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Abstract

Photometric analysis of the contact binaries TIC 393943031 and TIC 89428764 was carried out using Transiting
Exoplanet Survey Satellite and SuperWASP data for the first time. Using the Wilson—Devinney code, we have found
that TIC 393943031 is a low-mass-ratio deep contact binary with a fillout factor of 50.9(£1)% and a mass ratio of
q=10.163 = 0.001. TIC 89428764 is a medium and low-mass-ratio contact binary with a fillout factor of 34.5(3-1)%
and a mass ratio of ¢ =0.147 &= 0.001. Furthermore, the period study reveals both the stars exhibit continuously
increasing periods, the increasing rate is 4.21 x 10~ day yr~' for TIC 393943031 while 6.36 x 10~ day yr ' for
TIC 89428764. The possible reason is mass transfer from the secondary component to the primary component for
both stars. Meanwhile, we discussed their evolutionary phases and orbital angular momenta.
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1. Introduction

Contact binaries surrounded by a common envelope are
predominantly active systems that show interaction between
both primary and secondary components. According to
Binnendijk (1970, 1977), contact binaries can be divided into
A-subtype and W-subtype binaries. A-subtype binaries refer to
the systems that the more massive stars have higher temper-
ature, on the contrary, the less massive stars are hotter for
W-subtype binaries. Contact binaries are speculated that they
may have evolved from detached binaries through angular
momentum loss via magnetic braking (Guinan & Bradstreet
1988; Bradstreet & Guinan 1994; Qian et al. 2017). Contact
binaries with mass ratio less than 0.25 and fillout factor more
than 50% are called deep low mass ratio contact binaries (Qian
et al. 2005a, 2006; Yang & Qian 2015). They may be the
bridge between binary stars and single stars, and may evolve
into fast rotating single stars, such as blue stragglers, when the
mass ratio is lower than the critical mass ratio (Rasio 1995;
Qian et al. 2005b; Arbutina 2007; Jiang et al. 2010; Zhu et al.
2016). However, many of the details of the evolution of
contact binaries are not clear, for example, period cut-off
(Rucinski 1992; Weldrake et al. 2004; Li et al. 2019b), the
thermal relaxation oscillation theory (Flannery 1976;
Lucy 1976). Solving these problems requires us to study much
more contact binaries.

Excellent photometric data are provided by Transiting
Exoplanet Survey Satellite (TESS) (Ricker et al. 2014, 2015),
which was launched in 2018, and performing a near all-sky
survey for planets. Moreover, its excellent photometric

precision, combined with its fine time sampling and long
intervals of uninterrupted observations, enables searching for
low mass ratio contact binaries. Meanwhile, the mass ratio of
the contact binaries can be reliably obtained from the totally
eclipsing light curves (Pribulla et al. 2003; Terrell &
Wilson 2005; Li et al. 2019a, 2021).

TIC 393943031 and TIC 89428764 are two totally eclipsing
contact binaries which were first discovered by Pojmanski
(2002). He pointed out that both of them were contact binaries,
and their Vy,,e, period, amplitude variation in V-band were
10.9 mag, 0.44978 day, 0.4 mag for TIC 393943031, while
10.2 mag, 0.37660 day, 0.33 mag for TIC 89428764. After
that, Lohr et al. (2015) regained their periods and gave the
period variation rates for the first time. The values of periods
were 094497934, 093766033, respectively. The rates of period
variation were 5.88 x 10~ and 8.80 x 10~ day yr '. In this
paper, their photometric solutions were carried out for the first
time. Combining the TESS and SuperWASP data, we
reanalyzed their orbital period changes.

2. Observations
2.1. TESS Observations

We used the Simple Aperture Photometry (SAP) light curve
and Pre Data Search Conditioning SAP light curves of TESS
from the Mikulski Archive for Space Telescopes in this paper.
We downloaded the light curves from sector 2 and sector 28 of
TESS for TIC 393943031 and TIC 89428764. The time span is
from BJD 2458354 to BJD 2459087 for TIC 393943031, while
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Figure 1. The power spectra of period about TIC 393943031 and TIC 89428764 calculated by GLS. The insert box is an enlarged figure around the peaks, and the red

dotted lines represent the peak values.
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Figure 2. The phase-fold light curves of TIC 393943031 and TIC 89428764, which are folded with the corrected period. The black hollow circles represent

observational points, and the red hollow circles represent the normal data.

from BID 2458325 to BJD 2459084 for TIC 89428764. The
data included 2 minutes cadence and 10 minutes cadence.

The Generalized Lomb—Scargle periodogram (Zechmeister
& Kiirster 2009) method is employed to calculate the periods.
Figure 1 shows the power spectra of the orbital periods of TIC
393943031 and TIC 89428764. In the figure and sub-figure, the
maximum peaks marked with black dashed lines are corresp-
onding to the half value of orbital period. The derived periods
are 0.449941 day for TIC 393943031 and 0.376610 day for
TIC 89428764, respectively. In Section 3, both of the periods
are corrected according to the O — C analysis. The corrected
value is 0.449797 day for TIC 393943031, while the value
stays the same for TIC 89428764.

All the time domain light curves are folded to phase ones
according to the corrected periods, and are shown in Figure 2.
In order to obtain the photometric solutions quickly, the

observational data are combined into 1000 normal points, and
these normal points are weighted according to the number of
the observations during the following light-curve synthesis.
The observational points and normal points are shown in
Figure 2. The black circles in the figure display the
observational points, while the red ones show the normal
points. As seen in the figure, the two sets of light curves are
completely consistent.

2.2. SuperWASP Observations

Meanwhile, we download all the data of the two targets from
SuperWASP (Butters et al. 2010). The time span is from BJD
2453862 to 2456998 for TIC 393943031 and from BJID
2453862 to 2456972 for TIC 89428764. All the data are used
to calculate the minima and some high-precision data are
selected to obtain the photometric solution. The data observed
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Figure 3. The g-search figures. The “g” represents mass

Table 1
Temperatures of TIC 393943031 and TIC 89428764

Star TIC 393943031 TIC 89428764
EB-V) 0.012 0.063

By — Vy(mag) 0.47(0.34) 0.602(0.205)
Jo — Ko(mag) 0.23(0.046) 0.214(0.051)
g — io(mag) 0.364(0.34) 0.189(0.197)
Tp(K) 6440(1430) 7220(1660)
T;(K) 6510(340) 6640(370)
Ty (K) 6340(810) 7220(730)
T,,(K) 6430(860) 7030(920)

by camera ID: 221 and 222 of TIC 393943031 and camera ID:
222 of TIC 89428764 were selected to obtained the
photometric solution.

According to the corrected periods, the SuperWASP time
domain light curves are folded to phase ones. Then we apply a
1o limit to exclude the bad-points in SuperWASP data using
Gaussian processes (Bishop 2006; Rasmussen & Williams
2006). After exclude the bad-points, the observational points
are combined into 1000 normal points, and these normal points
are also weighted according to the number of the observations
during the following light-curve synthesis. The observational
data and the normal ones are displayed in Figure 2.

3. Photometric Solutions

The Wilson—Devinney (W-D) program (Wilson & Devinney
1971; Wilson 1979, 1990) was used to simultaneously model
the weighted light curves of TESS and SuperWASP. The
primary effective temperatures were estimated by color index,
and the mean temperatures were adopted as the temperatures of
primary stars. The details are listed in Table 1. In the
processing, the value of E(B—V) and the interstellar
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ratio. The “}_7 refers to sum squares of residuals.

extinctions of different filters were obtained according to Green
et al. (2018). Then, the corresponding temperatures were
determined according to Pecaut & Mamajek (2013) of B —V,
g’ — i/, and the one of J— K was obtained based on Covey
et al. (2007). According to Table 1, the mean temperatures are
set to the primary temperatures, 6430 K for TIC 393943031
and 7030 K for TIC 89428764. The gravity-darkening
coefficients and the bolometric albedos were g;,=0.32
according to Lucy (1967) and A; , = 0.5 according to Ruciniski
(1969), and the bolometric and bandpass limb-darkening
coefficients were from van Hamme (1993)’s table.

Mass ratio is a significant parameter for obtaining a credible
photometric solution. Due to lack of the spectral observation,
we adopted the g-search method to determine the mass ratio.
The value of sum squares of residuals will return each time
when the mass ratio changes. Finally, the value corresponding
to the minimum sum squares of residuals was adopted as the
initial mass ratio, and as an adjust parameter input into the W-D
code. The g-search result is shown in Figure 3.

In fact, the mean temperatures estimated by color index are
the average values of the primary and secondary stars, and
cannot be regarded as the primary temperatures, strictly. So the
correction was carried on after obtained the radius ratio
k=r,/r; and the temperature ratio 7,/T;. The temperatures of
the primary and secondary stars can be determined according to
the following equation (Zwitter et al. 2003; Christopoulou &
Papageorgiou 2013):

T = (1 + k)T, /(T/T))°> ey

L =T(L/T). @)

The primary temperatures calculated by the above equations
are set as fixed parameters in the process of the re-running W-D
code, while the temperatures of secondary stars are set as the
adjusted parameters. The final photometric solutions are shown
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Figure 4. The fitting light curves of TIC 393943031 and TIC 89428764.

in Table 2. The fitting light curves are shown in Figure 4. The
uncertainties of primary and secondary stars were obtained
through the error propagation of 7,,. The errors of the other
parameters in Table 4 are not real but formal ones, and they are
underestimated (PrSa & Zwitter 2005). We can see the
observed light curves and theoretical light curves of both
targets display a very high degree of coincidence.

4. Orbital Period Investigations
4.1. TIC 393943031

The data of TESS and SuperWASP were used to calculate
minima according to the K-W method (Kwee & van
Woerden 1956). There are totally 366 minima, 151 from
SuperWASP and 215 from TESS. The minima are listed
Table 3. The O — C method was applied to analyze period
variation. “O” refers to the observation minimum, while “C” is
the value of calculation. In this processing, the initial linear
ephemeris is as follows:

Min./ (BJD) = 2458357.50924 + 09449941 x E.  (3)

According to Equation (3), O — C values were obtained and
shown in the left panel of Figure 5. From the figure, we can see
the data in the rectangle, showing an obvious linear variation. It
is most likely due to the inaccuracy of the period. Therefore, a
linear fit was used to this part of data. The fitting result is
shown in the right panel of Figure 5. The linear equation is:

Min./ (BJD) = 2458356.14437(=0.00379)
+ 09449793(40.000001) x E. )

According to Equation (4), the O — C values were recalculated
and listed in Table 3. Then we used the least square method to
fit the O — C values. The fitting result is shown in the left panel
of Figure 6. The fitting equation is as follows:

Min./ (BJD) = 2458356.17949(£0.00006)
+ 0.449797(£0.000001) x E
+2.59(4+0.05) x 10719 x E2 5)
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The observed data are normal data. The “SWASP” refers to SuperWASP data.

Table 2
Photometric Results of TIC 393943031 and TIC 89428764
TIC TIC

Parameters 393943031 Errors 89428764 Errors
g81=8 0.32 Assumed 0.32 Assumed
A=A, 0.5 Assumed 0.5 Assumed
T1(K) 6460 930 7070 1000
T»(K) 6270 910 6797 960
qM/My) 0.163 0.001 0.147 0.001
Qin 2.139 2.096
Qout 2.034 = 2.001 =
=0 2.086 0.001 2.065 0.001
i 81.6 0.1 76.9 0.1
Li/(Ly + Ly)tEss 0.840 0.001 0.859 0.001
Li/(L; + Ly)swasp 0.844 0.001 0.865 0.001
ri(pole) 0.514 0.001 0.517 0.001
ri(side) 0.567 0.001 0.572 0.001
ri(back) 0.592 0.001 0.594 0.001
r(pole) 0.233 0.001 0.223 0.001
ro(side) 0.244 0.001 0.233 0.001
ry(back) 0.292 0.001 0.275 0.001
f 50.8% 1.0% 32.7% 1.0%

In the figure, we can see that the period shows a long-term
increasing trend. From Equation (5), the period increasing rate
can be calculated as dP/dt=4.21 x 1077 day yr".

4.2. TIC 89428764

All the minima of TIC 89428764 were calculated, including
225 minima from SuperWASP and 225 minima from TESS. To
obtain the details of the period variation of TIC 89428764, the
O — C values were calculated. The linear ephemeris used to
calculate the O — C values is:

Min./ (BJD) = 2458332.66929 + 09376610 x E. 6)

The minima and corresponding O — C values are listed in
Table 4. In order to quantify the period variation, the least
square method was used for fitting the O — C values. The
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Figure 5. The left panel is the O — C values of TIC 393943031 calculated by the period of GLS. The right one is the linear fitting light curve of the data circled by the

rectangle in the

left panel.
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Figure 6. The O — C values and the fitting light curves of TIC 393943031 and TIC 89428764.
Table 3
The Minimum Moments of TIC 393943031
BID Error Min. Epoch o-C Residuals References
2453865.64176 0.00018 s —9983.5 —0.00418 0.00171 (€))]
2453881.60974 0.00061 p —9948 —0.00381 0.00209 1)
2453886.55550 0.00085 p —9937 —0.00576 0.00014 [€))]
2453890.60308 0.00043 p —9928 —0.00631 —0.00041 (€]
2453892.62792 0.00065 s —9923.5 —0.00554 0.00036 (€))]
2453894.65194 0.00047 p —9919 —0.00558 0.00032 [€))]
2453895.55156 0.00047 p —9917 —0.00554 0.00037 [€))]

Note. (1) SuperWASP; (2) TESS (This table is available in its entirety in machine-readable form at http://www.raa-journal.org/docs/Supp/ms5064Table3.dat).
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Figure 7. This figure displays the M-L diagram of TIC 393943031 and TIC 89428764.
Table 4
The Minimum Moments of TIC 89428764
BID Error Min. Epoch o-C Residuals References
2453864.62416 0.00040 P —11864 0.00845 0.00011 (1)
2453865.56579 0.00035 S —11861.5 0.00857 0.00024 (€3]
2453880.62968 0.00049 s —11821.5 0.00822 0.00007 (1)
2453881.57141 0.00026 p —11819 0.00843 0.00030 (1)
2453886.65602 0.00023 s —11805.5 0.00886 0.00079 (1)
2453890.60980 0.00027 P —11795 0.00828 0.00025 (1)
2453891.55037 0.00163 s —11792.5 0.00733 —0.00068 (1)

Note. (1) SuperWASP; (2) TESS (This table is available in its entirety in machine-readable form at http: //www.raa-journal.org/docs/Supp/ms5064Table4.dat).

fitting equation is

Min./ (BJD) = 2458332.67219(£0.00005)
+ 0.376610(£0.000001) x E
+3.28(£0.02) x 10719 x E2 )

The right panel of Figure 6 shows the O — C values and the
fitting curve. The bottom is residuals of the fitting. From
Figure 6, TIC 89428764 shows a long increasing period

variation, and the rate is dP/dt = 6.36 x 10~ day yr .

5. Discussion

The photometric solutions of two eclipsing binaries TIC
393943031 and TIC 89428764 are presented for the first time.
TIC 393943031 is a low-mass-ratio deep contact binary with a
mass ratio of ¢ =0.163 £ 0.001, a fillout factor of f= 50.8%,
while TIC 89428764 is a low-mass-ratio medium contact
binary with a mass ratio of ¢ = 0.147 4 0.001, a fillout factor of
f=32.7%. Both the stars are A-subtype contact binaries.
Through the analysis of minima, both of them display
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increasing periods, and the increasing rates are 4.21 x
107 day yr " and 6.36 x 10" day yr ', respectively. These
are the same order of magnitude as the results obtained by Lohr
et al. (2015). The reason for the long-term increasing in periods
may be that the secondary star transfers mass to the primary
star for the two binaries. The spectral type of TIC 393943031 is
F5, while TIC 89428764 is F1. If the primary stars are main
sequence stars, we can estimate their masses of primary and
secondary. According to Cox (2000), the primary mass of TIC
393943031 is M, = 1.40M,, while that of TIC 89428764 is
M;=1.50M.. Then according to the mass ratio, their
secondary masses can be calculated as M, =M, x 0.163 =
0.23M, for TIC 393943031, and M, =M, x 0.147=0.22M,
for TIC 89428764. The mass transfer rates of TIC 393943031
and TIC 89428764 can be calculated as dM,/dt=7.12 x
107 *M yr~ " and dM, /dt = 1.31 x 10~ "M, yr ' using follow-
ing Equation (8)

M, MM, . 4P
dr 3P(My — My)  dr

The distances between primary and secondary of the two targets
can be deduced as a = 2.91R,, for TIC 393943031 and a = 2.63R,,

®)

0.2

0.4
logM (M,))

Figure 8. This figure displays the log M—1logJy diagram of TIC 393943031 and TIC 89428764.

0.6 0.8

for TIC 89428764 based on M, + M, =0.0134a’/P?
radii of the primary and secondary stars of the two
can be obtained according to R = (Fipole * Fiside * Fiback)'/> + @ =
1.62Ro, Ry = (r2pole * Toside - r2back)1/3 -a=0.74R, for TIC
393943031, and R] = (rlpo]e * Fside * rlback)1/3 -ad = 1.47R®,
Ry = (Fapole * Taside * T2back)'/? -a=0.63R., for TIC 89428764
Then, according to Stefan-Boltzmann’s law, the luminosities of
primaries are respectively calculated as 4.12L, and 4.87L..,. Those
of their secondaries are determined as 0.78L, and 0.76L..

In order to directly discuss the evolution state of the primary
and the secondary stars, the mass—luminosity diagram of the
two stars is displayed in Figure 7. In the figure, “ZAMS” and
“TAMS” represent the zero-age main sequence and terminal-
age main sequence, respectively (Hurley et al. 2002). Both
primary stars of the two binaries are located between “ZAMS”
and “TAMS” and the position of two secondary stars are above
the “TAMS” line. From Figure 7, the primary stars are at the
main sequence stage. The secondary stars may have evolved
out of the main sequence, or the luminosity-excess of the
secondaries can be the result of energy transfer from the
primary to the secondary.

The
stars
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The orbital angular momentum is significant for the
evolution of contact binaries, so we made an estimation for
the orbital angular momenta of the two targets. The orbital
angular momenta of the two stars have been determined as
log Jo = 51.41 for TIC 393943031 and logJy = 51.39 for TIC
89428764 based on Eker et al. (2006)’s formula as follows,

q GZMSP%
Jo= . 9
’ (1+q>2( 21 ) )

The border line of contact and detached phase combined with
the stars from Eker et al. (2000) are displayed in log M—log Jy
diagram as Figure 8. From the figure, both stars are located in
contact region.

In summary, TIC 393943031 and TIC 89428764 are both
extremely low-mass-ratio A-subtype contact binaries. Using
the O — C method to analyze their period variation, we found
that both stars display long term increasing periods. The
possible reason is that the secondary component transfers mass
to the primary component. Furthermore, we estimated their
absolute parameters and calculated the mass transfer rates. As
the periods increasing, mass transfer will be carried on from the
secondary stars to the primary stars, and the mass ratios will be
lower and more extreme. Finally, they may merge into single
stars (Qian et al. 2005a).
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