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Abstract We present the rst evidence for the binarity of four targets in the TESS eld. The temperatures

are estimated by SED analysisand the orbital periods are determined. The TESS light curves of the systems
are analyzed and the orbital and the absolute parameters are derived. The targets are also compared to well-
studied binary systems with the same morphological type and their evolutionary states are discussed. Our
results indicate that the stars belong to the class of eclipsing detached binary systems.
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1 INTRODUCTION

Binary stars are signi cant stellar objects in the sense of

allowing researchers to determine the physical parameters
of the components precisely and investigate the stellar
evolution of the stars in various circumstances. Ever since
Giovanni B. Riccioli’s observation of Mizar in the 17th
century and Christian Mayer’s rst catalog of double stars

in 1781, astronomers have forged away in understanding
the light variation and physical properties of these types
of systems. The number of newly discovered binary star
systems increased at the beginning of the 1900s, the years
when astronomers were keen on nding new systems,

as mentioned in Niemela (2001). At the present time,
a recently updated version of the Binary Star Database
(Kovalevaet a. 2015) consists of about 120000 stellar
systems. A growing number of space-based observations
also made a major contribution to the discovery and
investigation of the properties of the component stars in
detail, thanks to their precise data. Eclipsing binaries,
a subclass of binary star systems, are also important
tools in astrophysics in understanding the structure and
characteristics of the stars. The analyses of the light and
radial velocity curves of eclipsing binaries enable us to
derive not only the physical parameters like mass, radius,
luminosity and temperature but also structural phenomena,
for example apsidal motion and atmospheric parameters

s. individual: CD-34 13220,

such aslimb darkening and gravity darkening as remarked
by Guinan (1993).

Our information on several stellar phenomena, includ-
ing binarity, was increased by recent space-based missions
like Kepler (Borucki et al. 2010) and Transiting Exoplanet
Survey Satellite (TESS, Ricker et al. 2015). For instance,
the Kepler Eclipsing Binary Catalog (Kirk et al. 2016)
consists of light curves and related parameters of 2878
systems. TESS, on the other hand, is very opportune in
studying low amplitude variations such as the light curves
of pulsating stars in binary systems. The mission focused
on the identi cation of transiting planets around nearby
stars by scanning 85% of the sky in its rst two years
(Ricker et al. 2015). Several parameters of approximately
400000 selected stars are planned to be cataloged in
the TESS Input Catalog (TIC, Stassunetal. 2019). In
addition to the above programs, ground-based surveys
like the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST, Zhao et al. 2012) and the All Sky
Automated Survey (ASAS, Pojmanski 2002) provided a
great improvement in the discovery and knowledge of the
structure and evolution of binary stars. For example, the
atmospheric parameters of 2020 EA- and 9149 EW-type
binary systems observed by LAMOST were cataloged,
and their evolutionary states were discussed by Qian et al.
(2018) and Qian et al. (2020); 256 000 binary or variable
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star candidates were also detected by Qian et a. (2019)
among 786 400 stars falling into the eld of LAMOST.

The targets investigated in this study have not
been classied as eclipsing binary systems in the
literature so far. CD-34 13220 (TIC 277373390)
can be found in several catalogs (Thome 1994;
National Aeronauticsand Space Administration 1993,
Morrisonetal. 2001; Cutrietal. 2003; Rwoseretal.
1994; Higeta. 2000; GaiaCollaborationetal. 2018)
which list the position and magnitude information
on the stars. Cruzaebeseta. (2019) list HD 295082
(TIC 42828781) in their Mid-infrared Stellar Diameters
and Fluxes Compilation Catalogue with the estimated
distance and angular diameter values of 533.2 pc and
0.063 mas, respectively. The star also appears in the
Henry Draper Extension Charts (Nesterov etal. 1995)
in which the spectral class, position and magnitude
values are tabulated. TYC 6484-426-1 (TIC 31303242)
is in the photometric empirical calibration research of
Ruiz-Dern et a. (2018). They included the star to the list
of targets with low extinction by giving E(B  V )max
= 0.0083. Cantat-Gaudinetal. (2018) remarked that
TYC 6527 2310 1 (TIC 63192395) does not belong to
an open cluster in their study on astrometric parameters
of 128 open clusters. The star was also listed among
solar-like oscillators in the TESS eld by Scho eld et al.
(2019) which gives fundamental parameters combining
the Gala Data Release 2 (DR2) and Hipparcos data.

The lack of comprehensive studies in the literature
motivated us to investigate the systems in detail. In the
next section, we give the properties of the data and
features of the TESS light curves. The details of the
light curve analyses and the results af rming our targets
binarity are explained in Section 3. The last section deals
with a discussion of the results, evolutionary status and
comparison of the systemsto well-known binary starsfrom
previous studies.

2 LIGHT CURVE DATA

The TESS light curves of the systems were acquired
from the light curve les that are available through the
Mikulski Archive for Space Telescopes (MAST) portal?.
The les contain data to which the photometric analy-
sis and cotrending were applied (Tanenbaum & Jenkins
2018). The Pre-search Data Conditioning Simple Aperture
Photometry (PDC_SAP) ux values ( Fj) were extracted
from the data les and converted to magnitudes ( m;) by
relying on the equation m; = 2:5logF;. The TESS

1 http://mast.stsci.edu/portal/Mshup/dients/
Mast/ Portal . htm
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magnitudes (9.45™, 9.74™, 10.14™ and 9.60™ for CD-
34 13220, HD 295082, TY C 6484-426-1 and TY C 6527
2310 1, respectively) reported by Stassuneta. (2019)
were used during the derivation of the magnitudes. A linear
trend as afunction of time was also removed from the data
of TYC6484-426-1and TYC 6527 2310 1.Figure 1plots
the systems’ light variationsin one orbital period interval.
These curves represent the common eclipsing binary type
variations.

The depths of the primary and secondary minimums
are 0.49™ and 0.35™ for CD-34 13220, 0.63™ and 0.55™
for HD 295082, 0.50™ and 0.45™ for TYC 6484-426-1
and 0.44™ and 0.41™ for TY C 6527-2310-1 respectively.
Primary minimums last 3.8", 9.8", 9.6" and 8.4" for CD-
34 13220, HD 295082, TY C 6484-426-1 and TY C 6527
2310 1, respectively, while the corresponding durationso f
the secondary minimums are 3.6", 9.1", 9.6" and 8.2".
The data are from observation sector 13 for CD-34 13220,
sector 6 for HD 295082, sectors 5 and 6 for TYC 6484-
426-1, and sectors 6 and 7 for TYC 6527 2310 1.
Furthermore, the lack of minima times in the literature
directed us to calculate times of minimum light for the
systems following the method of Kwee & van Woerden
(1956). Table 1 lists 92 calculated times of primary
and secondary minimums. In the table, TYC 6484 and
TYC 6527 refer to TYC 6484 426 1 and TYC 6527
2310 1, respectively.

The shape and characteristics of the light curvesverge
upon the light variation of a common detached eclipsing
binary system. Therefore, detached morphology must be
considered during the analyses, as we introduce in the next
section.

3 ANALYSESOF THE LIGHT CURVES

One of the most critical parameters to achieve realistic
results in the light curve analysis is the effective
temperature of the primary component. Since thereis very
limited information on the systems in the literature, we
estimated the temperaturesof the primariesby constructing
spectral energy distributions (SEDs) through Virtual
Observatory SED Analyzer (VOSA, Bayo et a. 2008) for
the available photometric data in the VizieR database
(Ochsenbein et a. 2000). Parameter-grid search was used
to t the photometric data to achieve the optimized Kurucz
atmosphere model (Kurucz 1979). The process was done
for each system in the present study and the results were
assumed to be the effective temperature of the primary
components.
The absence of suf cient knowledge on the orbital

properties of systems in the literature led us to determine
orbital period values to be applied in the light curve
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Table 1 Calculated Times of Minimum Light for the Systems

System BJD-2457000 Type System BJD-2457000 Type System BJD-2457000 Type

CD-3413220 1657.169086(5) | 1677.021844(5) | 1476.51675(1) |
1656.585189(7) I 1677.605866(7) Il 1483.57357(1) |
1658.336961(5) | 1678.189751(5) | 1479.96552(1) I
1657.753109(9) I 1678.774260(9) I 1487.02209(1) 1
1659.504652(5) | 1679.357437(5) | TYC6527 1468.81026(1) |
1658.920870(7)  II 1679.941601(7)  |I 1470.34182(1) I
1660.671987(5) | 1680.525001(5) | 1471.87524(1) |
1660.088789(7) I 1681.109487(7) |l 1473.40676(1)  1I
1661.840223(5) | HD 295082 1470.39149(1) | 1474.94005(1) |
1661.256646(7)  1I 1468.91985(1) I 1476.47153(1) I
1663.008070(5) | 1473.33431(1) | 1481.06986(1) |
1662.424379(7) I 1471.86274(1) |l 1479.53642(1) I
1664.175831(6) | 1476.27736(1) | 1484.13472(1) |
1663.592091(7) I 1474.80601(1) |l 1482.60138(1) I
1664.760032(7)  1I 1479.22043(1) | 1487.19953(1) |
1666.511393(5) | 1480.69188(1)  II 1485.66590(1) I
1665.927797(7) I 1482.16348(1) | 1493.32929(1) |
1668.847170(5) | 1483.63491(1) |l 1491.79568(1) I
1669.431362(7) I 1485.10649(1) | 1496.39400(1) |
1670.014987(5) | 1486.57796(1) |l 1494.86020(1) I
1670.599053(7) I 1488.04936(1) | 1499.45889(1) |
1671.182855(5) | 1489.52086(1) I 1497.92537(2) I
1671.766854(7) || TYC6484 1441.23240(2) | 1502.52388(1) |
1672.350583(5) | 1444.68152(1) |l 1500.99050(1) I
1672.934813(7) I 1448.28973(1) | 1505.58870(1) |
1673.518278(5) | 1455.34646(1) | 1507.11994(1) 1
1674.102572(7) I 1451.73825(1) I 1508.65350(1) |
1674.686146(5) | 1462.40318(1) | 1510.18469(1)  II
1675.270310(7) I 1458.79505(1)  |I 1511.71839(1) |
1675.854005(5) | 1469.45999(1) | 1513.24959(1) I
1676.438160(7) I 1472.90868(1)  |I

analyses. For doing this, we rst employed Fourier analysis
to the light curve data of each system using PERI OD04
software (Lenz & Breger 2005) and obtained a frequency
value that corresponds to the orbital period. Alternatively,
we averaged the differences between consecutive times
of minimum light of the same types to estimate a period
value. From these two values, the one constructing the
better light curve was adopted as orbital period value.
Period analyseswere al so conducted for times of minimum
in Table 1 by assuming a linear trend. Variation in time
of minimum light ( To) and orbital period ( P) were
calculated utilizing theequationO C = To+ P E,
where E is the cycle number. Results are listed for each
system in the last two lines of Table 2 and Figures4 and 5
are plotted by using the nal period values.

The mass ratio is another signi cant parameter in
the light curve analysis, just as temperature and orbital
period mentioned in the previous paragraphs. The lack of
any research related to the mass ratios of the systems in
the literature pointed us to apply the g-search technique
to the light curves in order to estimate mass ratio
values. Although the shapes of the light curves and the
orbital period values imply that the systems are detached
binaries, we applied g-search to the systems binned
light curves covering 1500 data points in both detached

and conventional semi-detached mode since there is no
information about the morphological classes of the systems
inthe literature. The difference between (res)? (residual
sum of sguares) of the solutions with two assumptions
con rmed that the systems are detached binaries, as can

easily be hypothesized from the light curve shapes even at
rst glance. The results are presented in Figure 2.

We analyzed the TESS light curves using PHOEBE
(Prsa & Zwitter 2005) which implements the Wilson-
Devinney method (Wilson & Devinney 1971) to solve
the light curve and obtain the stellar parameters from
input data. Following the results of the g-search, we
applied analyses by assuming that the systems are detached
binaries. The adjustable parameters are the inclination
i, temperature of the secondary component T,, mass
ratio ¢, surface potential values of both components

1 and 2, and luminosity of the primary component
L during the solutions. The albedos (A1=A,=0.5) are
calculated from Rucinski (1969) and the gravity darkening
coef cients ( 91=092=0.32) for the systems were adopted
from von Zeipel (1924) and Lucy (1967) by considering
the granulation boundary for main sequence stars located
at about a spectral type of FO (Gray & Nagel 1989).
Logarithmic limb darkening coef cients ( X1 and x,) were
adjusted from Claret (2017) based on the initial tempera-



2954

o5 | |

96 | P 1

Magnitude

97 | i
98 | i |

99 R

! ! ! ! ! ! !

0.2 0.4 0.6 0.8 1 12 1.4

Time (BJD-2458680)

10.1 | R

e iy

10.2 |

103 |

Magnitude

104 | i ]
105 | E

106 | i .

Time (BJD-2458450)

B. Ulas: Four New Eclipsing Binaries

99 |

Magnitude

101} 1

103 | 4

96 | v b i

07 | 1

Magnitude

99 i i «

10.0 |

[d] ]

Time (BJD-2458480)

Fig.1 One-period-long light curves of CD-34 13220 (a), HD 295082 (b), TYC 6484 426 1(c) and TYC 6527 2310 1
(d). Magnitudes are calculated by referencing the TESS magnitudes reported in Stassun et al. (2019).

tures of the components and are expressed in Table 2. In
the table, the uncertainties in T, are listed as obtained in
SED analyses, 2450000 is subtracted from the times of
minimum light and, moreover, TYC 6484 and TYC 6527
refer to TYC 64844261 and TYC 6527 2310 1,

respectively. The Il-out factors for the components, T,
were also calculated by utilizing the relation £ = %

2

20.49q ° —, the volume radius of
0:603 +In(1+q3)
the Roche lobe, is given by Eggleton (1983).

where . =

3.1 CD-34 13220

The temperature of the primary component was derived
by SED analysis, as remarked in the previous section.
The effective temperature interval was set to 6000-6500 K
during the SED analysis, according to the temperatures
6152 K of GaiaCollaborationet a. (2018) and 6345 K

of Stassunet a. (2019). The log g interval was selected
as 255.0 following TIC (Stassunetal. 2019). The
extinction, A =0.2246™, was calculated using the Galactic
Dust Reddening and Extinction interface of NASA/IPAC
Infrared Science Archive?. Theresults of the SED analysis
were T¢=6250 125 and log g=4.50 0.25. Therefore, the
initial effective temperature of the primary was taken as
6250 K during the light curve solution. Figure 3 depicts
the model t of the SED analysis.

The light curve analysis was applied on 17 766 data
points in detached binary mode with the initial mass
ratio value of 0.5 which was yielded by g-search. The
orbital frequency was derived as 0.85551d * by relying
on PERI OD04 which corresponds to 1.1694 d. However,
a more appropriate value, 1.167802 d, was found by
calculating the average of differences between consecutive

2 https://irsa.ipac. cal tech. edu/ applications/
DUST/
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Fig.2 Results of the g-searches for CD-34 13220 (a), HD 295082 (b), TYC 6484 426 1 (c) and TYC 6527 2310 1 (d).
The upper and lower panelsrefer to the solutionsin detached and semi-detached assumptions respectively.

times of minimum light (see Sect. 3). Moreover, as
magnitude difference between two maxima of the light
curve exists, the best solution was achieved adopting
a spotted area on the secondary component with the
parameters of co-latitude =45, longitude =270,
spot radius r=10 and temperature factor T£=0.9. The
observations and synthetic light curve are shown together
in Figure 4. The resulting light parameters are listed in
Table 2.

3.2 HD 295082

Our SED analysis resulted in temperature and surface
gravity values of T,=6250 125 and log g=4.00 0.25
respectively. The initial interval of effective temperature
was set to 6000 7000 K during the analysis following
Gaia Collaboration et al. (2018), Stassun et al. (2019) and
F5 spectral type given by Nesterov et al. (1995). Thelog g
interval was 3.0 4.0 considering the value of 3.5 given

Table 2 Results of the Light Curve Analyses

Parameter CD-3413220 HD 295082 TYC6484  TYC6527
i() 82.38(2) 87.78(1) 87.80(1) 84.59(1)
q 0.443(1) 1.001(1) 0.538(1) 1.195(2)
T1 (K) 6250(125) 6250(125)  6000(125)  6000(125)
T2 (K) 5904(17) 6055(10) 5970(24) 5936(20)

1 3.473(9) 6.622(2) 13.30(1) 8.299(6)

2 3.642(6) 5.459(3) 8.62(1) 6.850(9)
ey 0.588(1) 0.4178(2) 0.541(1) 0.338(1)
r 0.199(3) 0.1785(7) 0.078(3) 0.141(2)
ra 0.189(5) 0.226(1) 0.073(3) 0.202(2)
1 0.64(1) 0.471(2) 0.24(1) 0.357(5)
2 0.61(2) 0.596(3) 0.22(1) 0.512(5)
X1, X2 0586,0601 0583 0599 0595 0.611 0.597, 0.597
To (BJD) 1657.169086(5) 1470.39149(1) 1441.23240(2) 1468.81026(1)
P (d) 1.167802(3)  2.9430013(9) 7.056833(1)  3.064855(2)

r1 and r refer to the fractional radii. The standard deviations, 3 , for
the last digits of light parameters are given in parentheses.

by TIC (Stassun et al. 2019) and the visual extinction was
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Fig.3 Results of the SED analysesfor CD-34 13220 (a), HD 295082 (b), TYC 6484 426 1 (c) and TYC 6527 2310 1
(d). Open circles indicate the photometric ux values from t he VizieR database (Ochsenbein et al. 2000) and the solid
(red in color version) lines refer to the model t. Final effective temperature an d log g values are expressed in the upper
right of each gure. Please note that the axes are on alogarit hmic scale.

derived as 1.0618™. The t of the SED analysisis plotted
with the photometric datain Figure 3.

The light curve analysis was conducted with 14831
data points composing the light curve. During the analysis,
the initial value of mass ratio was taken as 1.0, the
result of our g-search. The orbital frequency was found
to be 0.3352d ! (2.9832 d) and 2.9430013 d by using
two methods in Section 3. The latter one was adopted
as period value through the light curve solution process.
The agreement between the theoretical light curve and
observationsis displayed in Figure 4. The nal parameters
found by the analysis are given in Table 2.

3.3 TYC 6484-426-1

The SED analysis ended up with the values of
Te=6000 125 and log g=3.00 0.25 based on the initial
interval of 6000 6250 K and 3.0-4.0 for the effective
temperature and surface gravity, respectively, following the

values published by Gaia Collaboration et al. (2018) and
Stassun et al. (2019) (Fig. 3).

The analysis was applied to the light curve which
consists of 31924 data points. The initial mass ratio
was 0.5 and the calculated value of the orbital period is
7.056833 d. Different from our other three targets, the
eccentricity was aso set as a free parameter during the
solution, and it was found to be e=0.0540(6). The synthetic
light curveisplotted with the observational datain Figure5
and the results are tabulated in Table 2.

3.4 TYC 6527-2310-1

The temperature of the primary component was assumed
to be 6000 125K and thelog g is3.50 0.25, the results
of the SED model t. The SED analysis was applied by

using the initial parameters of the effective temperature
between 5750 and 6000 K and gravity between 3.0 and 5.0
by following values of Gaia Collaboration et al. (2018),
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