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Abstract

This study continues our in-depth investigation of total-eclipse W Ursae Majoris-type contact binaries by analyzing
eight new systems, complementing our previous work. Multiband BVR_I. photometric data were acquired through
ground-based observations at an observatory in Mexico, from which new times of minima were determined. Our
analysis of orbital period variations using the O — C method revealed that one system shows no long-term variation,
four systems exhibit a secular decrease in their orbital periods, and two systems exhibit a secular increase, suggesting
mass transfer between the components. Notably, one system displays a cyclic variation with an amplitude of 0.00865
days and a period of 10.49 yr, which we attribute to the light travel time effect induced by a tertiary companion,
possibly a brown dwarf. We modeled the light curves using the PHysics Of Eclipsing BinariEs Python code. Six of
the target systems required the inclusion of a cold starspot on one of the system’s stars due to the asymmetry
observed in the maxima of their light curves. Absolute parameters were estimated using the Gaia DR3 parallax
method. Using the components’ effective temperatures and masses, we classified five of the systems as W-subtype
and three as A-subtype. The stellar evolution was illustrated through the mass-radius and mass—luminosity diagrams.
Furthermore, we investigated the dynamical stability of two systems with extremely low mass ratios.

Unified Astronomy Thesaurus concepts: Eclipsing binary stars (444); Close binary stars (254); Fundamental
parameters of stars (555); Astronomy data analysis (1858)
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1. Introduction

Binary star systems are typically classified into three
categories based on their configuration in the Roche potential
(Lucy 1968a; Kopal 1959): detached, semidetached, and contact
binary systems. W Ursae Majoris (W UMa)-type contact
binaries are characterized by their distinctive light curves,
which exhibit nearly equal-depth minima, continuous brightness
variations, and short orbital periods (Qian et al. 2014). In these
systems, both stellar components share a common convective
envelope, resulting in nearly identical surface temperatures
despite possible mass differences (Lucy 1968a, 1968b). This
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shared envelope facilitates efficient thermal contact and enables
the transfer of both mass and energy between the components.

Mass transfer and angular momentum loss in contact binaries are
fundamental processes influencing the evolution of the system as a
whole, including changes in the orbital period. Consequently, it is
reasonable to anticipate correlations between the orbital period and
various physical parameters of these systems. Although numerous
studies have examined these relationships, a comprehensive and
coherent understanding is still open to debate (e.g., Latkovi€ et al.
2021; Poro et al. 2024c¢, 2025a). These efforts highlight the intricate
interplay of mass exchange, angular momentum loss, and thermal
equilibrium that collectively shape the evolutionary pathways of
contact binaries. In addition, the presence of a third body adds
complexity to the evolution of the system as a whole, affecting the
orbital dynamics as well as other system properties (Kummer et al.
2023; Poro et al. 2024e; Soomandar & Poro 2024).
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Most contact binary systems exhibit effective temperatures
in the range of approximately 3500-7200 K. According to the
study by Latkovié et al. (2021), systems with both an orbital
period longer than 0.5 days and an effective temperature
around 7000 K are not classified as W UMa-type binaries.
Determining the surface temperature, along with the masses of
the component stars, allows for the classification of a contact
binary into A-type or W-type subtypes (Binnendijk 1970). In
A-type contact binaries, the more massive component is also
the hotter star, whereas in W-type binaries, the less massive
component has a higher effective temperature.

Despite decades of investigations, several significant issues
remain unresolved in the study of contact binaries. These
include the orbital period cut-off (Zhang & Qian 2020), the
stability of systems with very low mass ratios (Li et al. 2022;
Wadhwa et al. 2024), the accurate determination of mass ratios
from photometric light curves (Kouzuma 2023), and the
empirical relationships between parameters such as orbital
period and mass ratio, or mass and luminosity (Poro et al.
2024c). In addition to these challenges, several other
theoretical aspects remain poorly understood, particularly the
mechanism of energy transfer between the stellar components,
which is fundamental to the structure and long-term evolution
of contact systems (Lucy 1968a; Fabry et al. 2023). These
issues all require further investigation. Exploring additional
examples of these binary star types, particularly those that
have not yet been investigated, will significantly help enhance
our understanding of contact systems.

This study presents a detailed photometric analysis of eight
W UMa-type contact binaries undergoing total eclipses. Also,
this work continues the investigation initiated by A. Poro et al.
(2025b and 2025c¢), presenting new observations and an in-
depth analysis of more W UMa-type contact binary systems in
the BSN' project. The paper is structured as follows:
Section 2 outlines the basic characteristics of the target
systems. Section 3 describes the observation and data
reduction processes. Section 4 focuses on the analysis of
orbital period variations, and Section 5 presents the light curve
modeling results. Section 6 provides estimations of the
absolute parameters, while Section 7 discusses the results
and presents the conclusions.

2. Target Systems

We have analyzed eight eclipsing binary stars, including BU
Tri, CRTS J170839.8+122530 (hereinafter J1708) CRTS
J115758.84-331718 (hereinafter J1157), CRTS J123651.3-
070549 (hereinafter J1236), CRTS J164801.94+451118 (here-
inafter J1648), CRTS J233315.9+355134 (hereinafter J2333),
V1232 Her, V1487 Her, ZTF J161614.704+-162306.9 (herein-
after Z1616). These target contact binary systems analyzed in
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this study were selected randomly based on two main criteria.
First, the systems had not been studied in detail previously.
Second, multiband photometric data are available for these
targets in the BSN project database, providing sufficient
observational coverage for accurate analysis. Table 1 presents
specifications for the target systems based on the Gaia DR3
database (Gaia Collaboration et al. 2023), and standard
notation for other quantities is used. The general properties
of the target systems are summarized below:

1. BU Tri. This system was discovered by Lehky & Horalek
(2007) as an eclipsing binary in the field of RV Tri. BU
Tri is recognized in various catalogs-including the All-
Sky Automated Survey for Supernovae (ASAS-SN), the
Variable Star Index (VSX), and the Zwicky Transient
Facility (ZTF; Sanchez-Sdez et al. 2023)—as a contact
binary system. The orbital period of BU Tri is consistent
across most catalogs, agreeing to the fourth decimal
place. The VSX database reports an orbital period of
0.295562 days and a maximum apparent magnitude of
14.400™*# for the system.

2. J1157. This eclipsing binary system was identified in the
Catalina Surveys Data Release 1 (CSDRI1; Drake et al.
2014). Both the ASAS-SN and ZTF catalogs of periodic
variable stars report an orbital period of 0.3412135 days
for the system. The VSX database gives a maximum
apparent magnitude of 14.740™*® for J1157. This system
is the hottest target in this study (Table 1).

3. J1236. This eclipsing binary system was discovered in
the CSDRI catalog (Drake et al. 2014). This system is
also known as a contact binary system in other catalogs,
such as ZTF, which reports an orbital period of
0.2996344 days. The VSX database reports a maximum
apparent magnitude of 14.350™* for J1236, with a
variability amplitude of 0.25™*€. However, the amplitude
reported in the ASAS-SN catalog is 0.32™%,

4. J1648. This system was discovered in the Trans-atlantic
Exoplanet Survey (TrES; Alonso et al. 2004) project as
an eclipsing binary. The ASAS-SN, ZTF, and VSX
catalogs introduce this system as a contact binary with an
orbital period of 0.31372 days. According to the VSX
database, J1648 has a maximum apparent magnitude of
14.430™2,

5. J2333. The discovery of this eclipsing binary system was
first reported in CSDR1 (Drake et al. 2014). J2333 is
classified as a contact binary system in the CSDR1, ZTF,
ASAS-SN, and Asteroid Terrestrial-impact Last Alert
System (ATLAS; Heinze et al. 2018) catalogs. The
maximum apparent magnitude of this system is
14.390™%€, and its orbital period is 0.294013, as reported
in the VSX database.

6. V1232 Her. This binary system was discovered by the
Robotic Optical Transient Search Experiment I (ROTSE-
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Table 1

Specifications of the Target Systems from the Gaia DR3
System R.A. (J2000) Decl. (J2000) d RUWE TGaia V—-R

(deg) (deg) (po) X) (mag)
BU Tri 33.256231 37.057179 1626(98) 1.004 5784 0.402
CRTS J115758.8+331718 (J1157) 179.495280 33.288289 1931(118) 1.124 6973 0.203
CRTS J123651.3-070549 (J1236) 189.214048 —7.097267 923(19) 1.032 5619 0.371
CRTS J164801.9+451118 (J1648) 252.008279 45.188201 904(12) 1.036 5785 0.344
CRTS J233315.9+355134 (J2333) 353.316143 35.859840 841(14) 1.006 5040 0.461
V1232 Her 254.669272 37.771728 679(8) 1.151 5301 0.426
V1487 Her 254.394284 27.802909 737(14) 1.045 4911 0.491
ZTF J161614.70+162306.9 (21616) 244.061303 16.385240 650(10) 0.990 5182 0.342

(This table is available in its entirety in machine-readable form in the online article.)

Table 2
Specifications of the Ground-based Observations
System Observation(s) Date Filter Exposure Time
(s)
BU Tri 2024 (Oct 6) BVRI. B(90), V(50), R.(35), 1.(30)
J1157 2024 (Apr 7) BVRI. B(80), V(40), R.(30), 1.(30)
J1236 2024 (Apr 8, Apr 12) BVR_I, B(40), V(20), R.(15), I(15)
J1648 2024 (May 23) BVR.I, B(70), V(50), R.(35), 1.(30)
J2333 2024 (Sep 13) BVR.I, B(90), V(50), R.(30), I.(25)
V1232 Her 2024 (May 31) BVR.I, B(70), V(50), R.(35), 1.(30)
V1487 Her 2024 (May 29) BVR.I, B(70), V(50), R.(35), 1.(30)
71616 2024 (May 17) BVR.I, B(60), V(30), R.(20), I.(20)

(This table is available in its entirety in machine-readable form in the online article.)

I) telescope, which presented the first results of a search
for periodic variable stars (Akerlof et al. 2000). The
orbital period of this system is listed as 0.2679 days in
the ASAS-SN, ZTF, and VSX catalogs. Additionally, the
VSX catalog provides a maximum magnitude of
14.450™¢ for V1232 Her.

7. V1487 Her. The eclipsing binary system was first
discovered from the CSDR1 (Drake et al. 2014), which
provided extensive time-series photometry for variable
star detection. V1487 Her is listed with an orbital period
of 0.2244967 days in both the ASAS-SN and ZTF
catalogs. Its maximum magnitude is 15.210™% in the
VSX database. This system has the lowest effective
temperature reported by Gaia DR3 among all the targets
included in this study.

8. Z1616. This binary system was discovered by ZTF (Chen
et al. 2020). Z1616, located in the Hercules constellation,
has been classified as a contact system in well-known
catalogs such as ASAS-SN, VSX, and ZTF. The orbital
period of this system is reported as 0.2713132 days in the
ZTF catalog. Z1616 is a faint system, with a maximum
apparent magnitude of 15.307™*¢ reported in the VSX
database.

3. Observation and Data Reduction

Observations of the eight binary systems were performed at
the San Pedro Martir (SPM) Observatory in México, situated
at 115°27" 49" West and 31°02' 39" North, at an elevation of
2830 m above sea level.

These observations were conducted using two Ritchey—
Chrétien telescopes. The 0.84 m telescope with an f/15 focal
ratio was paired with the Mexman filter wheel and the Marconi
5 CCD detector, an e2v CCD231-42 featuring 15 x 15 ym?
pixels, a gain of 2.2 ¢ /ADU, and a readout noise of 3.6 ¢ .
The 1.5 m telescope utilized the RUCA filter wheel and the
Spectral Instruments 1 detector, which includes an e2v
CCD42-40 with 13.5 x 13.5 um? pixels, a gain of 1.39¢ /
ADU, and a readout noise of 3.49 ¢~. Observations were
carried out using standard B, V, R,, and [ filters.

The photometric data were processed using IRAF software
routines, following the procedures outlined by Tody (1986).
Standard data reduction steps, including bias subtraction and
flat-field correction, were applied.

Table 2 outlines the main observational parameters for each
target, such as observation dates, filters utilized, and exposure
times. Additionally, Table 3 presents the coordinates of the


https://doi.org/10.1088/1538-3873/adf1c4
https://doi.org/10.1088/1538-3873/adf1c4

Publications of the Astronomical Society of the Pacific, 137:084201 (14pp), 2025 August

Poro et al.

Table 3
List the Comparisons and Check Stars in the Ground-based Observations

System Star Type Star Name R.A. (J2000) Decl. (J2000) V-R

(deg) (deg) (mag)
BU Tri Comparison Gaia DR3 331351680302769536 33.349451 37.154424 0.425
BU Tri Check Gaia DR3 331351714662506496 33.377602 37.157921 0.383
J1157 Comparison Gaia DR3 4027982100132827904 179.555646 33.296308 0.302
J1157 Check Gaia DR3 4027619914130577536 179.435020 33.369127 0.371
J1236 Comparison Gaia DR3 3676452427253464064 189.225505 —7.096860 0.376
J1236 Check Gaia DR3 3676452491677347840 189.226342 —7.087546 0.334
J1648 Comparison Gaia DR3 1407379938730847872 252.065931 45.188669 0.321
71648 Check Gaia DR3 1407392686194264448 251.963374 45.246438 0.409
J2333 Comparison Gaia DR3 1912581892195834368 353.371277 35.854498 0.457
12333 Check Gaia DR3 1912581033202376832 353.376838 35.830811 0.431
V1232 Her Comparison Gaia DR3 1351660228488885504 254.671414 37.692597 0.460
V1232 Her Check Gaia DR3 1351671773360987136 254.583832 37.678340 0.444
V1487 Her Comparison Gaia DR3 1307108360929012096 254.385649 27.814172 0.499
V1487 Her Check Gaia DR3 1307109323001695872 254.315983 27.835062 0.422
71616 Comparison Gaia DR3 4465272683548078848 244.052929 16.385713 0.410
71616 Check Gaia DR3 4465272717907815168 244.071211 16.389799 0.450

(This table is available in its entirety in machine-readable form in the online article.)

comparison and check stars identified during the observation
and data reduction processes. These stars were essential for
ensuring the accuracy and stability of our photometric
measurements. Specifically, the comparison stars were used
as reference points to calibrate the brightness of the target
binaries, while the check stars served to verify the constancy of
the comparison stars throughout the observing sessions. This
approach helped to minimize systematic errors and improve
the reliability of the final light curves. The information in
Table 3 is from Gaia DR3 (Gaia Collaboration et al. 2023).

4. Orbital Period Variations

The O — C (observed-minus-calculated) method is utilized
to investigate the variations in the orbital periods of our eight
binary star systems. In order to obtain as many eclipse times as
possible, we used the photometric survey data from a variety
of sources, including All-Sky Automated Survey for Super-
Novae (ASAS-SN; Shappee et al. 2014; Jayasinghe et al.
2018), the Zwicky Transient Facility (ZTF; Bellm et al. 2019;
Masci et al. 2019), the Transiting Exoplanet Survey Satellite
(TESS; Ricker et al. 2015), the Wide Angle Search for
Planets (SuperWASP; Butters et al. 2010), and the American
Association of Variable Star Observers (AAVSO). Regarding
the data from AAVSO, SuperWASP, and TESS, we were able
to directly calculate the eclipse times employing the method
described by Kwee & van Woerden (1956). Conversely, for
the data obtained from ASAS-SN and ZTF, we utilized the
period shift technique introduced by Li et al. (2020).
This involved first consolidating the discrete data points into
a single period, before proceeding to compute the time
of the eclipse minimum. The times of eclipse minima were

subsequently converted from the Heliocentric Julian Date
(HJD) to Barycentric Julian Date in Barycentric Dynamical
Time (BJDtpg) using the online transformation tool of
Eastman et al. (2010)."" The eclipsing times extracted from
our observations are listed in Table 4. The online machine-
readable format is available for the extracted and collected
minima times of the target binary systems. To detect orbital
period variations, we computed O — C values using the
following linear ephemeris,

T=T+PxE, ey

where T is the observed eclipse times, T, is the reference
primary eclipse time listed in the second column of Table 5,
and P is the orbital period listed in the third column of Table 5,
E is the cycle number. The calculated O — C values are listed
in Table 4, and an online machine-readable format is available.
The corresponding O — C diagram is shown in Figure 1. We
found that six of our systems show secular trends. The
following equation was used to fit their O — C diagrams,

0—C=A75+AP0><E+§E2. )

The derived parameters are presented in Table 6 (the mass
transfer rate was calculated by Equation (7) for fully
conservative mass transfer without angular momentum loss),
while the corrected new ephemerides are detailed in Table 5.
One system (V1232 Her) shows no long-term variation; hence,
a linear fit was used to fit its O — C curve, and the fitted
parameters and the corrected new ephemeris are shown in
Tables 6 and 5. One system (Z1616) shows cyclic variation;

' hitps:/ /astroutils.astronomy.osu.edu /time /hjd2bjd.html


https://doi.org/10.1088/1538-3873/adf1c4
https://astroutils.astronomy.osu.edu/time/hjd2bjd.html

Publications of the Astronomical Society of the Pacific, 137:084201 (14pp), 2025 August

Table 4
The Times of Minima Extracted from our Ground-based Observations
System Min.(BJDtpg) Error Epoch 0o -C
BU Tri 2460589.82864 0.00047 0.0 0.00000
BU Tri 2460589.97749 0.00037 0.5 0.00107
J1157 2460407.86990 0.00051 -0.5 0.00000
J1236 2460408.79884 0.00017 0.0 0.00000
J1648 2460453.69570 0.00056 0.0 0.00000
J1648 2460453.85051 0.00091 0.5 —0.00204
J2333 2460566.68979 0.00025 0.0 0.00000
J2333 2460566.83418 0.00028 0.5 —0.00262
V1232 Her 2460461.76706 0.00019 0.0 0.00000
V1232 Her 2460461.90147 0.00024 0.5 0.00047
V1487 Her 2460459.69951 0.00017 0.0 0.00000
V1487 Her 2460459.81125 0.00026 0.5 —0.00051
V1487 Her 2460459.92428 0.00020 1.0 0.00028
71616 2460447.70198 0.00034 0.0 0.00000
71616 2460447.83636 0.00019 0.5 —0.00128

(This table is available in its entirety in machine-readable form in the online
article.)

the following equation was used to fit its O — C curve,

0—C:ATO—f—APO><E+Asin(i)—7r ><E+g0). 3)
3

The derived ATy and APy and the corrected new ephemeris
are also shown in Tables 6 and 5. The amplitude and the
period of the cyclic variation are determined to be
A = 0.00865 £ 0.00784 day and P; = 10.49 £+ 5.35 yr.
Based on the analysis performed, we found that four systems
exhibit a long-term decrease in orbital period, two systems
show a long-term increase in orbital period, and one system
shows cyclic variation in orbital period.

5. Light Curve Solutions

To initiate the light curve solution process, we converted the
time data to phase using the new ephemeris provided in
Table 5. We analyzed the light curves of the target binary
systems using version 2.4.9 of the PHysics Of Eclipsing
BinariEs (PHOEBE) Python code (Pr$a et al. 2016; Conroy
et al. 2020). The contact mode was selected for light curve
modeling based on the shapes of the observed light curves, the
classifications reported in the catalogs, and the systems’ short
orbital periods. The gravity-darkening coefficients were set to
g1 = g = 0.32 (Lucy 1967), and the bolometric albedos to
A7 = A, = 0.5 (Ruciriski 1969). We adopted the stellar
atmosphere model from Castelli & Kurucz (2004), while the
limb-darkening coefficients were left as free parameters during
the modeling in PHOEBE.

Poro et al.

We subsequently determined initial values for some main
parameters to guide the light curve modeling process. The initial
estimate of the effective temperature (7) was taken from the
Gaia DR3 database. This temperature was assigned to the hotter
component of the systems based on the depth of the minima
observed in the light curves. The initial effective temperature of
the cooler star was derived from the observed depth difference
between the primary and secondary minima in the light curves.

The initial mass ratio (g) of the systems was determined using
the g-search method (Terrell & Wilson 2005). The mass ratio
range of 0.05-12 was explored for target systems. A narrower
range was then explored to refine the estimate by minimizing
the sum of squared residuals between the observed and synthetic
light curves. Figure 2 illustrates that each g-search curve
exhibits a clear minimum sum of squared residuals. Studies
such as Poro et al. (2024b) indicate that estimating the mass
ratio parameter using the g-search method is more reliable for
fully eclipsing systems than for partial eclipse binary stars.

Asymmetry in the light curve maxima is a notable feature of
many contact binary systems. Six of the target systems show
asymmetry in the maxima of their light curves, requiring a cold
starspot on one of the components to explain this feature
(Table 7). This phenomenon is most plausibly explained by the
magnetic activity of the stars, which leads to the formation of
starspots, and is referred to as the O’Connell effect (O’Connell
1951, Sriram et al. 2017). While this interpretation is widely
used, other physical approaches have also been proposed to
explain the phenomenon more comprehensively, including
those by Zhou & Leung (1990) and Liu & Yang (2003).

We used the photometric multiband data (BVR_I,.) and initial
parameter values to obtain a satisfactory theoretical fit. The
optimization tool in PHOEBE was further used to enhance
the light curve solution, providing more accurate estimates for
the effective temperatures, mass ratio, fillout factor, and orbital
inclination. The analysis revealed no evidence of a third light
component (/3) in any of the target systems.

The modeling and optimization routines available in
PHOEBE do not inherently provide estimates of parameter
uncertainties; therefore, we employed the BSN application
version 1.0 (Paki et al. 2025). Designed for Windows
operating systems and accessible to members of the BSN
project, this application offers substantially higher computa-
tional performance in the Markov chain Monte Carlo (MCMC)
fitting procedure, generating synthetic light curves more than
40 times faster than PHOEBE. This improvement arises
primarily from the application’s optimized architecture and the
integration of modern computational libraries, while the core
methodologies for analyzing light curves remain consistent
with those used in other established binary star modeling
packages. For the MCMC simulations, we used BSN with 24


https://doi.org/10.1088/1538-3873/adf1c4
https://doi.org/10.1088/1538-3873/adf1c4

Publications of the Astronomical Society of the Pacific, 137:084201 (14pp), 2025 August Poro et al.
AAVSO BU Tri ASAS-SN J1157
: ASAS-SN - _l ---- . ;‘ S - 0.000 : This paper ,)
0.00{ o zrF -
® This paper /_,—" //
,—} -0.005
0.02 '/' L
3z 8 Z 0010 e
Q Q
S 00e o
o 0015 - + ,,,,, -
0.06 SO T T
%" -0.020 +
0.010 0.010
= 0.005 = 0.005
5 . )
G 0.000 t $ s ¢ $ s G 0000 # ¢
o T ¥ . o | 3 T ¢
& .0.005 & .0.005
.010 20.010
RadaerrTn 10000 8000 6000 4000 2000 0 10000 8000 6000 4000 2000 [)
Epoch Epoch
¥ J1648 @ SuperWASP
0000 : ;srfAs = 91236 ,/. ¢ . A;AS-SN
0.005] © Tispaper {/' 0.04 2- - £ ~~~~~~~~~~~ . : ﬂfs paper
0,010 0.03 el
T 0.015 e . ~~\“
3} L S LY
S -0.020 - o 0.02 o
¥ o
-0.025 P e
0.01
-0.030 + __,_*" \\{
ooss| b T i' 0.00 e
0.010 0.010
= 0.005 50005
@ 0.000 : t 4 N $*  0.000 —‘—Q . — . $--e
% 0.005 -0.005 t
-0.01 .010
12000 10000 8000 6000 4000 2000 [) 00 ~20000 15000 10000 5000 [
Epoch Epoch
0.008 J2333 ® ASASSN 0.008 V1232 Her ® ASASSN
e ZTF e ZTF
# @ This paper @ This paper
0.006 0.006
0.004 T e
o e s 0004 L.
g b SR I B —
3 0.002 “~ S | YT +.\_, 4
‘\\ So02y | DT
0.000 ™. L LA
LI 4
. 0.000 .
-0.002 + ‘\.
0.010 0.010
50.005 = 0.005
o
= + " ] - s s $ l 3
@ 0.000 : ¢ 3 § . G 0000, @ 3 i .
% _0.005 & 0,005,
0010 12000 10000 8000 6000 4000 2000 [ 0010 12000 16000 8000 6000 4000 2000 [
Epoch Epoch
0.006. V1487 Her o ziF = 21616 ® ASASSN
*_ ___________________ ® This paper 0.0150 Sl ¢ o ziF
~~~~~~~ . s NI ® This paper
0.005 ‘L.\\ 00125
0.004 Tl 0.0100
50003 RN S 00075
3 0.002 ‘\‘\ © o050
0.001 0.0025
0.000 t 0.0000
¢ .
0.010 0.010
= 0.005 5 0.005
G 0000 o o | G ooool $ $ * s s
1 S .
& .0.005| & 0.005
0010 8000 6000 2000 2000 [ 09134000 12000 10000 8600 6000 4000 2000 [)
Epoch Epoch

Figure 1. The O — C diagrams of the eight targets, with residuals at the bottom.
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Table 5
Reference and New Ephemeris of the Eight Systems
System Reference Ephemeris New Ephemeris
to(BJDtpg) Period(day)/Source Corrected to(BID1pg) New Period
(day)
BU Tri 2460589.8286(5) 0.2955620/ASAS-SN 2460589.8290(26) 0.2955575(10)
J1157 2460408.0405(5) 0.3412135/ASAS-SN 2460408.0405(62) 0.3412179(26)
J1236 2460408.7988(2) 0.2996346 /ASAS-SN 2460408.7979(29) 0.2996412(10)
J1648 2460453.6957(6) 0.3137180/ASAS-SN 2460453.6958(20) 0.3137143(5)
J2333 2460566.6898(2) 0.2940043 /ASAS-SN 2460566.6874(25) 0.2940023(9)
V1232 Her 2460461.7671(2) 0.2679032/ASAS-SN 2460461.7679(12) 0.2679030(2)
V1487 Her 2460459.6995(2) 0.2244968 /VSX 2460459.6994(3) 0.2244954(2)
71616 2460447.7020(3) 0.2713132/ASAS-SN 2460447.7020(154) 0.2713120(22)
Note. The reference times of minimum (#) were obtained from our observations in this study.
(This table is available in its entirety in machine-readable form in the online article.)
Table 6
The O — C Fitting Coefficients and Mass Transfer Rate
Parameter AT, Error AP, Error I3 Error dM, /dt Error
(x107* day) (x1077 day) (x107"day yr ") (x107"M, yr )

BU Tri 3.92 25.56 —45.18 10.22 —21.16 2.07 7.26 0.71

J1157 21.28 61.64 43.98 26.47 6.00 5.29 0.62 0.54

J1236 9.11 29.15 66.16 10.01 8.03 1.79 0.99 0.22

J1648 1.36 19.93 —37.04 4.60 —-1.97 0.46 1.16 0.27

J2333 —23.88 24.74 —19.76 9.46 -3.14 1.79 —2.55 1.45
V1232 Her 7.75 11.86 —2.44 1.62
V1487 Her —1.36 3.11 —14.38 2.19 —2.89 0.81 -4.08 1.14

71616 0.00 154.22 11.77 21.56

(This table is available in its entirety in machine-readable form in the online article.)

walkers and 1000 iterations to sample five key parameters
(T12, g, f. and i), from which uncertainty estimates were
obtained, and the average upper and lower bounds of these
uncertainties are presented in Table 7. Notably, the final
parameter estimates and synthetic light curves produced by
BSN and PHOEBE for the systems studied were effectively
equivalent.

The final results of the light curve analysis are presented in
Table 7, including the starspot parameters: colatitude (Col.?),
longitude (Long.?), angular radius (Radius®), and the temper-
ature ratio (Tspor/Tstar). Figure 3 displays the observed and
synthetic light curves of the binary systems. The three-
dimensional representations of the binary systems, based on
the final model parameters, are shown in Figure 4.

6. Fundamental Parameters

We used the Gaia DR3 parallax to estimate the absolute
parameters of the target systems, making this method a
reliable option when only photometric data is available

(Poro et al. 2024a). To ensure the suitability of the Gaia
DR3 parallax method for our target systems, we first calculated
and reviewed the interstellar extinction (Ay) parameter.
According to the Poro et al. (2024d) study, the Ay value
should be lower than approximately 0.4. Using the 3D dust
map from Green et al. (2019), we calculated the Ay values and
confirmed that the target systems fall within the acceptable
range (Table 8).

This method estimates the system’s absolute magnitude
(My) from the maximum brightness of the system Vmax, Gaia
DR3 distance, and Ay. We utilized the Vmax values obtained
from the observational data presented in this study (Table 8).
Subsequently, the /; 5/ parameter derived from the V filter in
the light curve solution process was used to calculate My, and
My,. The absolute bolometric magnitudes (Myo,2) Wwere
estimated using bolometric corrections (BC; ;) derived from
Flower (1996). Then, the stellar radii in the binary systems
were estimated using the relationship between absolute
bolometric magnitude (My,)) and luminosity (L). We adopted
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Figure 2. The sum of squared residuals as a function of mass ratio.
My = 4.73 mag, as reported by Torres (2010), throughout Table 8.
the estimation process. Moreover, using the luminosity and the >
effective temperatures from the light curve solution, the stellar Jo = 9 G M3P (6)
.. .. . 2 :
radii (R) can be calculated. It is important to note that this (I +¢7\2m

radius corresponds to the volume-equivalent radius of the
surface defined by the potential shell. The semimajor axis a of
each system is determined uSing 7yean1 2 from the light curve
solution and R,,, followed by averaging a; and a,. By
utilizing the parameters a, P, and ¢, the masses of the
individual components can be computed through the applica-
tion of Kepler’s third law:

4 2a3
M=—"" @)
GP*(1 + q)
M, = g x M, @)

Furthermore, the orbital angular momentum (Jy) for each
system was calculated using the total mass of the system, g,
and P (Eker et al. 2006), and the results are presented in

The estimated absolute parameters for the target binary
systems are listed in Table 8.

7. Discussion and Conclusion

In this work, we present the photometric analysis, including
light curve modeling, orbital period variation study, and
determination of absolute parameters for eight contact binary
systems. The data were obtained through multiband photo-
metric observations carried out at the San Pedro Martir
Observatory in México. The outcomes of the analysis form the
basis for the subsequent discussion and conclusions:

(A) A long-term increase in the orbital period is typically
driven by mass transfer from the less massive component to
the more massive one. Conversely, a decrease in the long-term
orbital period is often due to angular momentum loss or mass
transfer from the more massive component to the less massive
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Figure 3. The colored dots represent the observed light curves of the systems in different filters, and the synthetic light curves, generated using the light curve
solutions, are also shown. Residuals are shown at the bottom of each panel.
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Table 7

Light Curve Solutions of the Target Binary Stars
Parameter BU Tri J1157 J1236 11648 J2333 V1232 Her V1487 Her 71616
T, (K) 5846(55) 6969(45) 5658(23) 5798(37) 4990(27) 5334(19) 4901(34) 5323(22)
T, (K) 5509(60) 6697(40) 5598(17) 5337(31) 5057(27) 5197(21) 4879(30) 4911(20)
q = My/M, 4.527(43) 0.095(5) 0.099(1) 2.860(44) 0.277(17) 2.443(42) 0.619(35) 4.378(24)
i 83.46(51) 78.96(43) 81.11(56) 82.32(31) 71.50(21) 81.90(44) 83.02(25) 85.62(34)
f 0.371(41) 0.386(51) 0.572(40) 0.178(16) 0.309(17) 0.291(14) 0.195(9) 0.163(13)
Q=0 8.340(236) 1.920(38) 1.919(28) 6.321(109) 2.361(54) 5.690(177) 3.028(114) 8.286(103)
11/ Loe(V) 0.262(3) 0.901(19) 0.883(23) 0.370(3) 0.740(14) 0.344(3) 0.612(4) 0.297(3)
b/l(V) 0.738(2) 0.099(5) 0.117(5) 0.630(6) 0.260(5) 0.656(4) 0.388(5) 0.703(5)
F(mean)1 0.278(20) 0.595(11) 0.597(13) 0.304(12) 0.511(16) 0.325(21) 0.438(16) 0.269(9)
T(mean)2 0.532(17) 0.216(14) 0.225(17) 0.485(11) 0.293(18) 0.479(19) 0.355(16) 0.519(7)
Col.”(spot) 99 S 81 98 75 104 94
Long.“(spot) 301 e 303 106 281 % 290 89
Radius®(spot) 19 18 18 17 18 16
Topot/ Tstar 0.88 0.83 0.87 0.88 0.89 0.90
Component Secondary Primary Secondary Primary Primary Secondary

(This table is available in its entirety in machine-readable form in the online article.)

one. The following equation, as described by Kwee (1958),
can be used to calculate the mass transfer rate by assuming
fully conservative mass transfer without angular momentum
loss,

L_ —31\}1(L — L) @)
P M M

The derived mass transfer rates are displayed in Table 6. For
cases exhibiting a long-term increase in orbital period, the
derived mass transfer rates represent lower limits, as potential
angular momentum losses through gravitational radiation and/
or magnetic braking are not accounted for. Conversely, in
systems showing orbital period decrease, the calculated mass
transfer rates should be considered upper limits, as the period
is further shrunk by angular momentum loss processes.

721616 shows cyclic variation in the orbital period. Such
variation can result from the magnetic activity of one or both
components (Applegate 1992) or the light travel time effect
(LTTE) due to an additional component (Zhou et al. 2016). If
the cyclic variation results from magnetic activity, we
calculated the variation in the magnetic quadruple moment
(AQ) using the equation from Applegate (1992),

()3

-9l = =%,
a) MR?

where M and R represent the mass and the radius of the active
component, while ¢ means the semimajor axis of the binary.
AQ, = 190 x 10* gem® and AQ, = 8.33 x 10* gcm?
were calculated for the two components. The derived values
are substantially lower than the typical values of
10°! ~ 102 g cm? in close binaries (Lanza & Rodono 1999).
This significant discrepancy demonstrates that the Applegate

AP 2m x A _
P Pmod

®)

mechanism cannot adequately account for the observed
periodic variation in this system. Therefore, the cyclic
modulation can be caused by the LTTE via the third
companion. The mass function of the tertiary companion,
f(M3), was determined the orbital dynamics relationship
expressed as

472 ..
= X (arpsiniz)®,

9
G2 ©)

(M3 sin i3)3
M>) =
1) My + M> + M3)?

we determined that f(M3) = 0.031( £ 0.083)M. and
apsiniz = 1.50 £ 1.36 au. If the orbital inclination of
the tertiary component is i = 90°, the minimum mass of
the tertiary component, M3,;, = 0.040(z 0.075) M, and the
maximum distance to the mass center of the triple system,
A3max = 4.66 £ 9.67 au, were derived. We think the tertiary
component is a brown dwarf. Because the time span of the
O —C curve of this system is not long enough, more
observations are needed in the future to confirm this result.

(B) In six of the analyzed contact binary systems,
asymmetries between the light curve maxima necessitated
the inclusion of a cool starspot on one of the stellar
components. These asymmetries are characteristic of the
O’Connell effect, which affects the shape and symmetry of
light curves in contact binaries (O’Connell 1951). The
effective temperatures of the target stellar components range
from 4879 to 6969 K. The component temperature difference
was smallest in V1487 Her at 22 K, while J1648 exhibited the
largest, reaching 461 K. Table 9 lists the temperature
differences (AT = T1-T2) for each system. Spectral categories
were determined based on the temperature criteria provided by
Cox (2000) and Eker et al. (2018) (Table 9).
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Table 8

Estimated Absolute Parameters of the Systems

Parameter BU Tri J1157 J1236 J1648 J2333 V1232 Her V1487 Her 71616
M(M) 0.237(46) 1.000(154) 1.006(32) 0.361(34) 1.869(107) 0.238(3) 0.587(62) 0.195(19)
My(M..) 1.072(209) 0.095(14) 0.100(3) 1.034(97) 0.518(29) 0.582(8) 0.363(39) 0.854(81)
Ri(R) 0.563(62) 1.264(117) 1.168(76) 0.656(41) 1.275(84) 0.530(29) 0.671(53) 0.480(25)
R>(Ro) 1.097(132) 0.456(42) 0.437(24) 1.059(65) 0.726(47) 0.787(45) 0.541(39) 0.934(53)
Li(Ls) 0.332(62) 3.379(543) 1.255(142) 0.436(43) 0.904(99) 0.204(20) 0.233(31) 0.166(15)
Ly(L.) 0.995(198) 0.375(60) 0.168(16) 0.817(82) 0.309(33) 0.405(41) 0.149(18) 0.455(45)
Mo (mag) 5.936(198) 3.418(173) 4.493(123) 5.642(107) 4.849(119) 6.468(103) 6.323(143) 6.693(99)
Myop(mag) 4.745(214) 5.805(174) 6.676(103) 4.959(109) 6.014(118) 5.722(107) 6.807(133) 5.594(106)
log(g)1(cgs) 4.312(179) 4.235(147) 4.306(70) 4.362(95) 4.499(82) 4.366(53) 4.553(115) 4.366(87)
log(g)x(cgs) 4.388(188) 4.098(146) 4.157(62) 4.403(95) 4.431(80) 4.411(56) 4.532(110) 4.429(91)
a(R.) 2.043(130) 2.118(107) 1.949(21) 2.171(68) 2.487(47) 1.637(7) 1.528(54) 1.792(56)
logJo(cgs) 51.283(140) 50.902(131) 50.906(27) 51.450(65) 51.776(56) 51.073(7) 51.213(83) 51.119(67)
Vimax(mag) 15.61(7) 14.62(6) 14.32(10) 14.43(8) 14.72(9) 14.68(8) 15.67(9) 14.73(7)
Ay(mag) 0.139(1) 0.053(1) 0.079(1) 0.040(1) 0.298(1) 0.054(1) 0.188(1) 0.138(1)
BC,(mag) —0.068(9) 0.030(1) —0.102(5) —0.076(6) —0.312(13) —0.183(6) —0.355(17) —0.186(7)
BC,(mag) —0.135(14) 0.019(2) —0.114(3) —0.182(10) —0.283(11) —0.228(7) —0.366(15) —0.350(9)
(This table is available in its entirety in machine-readable form in the online article.)

Table 9

Some Conclusions Regarding the Target Systems

Parameter BU Tri J1157 J1236 J1648 J2333 V1232 Her V1487 Her 71616
AT = T\-T, (K) 337 272 60 461 —67 137 22 412
Spectral category G3-G8 F1-F3 G7-G8 G3-K0 K1-K1 KO0-KO K2-K2 K0-K2
Aa = a1-a; (R:) 0.037 0.013 0.014 0.026 0.017 0.012 0.008 0.016
f category medium medium deep shallow medium medium shallow shallow
Subtype w A A w w w A A\
M,; (M) 0.610 0.423 0.520 0.632 1.676 0.180 0.342 0.441
M,; (M) 1.613 1.812 1.548 1.557 1.093 1.434 1.093 1.423
Mot (M) 0.914 1.140 0.961 0.794 0.382 0.794 0.485 0.815

(This table is available in its entirety in machine-readable form in the online article.)

(C) As the necessary conditions were satisfied, we used the
Gaia DR3 parallax to estimate the absolute parameters. Based
on the calculations, the paths of the primary and secondary
stars are treated independently, yielding a,(R.) and a>(R.),
which are expected to be equal or close values. The absolute
parameter estimations for the target systems show that the
difference between a;(R) and a,(R.) was less than about 0.1
(Table 9), which confirms the suitability of the method. This
also serves as evidence of the accuracy of the light curve
analysis and the input parameters (Poro et al. 2024a, 2025a).

(D) The fillout factor is a parameter that describes the degree of
contact between components in close binary systems. Contact
binary systems are categorized according to their fillout factor into
three classes: deep (f> 50%), medium (25% < f < 50%), and
shallow (f < 25%) systems (Li et al. 2022). Therefore, based on
the light curve solutions, three systems were classified as shallow,
four as medium, and one as deep fillout factors (Table 9).

(E) The evolutionary status of the systems are presented
using logarithmic Mass—Radius (M-R) and Mass—Luminosity
(M-L) diagrams, derived from the absolute parameters
(Table 8, Figure 5). In these diagrams, the stellar components
are plotted relative to the Zero-Age Main Sequence (ZAMS)
and Terminal-Age Main Sequence (TAMS) lines, as defined
by Girardi et al. (2000), providing insight into their positions
along the stellar evolutionary path.

The light curve solutions and derived absolute parameters
show that, in five systems, the hotter component is the less
massive star. Conversely, three systems display the opposite
configuration, where the more massive star is also the hotter
one. As shown in Figure 5, the lower-mass components are
generally located near the TAMS, while the more massive
ones lie closer to the ZAMS. However, it should be
emphasized that contact binaries are products of binary
evolution and interaction processes (Yakut & Eggleton 2005;
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Figure 5. Position of both stars in each target system on the M-R and M-L diagrams.

Stepien 2011), and their evolutionary tracks differ substan-
tially from those of single stars. Therefore, direct comparisons
with single-star ZAMS and TAMS lines should be interpreted
with caution.

(F) To understand the evolution of stars in a contact binary
system, it is crucial to determine the initial mass of each
component. We utilized the method from Yildiz & Dogan
(2013) for these calculations. which is based on the assumption
that the mass transfer starts near or after the TAMS phase of
the massive component (progenitor of the secondary comp-
onent), and energy transfer has not been taken into account.
The initial mass of the secondary star was computed using the
following equations, respectively:

My, = My, + AM = M, + 2.50(M;, — M, — 0.07)%%*  (10)
L, 1/4.216

M =| = 11

- (1.49) (D

My =M — (AM — Myos) = M; — AM(1 — ) (12)

In these equations, M; and M, represent the current
stellar masses, while M;; and M,; are the initial masses. The
parameter M; is determined from the mass—luminosity relation

(Equation (11)), and AM represents the mass transferred between
the stars. M. is the mass ejected from the system, and + is the
ratio of the mass lost to the total mass transfer, with v = 0.664 as
adopted from Yildiz & Dogan (2013). The reciprocal mass ratio
(0 < 1/q < 1) was used in these calculations. The results, shown
in Table 9, are consistent with previous findings by Yildiz &
Dogan (2013) and Yildiz (2014).

(H) Numerous contact binary systems with low mass ratios
(g < 0.25) have been studied (e.g., Li et al. 2022, Lalounta
et al. 2024, Sarvari et al. 2024), yet many questions remain
unresolved. Studying contact binaries with extremely low
mass ratios is crucial for understanding both the merging
process and the lower limit of mass ratios. According to light
curve solutions (Table 7), the systems J1157 and J1236 exhibit
extremely low mass ratios of ¢ = 0.095(5) and ¢ = 0.099(1),
respectively. We examined the dynamical stability of these
two target systems. Assessing the dynamical stability of
contact binaries necessitates knowledge of the ratio between
spin angular momentum (Jp;,) and orbital angular momentum,
as outlined by Hut (1980). Accordingly, we employed
Equation (13) from Yang & Qian (2015) to calculate the
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Jspin/Jo ratio for the two target systems:

Jspin

13
i 13)

— 19402 4 (ararg)
q

where k;  is the dimensionless gyration radius, r , the relative

stellar radius, and ¢ is the mass ratio of the system.

We adopted the values of &, , from Li & Zhang (2006). The
resulting Jypin/Jo ratios are 0.248 for J1157 and 0.241 for
J1236. According to the criteria outlined by Li & Zhang
(2006), these values indicate that both systems are dynamically
stable.
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