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Abstract

The study reports photometric and spectroscopic observations of two recently
recognized contact binary systems. Both systems show total eclipses and analy-
sis of the light curves indicates both have very low mass ratios of less than 0.3.
We derive absolute parameters from color and distance based calibrations and
show that, although both have low mass ratios, they are likely to be in a stable
orbit and unlikely to merge. In other respects, both systems have character-
istics similar to other contact binaries with the secondary larger and brighter
than their main sequence counterparts and we also find that the secondary is
considerably denser than the primary in both systems.
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1. Introduction

As the number of cataloged contact binaries grows with each new sky survey,
opportunities for their study have also been enhanced. Interest in low mass ra-
tio contact binaries is particularly intense since the recognition that V1309 Sco
(=Nova Sco 2008) was in fact a red nova resulting from the merger of contact
binary components \cite{Tylenda_ {etal2011}}. Although a large number of
low mass ratio contact binaries have been identified \cite{Gazeas {etal2021},
Christopoulou_ {etal2022}, Li {etal2022}, Liu {etal2023}}, only a handful
meet the theoretical criteria for orbital stability \cite{Wadhwa_ {etal2022a},
Wadhwa_ {etal2023a}}. Wadhwa et al. \cite{Wadhwa_ {etal2022b}} recently
outlined an efficient method for identifying low mass ratio contact binaries from
survey based light curves without formal analysis. We use the methods described
in Wadhwa et al. \cite{Wadhwa,__{etal2022b}} to select two potential low mass
ratio contact binaries for follow up ground based observations.

CRTS J225828.7-121122 (C2258) ($ $2000.0 = 22h58m28.73s, $2000.0 =
—12°11'22.3")(= ASASJ225829 — 1211.3; ASASSN — VJ225828.64 —
121121.9)wasrecordedasacontactbinarysystembythe AllSky Automated Survey(AS AS)[?|withmazimumV ban
230139(C0300)( $2000.0 = 03h00m53.60s, $ $2000.0 = +23°01’39.2”) (=ASAS
J030054+2301.7, ASASSN-V J030053.58+230138.7) was also identified by
ASAS with brightest V magnitude of 13.46 and period of 0.363298 day. Based
on the relationships described by Wadhwa et al. \cite{Wadhwa_ {etal2022b}},
we estimated that both systems are likely to have low mass ratio and as such
carried out follow up ground based observations and analysis. In addition,
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both systems were also observed by the Transiting Exoplanet Survey Satellite
(TESS) mission. TESS photometry recorded the amplitude of 0.50 mag for
(2258 and 0.42 mag for C0300.

2.1. Photometric Observations

(2258 was observed over 3 days in 2022 August with the Las Cumbres Observa-
tory (LCO) network of 0.4 m telescopes using an SBIG STL-6303 CCD camera
and Bessel V and B filters. In total, 217 images were acquired in V band and
40 additional images were acquired in B band during total eclipses to docu-
ment the B - V value. The AstrolmageJ package \cite{Collins_ {etal2017}}
was utilized to perform differential photometry. TYC 5816-873-1 was the com-
parison star and 2MASS 22581807-1207490 was the check star. Comparison and
check star magnitudes were taken from the AAVSO Photometric All-Sky Survey
\cite{Henden {etal2015}} calibrations. We find the brightest magnitude to be
slightly fainter than survey data at 13.47 mag with no significant difference in
the two maxima. The primary eclipse has a magnitude of 13.99 indicating an
amplitude of 0.52 mag while the secondary eclipse is slightly brighter at 13.94
mag. Both eclipses have a total duration of approximately 36 minutes. The
mean B band magnitudes during the primary and secondary eclipses were 14.72
and 14.66 respectively, yielding a B - V value of 0.72 for the system.

C0300 was similarly observed with the LCO network of 0.4 m telescopes over four
nights in 2022 November. In total, 268 images were acquired in V band and an
additional 44 images were acquired in the B band to document the B - V value.
As for C2258, differential photometry was performed with the Astrolmagel]
package using 2MASS 03003069+2259527 as the comparison star and 2MASS
03004569+2256105 as the check star. Similar to C2258, both maxima are of
similar magnitude at 13.51. Both eclipses are total with the primary eclipse
slightly fainter at 14.02 mag, indicating an amplitude of 0.51 mag, and the
secondary eclipse marginally brighter at 14.00 mag. Eclipse duration is similar
to C2258 at approximately 32 minutes. The B band magnitudes at primary
eclipse (14.8) and secondary eclipse (14.78) yield a B - V value of 0.78 mag.

We note that the observed amplitude of C2258 is very similar to the TESS am-
plitude, differing by only 0.02 mag. However, the observed amplitude for C0300
is almost 0.1 mag greater compared to the TESS photometry. The discrepancy
is likely due to blending of the TESS images from nearby fainter stars. TESS
images are collected using four small aperture wide-field cameras with a very
wide point-spread function of approximately 1 \cite{Sullivan_{etal2015}},
significantly increasing the chance of potential blending. A much more
dramatic example of blending-induced reduction in amplitude of a totally
eclipsing contact binary, leading to an erroneous light curve solution, was
described by Wadhwa et al. \cite{Wadhwa_ {etal2023b}}. That system was
reported to have an extremely low mass ratio based on SuperWASP photometry
\cite{Pollacco_ {etal2006}}, with a resolution of approximately 1. The system
was in fact a stable high mass ratio system with significantly higher amplitude.
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The difference in amplitude is reflected in the light curve solutions (see below),
however we believe the ground based observations in this case yield more
accurate results.

Assessment of period variation, especially when small, requires high cadence
observations over a long term (many decades). Given the lack of suitable
historical observations (most survey data have a cadence of many days between
single observations), no meaningful Observed - Computed (O - C) analysis
could be performed for either system. Instead, we use the technique employing
periodic orthogonal polynomials and an analysis of variance statistic (a quality
of fit marker) to fit multiple overlapping subsets, each of approximately 100-150
observations, of V, g, and R band data from various surveys including ASAS, All
Sky Automated Survey for SuperNovae (ASAS-SN) \cite{Shappee_ {etal2014},
Jayasinghe {etal2020}}, Catalina Surveys \cite{Drake {etal2017}}, and
Zwicky Transient Facility (ZTF) \cite{Masci_{etal2019}} for each system to
estimate any significant period variations. The SuperWASP data for C0300
proved unsuitable due to significant scatter and high reported errors, which
is not surprising given the brightness of C0300 is near the faint magnitude
limit for the survey. The methodology is described in detail by Schwarzenberg-
Czerny [?] and was utilized by Tylenda et al. \cite{Tylenda_ {etal2011}}
to demonstrate the exponential decay in the period of V1309 Sco, the only
confirmed contact binary merger system. For C2258, there is a slight linear
decrease in period of -1.58 x 1077 days per year while for C0300 there is a
linear increase in period of 3.03 x 1077 days per year. The period trends are
illustrated in Figure 1 [Figure 1: see original paper].

2.2. Effective Temperature and Spectroscopic Observations

Analysis of contact binary light curves can be successfully carried out where the
light curve demonstrates total eclipses \cite{Terrell {Wilson2005}}. During
analysis, the primary component temperature (T;) is usually fixed and non-
adjustable. The shape of contact binary light curves is almost completely de-
pendent on the Roche geometry and parameters such as the inclination (i), mass
ratio (q), and Roche equipotential (degree of contact - f) \cite{Rucinski1993,
Rucinski2001, Wadhwa_ {etal2022b}}. Although the light curve shape places
a tight constraint on the component temperature ratio (T,/T;), the absolute
value of T has little influence on the determined geometric elements [?, ?]. Pre-
vious color-based estimates for T, have been used, however these have proven
to be troublesome given the wide variation in cataloged values based on dif-
ferent colors and calibrations. In the case of C2258, the VizieR catalog ser-
vice has a range of 5388-5923 K for the effective temperature of the system,
and for C0300 the range is even wider at 5076-6001 K. Although no standard
calibration has been adopted, many investigators are moving to low resolu-
tion spectral observation and spectral class calibration as a means of assigning
the effective temperature (see e.g., \cite{Zhou_ {etal2018}, Chang {etal2022},
Guo_ {etal2022}}). We acquired a low resolution spectrum of C2258 using the
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FLOYDS spectrographs attached to the 2 meter telescopes of the LCO net-
work. The spectrum of C2258 was visually matched to a library of spectra
of main sequence stars \cite{Jacoby__{etal1984}, Pickles1998} to determine its
spectral class is G7. C0300 was observed by the Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST) with a reported spectral class of G1
\cite{Luo_ {etal2018}}. The acquired and library spectra of C2258 and the
LAMOST and library spectra of C0300 are shown in the left panel of Figure 2
[Figure 2: see original paper].

We used the 2022 April update of the Pecaut & Mamajek \cite{Pecaut_ {Mamajek2013}}
calibration tables for main sequence stars to determine the temperature of the
primary components based on the determined spectral class. The assigned
temperature for C2258 was 5550 K and that for C0300 was 5860 K. The values

are within the wide cataloged ranges for both systems.

To further confirm the utility of spectral classification-based estimation of the
effective temperature, we compared the values against a collective photometric
approach which collates the photometric data from various pass-bands to con-
struct a single Spectral Energy Distribution (SED) \cite{Bayo_ {etal2008}}.
The SED is then fitted against synthetic theoretical spectra using 2 minimiza-
tion along with Kurucz atmospheric models \cite{Bayo_ {etal2008}} to deter-
mine the effective temperature. The SED estimated effective temperature for
(2258 was 5500 K and it was 5750 K for C0300. Given the good agreement
between photometric and spectral classification in estimating the effective tem-
perature, we consider the use of spectral classification as a valid approach to
assign the temperature of the primary component and we have followed this in
this study. The SED and fitted model are depicted in the right panel of Figure
2 [Figure 2: see original paper].

3. Light Curve Solutions and Physical Parameters

As noted above, both systems exhibit total eclipses and thus are likely to yield
accurate light curve solutions. We used the 2013 version of the Wilson-Devinney
code to analyze the V band photometry data. We employed the tried and
tested q search/grid method to obtain the mass ratio and complete light curve
solution for each system. As there is no appreciable difference in the two maxima
for either system, only unspotted solutions were modeled. As is usual for low
temperature systems, the bolometric albedos and gravity darkening coefficients
were fixed at (A; = A, = 0.5) and (g; = g, = 0.32) respectively, and simple
reflection treatment applied. We interpolated limb darkening coefficients from
van Hamme [?] (2019 update). The filter used by the TESS mission is quite
broad, ranging from 600 to 1000 nm centered near the Ic band (786.5 nm). We
applied the limb darkening coefficients centered on the Ic band for analyzing
the TESS photometry. Fitted and observed light curves and three-dimensional
(3D) representations of the contact binaries are displayed in Figure 3 [Figure 3:
see original paper|. The light curve solutions are summarized in Table 1 .
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The light curve solution provides the mass ratio and fractional radii of the
components among other geometric parameters. To fully determine the abso-
lute physical parameters, one needs to estimate the mass of the primary (M,).
There is no direct method; however, secondary calibrations have proven effec-
tive. For this study, we adopt the mean of an infrared color (J - H) calibration
and an absolute magnitude calibration based on distance. We obtained the
(J - H) color for both systems from the Two Micron All Sky Survey (2MASS)
\cite{Skrutskie {etal2006}} and we referenced the calibration tables of Pecaut
& Mamajek \cite{Pecaut_ {Mamajek2013}} (2022 April update) for low mass
(0.6M < M < 1.4M ) stars to interpolate the mass of the primary component.

As the mass ratios are well below 1, the apparent magnitude of the primary com-
ponent is equal to the apparent magnitude at the secondary eclipse. We can use
this along with the distance to estimate the absolute magnitude of the primary
component. The apparent magnitude of the primary component was first cor-
rected for reddening and distance as follows: Reddening at infinity E(B - V)oo
was determined from Schlifly & Finkbeiner \cite{Schlafly {Finkbeiner2011}}
dust maps. This value was then distance scaled to E(B - V)d based on the Gaia
Data Release 3 (DR3) \cite{Anders_ {etal2022}} distance for each system as
per the equation \cite{Bilir_ {etal2008}}:

E(B—V);=E(B—V)y x (1— e ldsin®)l/h)

In the equation, d is the Gaia distance in parsecs, b is the galactic latitude and
h is the galactic scale height, adopted as h = 125 pc \cite{Bilir_ {etal2008}}.
The E(B - V)d for C2258 and C0300 were determined as 0.031 and 0.183 re-
spectively, and the distance corrected extinctions were 0.1 and 0.57 mag respec-
tively. The absolute magnitude of the systems was then determined using the
standard distance modulus. We again referenced the updated Pecaut & Ma-
majek \cite{Pecaut_ {Mamajek2013}} tables for low mass stars to interpolate
the mass of the primary based on absolute magnitude. We adopted the mean
of the infrared and absolute magnitude calibration for the mass of the primary
for subsequent calculations. As the distance based determinations yielded the
highest potential errors, these were adopted and propagated.

Having determined M, (and M, based on the mass ratio q), we can take advan-
tage of Kepler’s third law to estimate the current separation (A) between the
components. Fractional radii of the components are provided in three orienta-
tions by the light curve solution, and the geometric mean of these (ry,5) can be
employed to determine the absolute component radii (R;,5) as follows: Ry,, =

A(ry,).

Utilizing the mean fractional radii, we can express the difference in component
densities as follows:

Ap_ P2 — P1
P1
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Some researchers argue that contact binary evolution may actually result in
a change in component designation such that the current primary may have
been the initial secondary while the current secondary could have been the
initial primary that lost mass to the current primary. The end result of such a
scenario is that the current secondary is rich in core-like or heavier elements and
the current primary is rich in lighter elements. Researchers have argued that
the densities of the components therefore must differ such that the secondary
will always be denser than the primary and A will always be less than zero,
which is confirmed in both cases [?]. The physical parameters are summarized
in Table 1 .

A different approach to estimating absolute parameters is to use standard
blackbody emissions based on the determined luminosity as described in Li
et al. \cite{Li_{etal2021}}. Following this approach with our determined
values of the absolute magnitude of the primary, we derive M;, M,, R;
and A as 0.74M, 0.18M, 0.71R and 1.63R for C2258 and 0.98M , 0.28M ,
0.97R and 2.32R for C0300 respectively. We prefer to use estimates based
on the geometric light curve solution principally due to the dependency of
the blackbody estimates on the estimated effective temperature. As noted
above, the cataloged effective temperatures of the two systems described
vary by many hundreds of degrees. A change in the effective temperature of
$+200K forC2258leadstoarangeinM _{1}$ from 0.67 M to 0.8 M and for
C0300 from 0.94 M to 1.03 M .

As noted above, the absolute value of the effective temperature has no signifi-
cant influence on the geometric light curve solution such that small variations
in temperature will not significantly affect absolute parameter estimates deter-
mined using light curve solution elements. In addition to the dependency on
the effective temperature, the blackbody based estimate requires multiple steps
such as determination of luminosity then radius and then mass of the compo-
nent. Fach step requires error propagation potentially reducing the confidence
in the estimated value. Lastly, methodology based on the geometric solution
incorporates the distorted morphology of contact binary systems by utilizing
the geometric mean of the fractional radii in different orientations as opposed
to a spherical configuration for blackbody estimates. As noted by Wadhwa et
al. \cite{Wadhwa_{etal2022b}}, although the primary components of contact
binary systems in general follow main sequence characteristics, their radii are
usually somewhat larger, as reflected in this report.

At present, there is significant interest in orbital stability of contact binary
systems. Wadhwa et al. \cite{Wadhwa,__{etal2021}} recently defined simplified
relationships between light curve geometric elements and the mass of the pri-
mary with orbital instability. They showed that for low mass primaries the
instability mass ratio (q_{inst}) is between:

Qinst = 0.44 —0.08 x f—0.39 x M,
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The equation represents the extremes of the instability mass ratio at marginal
contact (f = 0) and complete overcontact (f = 1). Based on the equations
above, the instability mass ratio range for C2258 is 0.124-0.15 and that for
C0300 is 0.11-0.13. The light curve solution indicates mass ratios well above
the instability mass ratio range, suggesting that both systems are likely stable
and not merger candidates.

4. Summary and Conclusion

Contact binaries represent ideal systems for the study of not only stel-
lar evolutionary scenarios but also orbital dynamics. Orbital stability
has received considerable attention recently \cite{Wadhwa {etal2021},
Christopoulou__{etal2022}, Liu_ {etal2023}} and it is clear from earlier works
that contact binaries are likely to become unstable at low mass ratios [?, ?].
Based on some simplified criteria \cite{Wadhwa_ {etal2022b}}, we selected
two systems showing total eclipses on survey photometry (hence being suitable
for light curve analysis) that also were likely to have a low mass ratio. Our
results confirm that both systems indeed have low mass ratio at less than
0.3. However, once we estimate the physical parameters, such as the mass
of the primary, it is clear that both systems are not near the instability
parameters and as such are not potential merger candidates. The study does
however confirm that recently published selection and analysis relationships
can be easily implemented to selectively observe low mass ratio contact binary
systems.
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