational study of contact binaries al-
lows the testing of theoretical models helping us to
further understand of —for example— the merging
process of stars and the evolution of their common
envelope.

Contact binary systems usually belong to spec-
tral types F, G and K, with orbital periods less than
a day. The K-type binaries have been expected to
have periods shorter than 0.3 days and show shallow
characteristics. The rarity of this kind of binaries
makes them very interesting systems for testing the
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thermal relaxation theory (TRO, Lucy 1976; Flan-
nery 1976; Robertson & Eggleton 1977).

ROTSE J135349.8+305205 (hereafter J135349)
was found to be variable during the ROTSE I all-sky
survey (Akerlof et al. 2000) as an EW system with
an orbital period of 0.24698301 d. After J135349 was
discovered it remained a neglected object. Here, the
light curves of J135349 are analyzed and presented
for the first time.

A light curve for ROTSE J150957.5-115308 =
V373 Lib (hereafter J150957) was reported by Lohr
et al. (2013), which presented the typical EW-type
behavior and an orbital period of 0.2290205 d. The
official name was assigned in the 82nd name-list of
variable stars (Kazarovets et al. 2019).

With no previous studies of both these systems,
the aim of the present work is to analyze their
light curves using the latest version of the Wilson-
Devinney code (Wilson & Devinney 1971; Wilson
1994; Wilson & van Hamme. 2016) and to determine
the Roche conguration and their orbital parameters.

The outline of the paper is as follows. In § 2 we
describe the observations made and their character-
istics. In § 3 the times of minima and new ephemeris
for our two contact binaries are reported. In § 4 the
solution obtained with the Wilson-Devinney code is
discussed and presented. In § 5 an estimation of
physical parameters using Gaia parallax data is pre-
sented. Finally, in § 6 a discussion and final remarks
are provided.

2. OBSERVATIONS

Observations done at the San Pedro Martir Ob-
servatory with the 0.84-m telescope, the Mexman
filter-wheel and the Spectral Instruments 1 CCD
detector (an e2v CCD42-40 chip with a gain of
1.39 e /ADU and readout noise of 3.54 e¢~). The
field of view was 7.6’ X 7.6" and a binning of 2x2 was
employed during all the observations.

J135349 was observed on April 26 2017 for 7.4h,
May 4 2018 for 6.1h and April 4 2021 for 2.2h. Al-
ternated exposures in filters B, V, R, and I, with
exposure times of 60, 40, 15 and 15 seconds respec-
tively, were taken in all the observing runs.

J150957 was observed on February 21 2017 for
3.8h, February 23 2017 for 3.6h, March 4 2019 for
3.4h, June 6 2019 for 2.5h, April 11 2021 for 3.2h
and April 13 2021 for 6.6h. Alternated exposures
in filters B, V and R., with exposure times of 60,
35 and 20 seconds respectively, were taken in all the
observing runs. Flat field and bias images were also
taken during all the nights.

TABLE 1
TIMES OF MINIMA FOR J135349 AND J150957

HJD Epoch(1l) O-C(1) Error Source
J135349:

2457869.7252 -0.5 -0.0001 0.0013 TW*“
2457869.8489 0.0 0.0001 0.0015 7

2458242.8169 1510.0 -0.0008 0.0013 7
2458242.9419 1510.5  0.0008 0.0014 7
J150957:

2455567.0550 0.0 -0.0026 0.0013 VSX°®
2457805.9514 9776.0 0.0030 0.0012 TW*
2457808.0127 9785.0  0.0031 0.0012 7
2458640.8387 13421.5  0.0011 0.0012 7
2459315.9845 16369.5 -0.0013 0.0017 7
2459317.8165 16377.5 -0.0015 0.0021 7
2459317.9308 16378.0 -0.0017 0.0015 7

aTW=This work. ®VSX=Variable Star Index.

All images were processed using IRAF* routines.
Images were bias subtracted and flat field corrected
before the instrumental magnitudes were computed
with the standard aperture photometry method.
These fields were also calibrated in the UBV(RI).
system with the help of some Landolt’s photometric
standards.

Based on the previous information, we decided
to use star WISEJ135355.544+304735.9 (U = 18.042,
B = 16936, V = 15839, R. = 15.148 and
I. = 14.549) as comparison star for J135349 since
it has a similar color (making differential extinc-
tion corrections negligible). For the case of J150957,
star WISEJ150953.24-115045.3 (U = 15.398, B =
14.587, V = 13.589, R, = 12.931 and I, = 12.446)
was employed. Any part of the data can be provided
upon request.

3. TIMES OF MINIMA AND NEW EPHEMERIS

From our observations we were able to obtain
4 times of minimum (ToM) for J135349 and 6 for
J150957, one ToM has been found in literature. All
ToMs are presented in Table 1.

All ToMs are heliocentric and determined by the
polynomial fit method. With these data we updated
the ephemeris as follows. For J135349

MinI(HJD) = 2457869.8488(5) +
09.24699835(5) x E, (1)

4IRAF is distributed by the National Optical Observato-
ries, operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation.
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Fig. 1. The relation ©(res)? versus mass ratio ¢ = Mz/M; in Mode 3 of the W-D code for J135349 and J150957.

and for J150957

Min I(HJD) = 2455567.0576(23) +

09.2290191(1) x E.  (2)

4. PHOTOMETRIC SOLUTION WITH THE
W-D METHOD

The light curves of both systems show clearly the
EW behavior with continuous changes in the light.
For this reason the Mode 3 of the Wilson-Devinney
(W-D) code was used in the calculation.

Using our observations, we were able to deter-
mine the color index of both systems and, from the
tables of Worthey & Lee (2011), the temperature of
the primary component; that was xed at 4760 K for
J135349, and 4220 K for J150957.

The temperatures of the components of the two
systems suggest convective envelopes. Hence, we
adopted the following atmospheric parameters: the
gravity-darkening coecients g1 = g2 = 0.32 (Lucy
1967) and the bolometric albedos 417 = Ay = 0.5
(Rucinski 1973) were assigned; the limb-darkening
parameters originate from van Hamme (1993) for
log g = 4.0, and solar abundances.

During the dierential correction calculation in the
W-D code we left as adjustable parameters the or-
bital inclination 7, the mean surface eective tempera-
ture of the secondary component 75, the dimension-
less surface potentials of the primary and secondary
stars 1 = 5, the monochromatic luminosity of the
primary component L, and the third light Ls. In our
solutions, we nd that the contribution of the third
light is negligible.

The classical g-search method was used to nd the
best initial value of the mass ratio to be used during
the light curve analysis. The value of the mass ratio
g was fixed in each iteration and increased after the

TABLE 2

LIGHT CURVES SOLUTION

J135349  Error J150957  Error
i (°) 77.384  0.340 65.226  0.062
T (K) 4760  fixed 4220  fixed
T> (K) 4690 14 4032 9
Q1 =Qy 2.6064 0.0120 3.5144 0.0023
q 0.3023 0.0047 0.9048 0.0011
f 0.209  0.006 0.158  0.008
Lip 0.6673 0.0049 0.5478 0.0039
Lop 0.2535 0.0051 0.3254 0.0036
Liv 0.6809 0.0046 0.5306 0.0033
Loy 0.2636 0.0044 0.3478 0.0031
Lir 0.6739 0.0043 0.5388 0.0027
Logr 0.2650 0.0040 0.3660 0.0026
Lir 0.6849 0.0041 - -
Loy 0.2728 0.0037 - -
Primary
r (pole) 0.4481 0.0026 0.3748 0.0003
r (side) 0.4735 0.0035 0.3961 0.0004
r (back) 0.5023 0.0049 0.4320 0.0006
Secondary
r (pole) 0.2861 0.0041 0.3582 0.0003
r (side) 0.2991 0.0051 0.3777 0.0004
r (back) 0.3365 0.0093 0.4147 0.0006
Y(Res)?  0.0023052 0.0014944

sum of residuals showed a minimum number. As one
can see from Figure 1, where the sum of squares of
residuals (X(res)?) versus mass ratio g is shown, the
best mass ratio for J135349 is found at ¢ = 0.3 and
for J150957 at ¢ = 0.9. These values of ¢ were also
treated as free parameters in the successive step of
our analysis.

The final results obtained are listed in Table 2,
while the obtained fit is shown in Figure 2.
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Fig. 2. CCD filtered light curves for the systems at different wavelengths. Points are the original observations while
lines represent the theoretical light curves obtained in our modeling. The color figure can be viewed online.

Fig. 3. Model representation of the CBs J135349 (¢ =
0.3) and J150957 (¢ = 0.9). The configuration at the
primary minimum (left) and the Roche geometry (right)
of these systems resulting from our modeling are shown.
The color figure can be viewed online.

The values of the mass ratio for both systems
indicate that they are typical A-subtype contact bi-
naries in the Binnendijk (1965) classification. In Fig-
ure 3 the graphical representation of the systems and
the relative Roche geometries are displayed.

By examining Table 2 the following information
can be obtained. Both systems are of the A-subtype
and in good thermal contact. The temperature of the
components suggests that they are of the K spectral
type. We note that it is somewhat strange to find a
spectral K-type in A-subtype contact systems.

Systems of late spectral type generally belong to
the W-subtype of W UMa contact binaries, but there
are some exceptions that belong to the A-subtype as
2MASS J11201034-2201340 (Hu et al. 2016), ES Cep

(Zhu et al. 2014), NSV 395 (Samec et al. 2016), and
AP UMi (Awadalla et al. 2016).

Our two systems, despite having temperatures
consistent with late spectral type K, show the char-
acteristics of the subtype-A contact binaries; i.e.,
Ty > Ty, transit at primary minimum, and a mass
ratio ¢ < 1.

CB J150957, having a mass ratio near unity, can
be considered to be a high mass ratio system. High
mass ratio systems, proposed firstly by Csizmadia &
Klagyivik (2004) are a subgroup of contact binaries
with mass ratio ¢ > 0.72.

For the H-type the rate of energy transfer is less
efficient than for other contact binaries at a given
luminosity ratio. Having a mass ratio close to unity,
less luminosity should be transferred in order to
equalize their surface temperature.

Both binary systems show a low fill-out value.
The low fill-out value is not a common feature
among A-subtype contact binaries, and only a few
A-subtype contact binaries are found to have a high
mass ratio and a shallow common envelope (see Ta-
ble 5 of Han et al. 2019). Contact binary J150957,
which shows the same peculiar characteristics, can
be added to this short list.

Note that the errors of the parameters given in
Table 2 are the formal errors from the W-D code.
For a discussion see Barani et al. (2017).

5. ESTIMATION OF THE PHYSICAL
PARAMETERS WITH THE GAIA
PARALLAX

Physical parameters such as mass, radius and lu-
minosity are very important information for a con-
tact binary system. Hence it is necessary to es-
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timate them. Here we will indicate how we have
estimated the physical parameters of J135349 and
J150957 without radial velocity curves, using the
parallax known by Gaia (Gaia Collaboration et al.
2018).

First, we calculated the Galactic extinction ob-
tained using different methods from which an av-
erage value of the Ay (Masda et al. 2018) was ex-
tracted; in detail:

1. Simple and spiral model from Amoéres & Lépine
(2005) using the code GALExtin.’

2. Equation 1 from Iglesias-Marzoa et al. (2019).

3. Dust tables by Schlegel et al. (1998) in the
NASA IPAC (NASA 2015); proceeding there-
fore to deredden the visual magnitudes in
quadratures.®

Using the parallax from Gaia we calculated the
visual absolute magnitude using the relation

My = mvy(max) —5log D +5 — Ay, (3)

and the bolometric magnitude My, = My + BCly,
where BC'y is the bolometric correction obtained
from the Pecaut et al. (2012) and Pecaut & Mama-
jek (2013) tables. This allowed us to obtain the total
luminosity of the systems as

Lt = Ly + Ly = 107 0-4(Mpo1—4.7554) @)

and also the individual luminosities of the compo-
nents.

Knowing the temperatures of the first and second
component of each system we obtained their radii,
and finally the total mass of the system; by using
the value of the mass ratio obtained from the Wilson-
Devinney analysis, the single masses M; and M as
shown in Table 3 were obtained.

We used the absolute elements of the primary and
secondary components of both systems (Table 3) to
estimate their evolutionary status by means of the
log Ter — log L (i.e. HertzsprungRussell) diagram on
the evolutionary tracks of Girardi et al. (2000). The
results are shown in Figure 4.

It is possible to see from Figure 4 that both the
primary and the secondary components of J150957
are undermassive, with a luminosity comparable to
that of a zero age main sequence (ZAMS) star.

For J135349 the primary component is located in
the region between the ZAMS and TAMS (terminal

Shttp://www.galextin.org/interstellar _extinction.php
Shttp://irsa.ipac.caltech.edu/applications/DUST

log (L/L,)
S S
N
1

J150957 pri
J135349 pri

T T T T T T T T T T
378 376 374 372 370 368 366 3.64 3.62 360 3.58

log T,

Fig. 4. Components of our binary systems plotted in the
HR diagram. Zero age main sequence (ZAMS), termi-
nal age main sequence (TAMS), evolutionary tracks and
isochrones were taken from Girardi et al. (2000) for a
solar chemical composition. The numbers denote initial
masses. The color figure can be viewed online.

age main sequence) near the evolutionary track of
0.6, but it is underluminous given its mass. The
secondary component, located under the ZAMS, is
overmassive and slightly underluminous.

These results suggest that both systems consist of
two stars of similar surface brightness, but in dierent
evolutionary stages.

According to Flannery (1976) the stability pa-
rameter & for the mass-exchange in a CB can dened
as:

R,(0.38 4 0.21og q)
R;(0.38 — 0.21og q)

C\Zl

()

where R, refers to the primary’s radius and R to the
secondary. If =0 no mass transfer occurs; if & >0
an unbalanced pressure gradient will force gas from
the primary to secondary, and vice versa if & <0.

In our case we obtain $=0.074 for J150957; hence
there is mass transfer from primary to the secondary;
the contrary is true for J135349 were we obtain
S = —0.019. In both CBs the value of & indicates a
poor mass exchange between the components.

6. DISCUSSION AND FINAL REMARKS

The results of our analysis lead to two contact
binary systems of the A-subtype that are in good
thermal contact and have a shallow degree of contact
between their components.

J150957, with a mass ratio ¢ = 0.905, belongs
to the high mass ratio type contact binaries (i.e. an
H-type).
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TABLE 3
ESTIMATED ABSOLUTE ELEMENTS

Target Li(Lo) La(Lo) Ri(Ro) Ra(Ro)

J150957 0.170 + 0.003 0.111 + 0.007 0.771 £ 0.007 0.684 £ 0.025

J135349 0.275 £ 0.005 0.090 £+ 0.008 0.770 £ 0.007 0.448 £ 0.023

a(Ro) M:(Mo) Mz(Mo) p1 (g em™?)

J150957 1.922 £ 0.020 0.953 + 0.030 0.862 £+ 0.028 1.27

J135349 1.546 £ 0.020 0.624 + 0.027 0.189 £ 0.011 1.92

p2 (g cmfg) Mag Max V My Mpor

J150957 3.03 14.52 7.04 6.13

J130349 2.90 14.77 6.32 5.85

J log J log Jiim Jiim

J150957 5.11° 51.71 51.78 6.06°"

J130349 9.71%° 50.99 51.17 1.48%

The spectral type K for all the components of ol Detached reglon N ;' a e
the binary systems is somewhat strange for the A- 52.2 1 4
subtype, but there are few A-subtype systems of K- 520
type.

In our analysis we found no signicant evidence 7 5181
of spots on the surfaces of the two components, the £ st6-

OConnell effect. This fact could be explained by a > o4

. . . . o 4
period of magnetic quiescence in the CBs (Zhang et -
al. 2011). 51.2 -

Using the absolute elements provided in Table 3 51.0 4 ® ~— 1339 x _
the dynamical evolution of contact binaries can be 5 Contact region
inferred via the determination of the orbital angular o 01 0.0 01 02 03 04 0.5
momentum Jy (Eker et al. 2006). Log M(M, )

In Figure 5 it is possible to see the position our
systems occupy in the log Jy — log M diagram. The Fig. 5. Position of J150957 and J135349 in the

curved borderline separates the detached from the
contact region and provides a check of the Roche
configurations of J150957 and J130349. The values
of log Jy place J150597 near the borderline of this
diagram, while J130349 is in the well defined region
of contact systems.

An exhaustive characterization of contact bina-
ries, via the period-temperature relation, was re-
cently conducted by Qian et al. (2020). In Figure 6
(Figure 4 in the original paper) we show the position
of J150957 and J135349 in the period-temperature
plot. Systems near the lower line are marginal con-
tact systems while systems near the upper line are
deep-contact ones. Between the two lines there are
normal contact systems.

J150957 is near the lower boundary at the be-
ginning of the evolutionary stage of contact bi-
nary evolution (Figure 6). It is also shown in the

log Jo — log M diagram. Symbols are described in Fig-
ure 1 of the original paper of Eker et al. (2006). The
color figure can be viewed online.

log Jo —log M plot where the system is slightly under
the borderline, in the contact region. This assump-
tion is endorsed by the high mass ratio (¢ = 0.9) and
the low fill-out (15.6%).

The other system, J135349 is well inside the
boundaries for normal EW (Figures 5 and 6) and,
with its small mass ratio (¢ = 0.38), its fill-out value
(20.9%) and the almost equal temperature of the
components, it follows that it is approaching the final
evolutionary stage of the contact binary evolution.

The total mass determined for J150957 is over the
minimum total mass limit for W UMa systems of 1.0-
1.2 Mg (Stepient 2006), while J135349, with its total
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Fig. 6. Correlation between the orbital period P (days)
and temperature T (K), based on parameters of 8510
contact binaries from Qian et al. (2020). The position
J150957 is marked in blue, and that of J135349 in red.
The color figure can be viewed online.

mass M,y = 0.813 Mg, is under this limit. This
means a mass loss, and may imply a late evolutionary
stage of this contact binary system.

This work made use of data from the European
Space Agency (ESA) mission Gaia, © and processed
by the Gaia Data Processing and Analysis Consor-
tium (DPAC).8

Use of the International Variable Star Index
(VSX) database has been made (operated at AAVSO
Cambridge, Massachusetts, USA), as well as of
the AAVSO Photometric All-Sky Survey (APASS)
funded by the Robert Martin Ayers Sciences Fund.
Also, use has been made of the VizieR catalogue ac-
cess tool, CDS, Strasbourg, France. The original
description of the VizieR service was published in
A&AS 143, 23.

Based upon observations carried out at the Ob-
servatorio Astronémico Nacional on the Sierra San
Pedro Mértir (OAN-SPM), Baja California, México.
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