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The user wants me to translate a scientific paper
title from Simplified Chinese to English. The title
is: “Photometric and Spectroscopic Study of Ten
Low Mass Ratio Contact Binary Systems: Or-
bital Stability, O’Connell Effect and Infrared Cal-
cium Line Filling 后印本”Let me break this down:
- 测光与光谱研究⋯
Authors: The user has provided a list of names: “Surjit S. Wadhwa, Adam
Popowicz, Raúl Michel, Petar Kostić, Oliver Vince, Nick F. H. Tothill, Ain Y.
De Horta and Miroslav D. Filipović”

This appears to be an author list for a scientific paper. The user wants me to
translate this from Simplified Chinese to English. However, this text is already
in English - it’s a list of author names.

Let me check the requirements: 1. The user says “Translate from Simplified
Chinese to English”2. The text provided is already in English 3. The critical re-
quirements mention preserving LaTeX commands, MATH placeholders, citation
commands, and tags 4. The output should be ONLY the translated text

Since the input is already in English and contains no Chinese text, no LaTeX, no
math placeholders, no citations, and no tags, the translation would be identical
to the input.

However, I need to consider if this might be part of a larger context where this
author list appears within Chinese text that I haven’t been shown. But based
on the literal instruction, I should translate what’s given.

The text is: “Surjit S. Wadhwa, Adam Popowicz, Raúl Michel, Petar Kostić,
Oliver Vince, Nick F. H. Tothill, Ain Y. De Horta and Miroslav D. Filipović”

This is already English. There’s nothing to translate. The names should remain
exactly as they are.

But wait - the user might have intended to provide Chinese text that includes
these names, and only gave me the names part. Or perhaps this is a test to see
if I correctly handle English text when asked to translate from Chinese.
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Given the strict requirements: - If there’s no Chinese text, there’s nothing
to translate - I should preserve the text exactly as is - I should not add any
explanations or formatting

The most appropriate response would be to return the text unchanged, as it’s
already in the target language.

However, let me double-check: Could any of these names have Chinese charac-
ters that need translation? No, they are all Latin script names.

Could “and”be considered a Chinese word? No, it’s English.

Therefore, the output should be exactly the same as the input.

But wait - the user instruction says “Translate from Simplified Chinese to
English”. If I just
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Abstract
The user wants me to translate a scientific text from Simplified Chinese to
English. However, the text provided is already in English. Let me re-read the
instructions carefully.

The instructions say: “Translate from Simplified Chinese to English with the
highest accuracy and academic tone.”

But the input text is:“Low mass ratio contact binary systems are more likely to
have unstable orbits and potentially merge. In addition, such systems exhibit
characteristics such as starspots and high energy emissions (UV) suggestive
of chromospheric and magnetic activity. Light curve modeling of ten contact
binary systems is reported. All were found to be of extreme low mass ratio
ranging from 0.122 to 0.24 and three were found to be potentially unstable and
possible merger candidates. Filling of the infrared calcium absorption lines is
a marker of increased chromospheric activity. We use the available Large Sky
Area Multi-Object Fiber Spectroscopic Telescope spectra along with matched
standard spectra (broadened for rotation) to measure the excess filling of the
central core depression flux of the two main infrared calcium absorption lines
$�$8542 and $�$8662. We find that all reported contact binaries have excess fill-
ing of the core flux in the infrared calcium lines. Three of the systems reported
were also observed by the Galaxy Evolution Explorer mission and we find that
all three have features of excess ultraviolet emissions further adding evidence for
increased chromospheric activity in low mass ratio contact binaries. Analysis of
both orbital stability and absorption line filling is dependent on the determina-
tion of geometric and absolute parameters from light curve modeling. Not an
insignificant number of contact binary light curves exhibit the O’Connell effect,
usually attributed to starspots. We discuss the inclusion of starspots in light
curve solutions and how they influence the geometric and absolute parameters.”
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This is already in English. The user might have made a mistake, or this is a test
to see if I can recognize that no translation is needed. However, the instructions
are very specific about preserving tags, LaTeX commands, etc. But there are
no such tags in the input.

Let me check the instructions again: - “Translate from Simplified Chinese to
English”-“PRESERVE ALL ⋯paragraph wrapper tags EXACTLY”-“Preserve
ALL LaTeX commands and placeholders exactly”- “Preserve ALL citation
commands ([?], ??, (??), etc.) exactly as they appear”

The input text has none of these elements. It’s just plain English text.

Given that the text is already in English, I have two options: 1. Return the
text as-is, since it’s already in English 2. Point out that the text is already in
English and doesn’t need translation

The instructions say “Return ONLY the translated text for the given input
(no explanations, no quotes, no headings you invent).”This suggests I should
just return the text. But if I return it as-is, am I following the instruction to
“Translate from Simplified Chinese to English”?

Let me think about the context. The user is asking me to act as a“professional
scientific translator specializing in academic papers”and the instructions are
very detailed about handling specific formatting. It’s possible that: 1. The
user made a mistake and pasted the English text instead of Chinese text 2. This
is a test case to see how I handle English input when asked to translate from
Chinese 3. The actual Chinese text will come later, and this is just a preamble

Given the strictness of the instructions, I should probably just return the text
as-is, because: - It’s already in English - There are no tags, LaTeX, or citations
to preserve - The instruction says “Return ONLY the translated text”- if no
translation is needed, the “translated text”is the original text

But wait, let me re-read the user’s message more carefully. The user says“Low
mass ratio contact binary systems are more

Full Text
Photometric and Spectroscopic Study of Ten Low Mass Ra-
tio Contact Binary Systems: Orbital Stability, O’Connell
Effect and Infrared Calcium Line Filling
Surjit S. Wadhwa1, Adam Popowicz2, Raúl Michel3, Petar Kostić4,
Oliver Vince4, Nick F. H. Tothill1, Ain Y. De Horta1, and Miroslav
D. Filipović1

1School of Science, Western Sydney University, Locked Bag 1797, Penrith, NSW
2751, Australia; 19899347@student.westernsydney.edu.au
2Department of Electronics, Electrical Engineering and Microelectronics, Sile-
sian University of Technology, Akademicka 16, 44120 Gliwice, Poland

chinarxiv.org/items/chinaxiv-202409.00012 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00012


3Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
4Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia

Received 2024 April 26; revised 2024 June 27; accepted 2024 July 11; published
2024 August 12

Abstract
Low mass ratio contact binary systems are more likely to have unstable or-
bits and potentially merge. Such systems also exhibit characteristics such as
starspots and high energy emissions (UV) suggestive of chromospheric and mag-
netic activity. We report light curve modeling of ten contact binary systems,
all found to be of extreme low mass ratio ranging from 0.122 to 0.24, with three
identified as potentially unstable merger candidates. Filling of the infrared cal-
cium absorption lines serves as a marker of increased chromospheric activity.

Using available Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST) spectra along with matched standard spectra (broadened for rota-
tion), we measure the excess filling of the central core depression flux of the
two main infrared calcium absorption lines $�$8542 and $�$8662. All reported
contact binaries show excess filling of the core flux in these infrared calcium
lines. Three systems were also observed by the Galaxy Evolution Explorer mis-
sion, and all display features of excess ultraviolet emissions, further supporting
evidence for enhanced chromospheric activity in low mass ratio contact binaries.
Analysis of both orbital stability and absorption line filling depends on deter-
mination of geometric and absolute parameters from light curve modeling. A
significant number of contact binary light curves exhibit the O’Connell effect,
usually attributed to starspots. We discuss the inclusion of starspots in light
curve solutions and how they influence geometric and absolute parameters.

Key words: (stars:) binaries: eclipsing –techniques: photometric –stars: chro-
mospheres

1. Introduction
Contact binaries typically comprise a low mass (spectral class F to K) primary
with an even lower mass secondary. Both stars are distorted such that they fill
their respective Roche lobes and are surrounded by a common envelope. The
primary behaves much like a main sequence star of similar mass, and significant
energy transfer occurs between components such that the common envelope
usually has a temperature similar to that of the primary (Yildiz & Doğan 2013).
The orbital period ranges from about 0.2 to 1 day, with most systems having
periods between 0.3 and 0.4 day (Latković et al. 2021).

The orbit is thought to be circular and synchronous. High orbital and rotation
speeds combined with the significantly increased envelope geometry usually re-
sult in magnetic and chromospheric activity manifesting as high energy (ultra-
violet, UV) excess and potentially starspots, flares, accretion gas impacts, or
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Coriolis heating (Marsh et al. 2017). Such increased magnetic activity is postu-
lated to result in magnetic braking and orbital instability leading to potential
merger of the components. Theoretical considerations suggest that for low mass
contact binaries, merger is most likely at very low mass ratios (Arbutina 2007,
2009).

Most contact binary systems show some type of chromospheric and coronal ac-
tivity signals. The most common photometric phenomenon is asymmetry in
the light curve maxima (O’Connell effect), thought to result from starspots.
Significant emission excesses have also been noted, particularly at shorter wave-
lengths (X-ray, UV, Mg II, H𝛼, Ca II) (Mitnyan et al. 2020). Unfortunately,
optical spectral evaluation of magnesium, hydrogen, and calcium emissions re-
quires high resolution imaging due to the presence of other nearby emission lines.
The infrared part of the spectrum is relatively quiet and offers potential to ex-
amine chromospheric spectral changes in contact binaries with low to medium
resolution spectra. Li et al. (2022) and Liu et al. (2023) have published results
on potential filling of the infrared H𝛼 absorption line as a marker of increased
chromospheric activity. In this study we explore the utility of filling of the
infrared Ca II $�$8542 and $�$8662 lines from LAMOST survey spectra as a
potential marker of increased chromospheric activity in low mass ratio contact
binary systems. Additionally, we briefly examine increased UV emissions as a
marker for enhanced chromospheric activity in three systems.

Since confirmation that luminous red novae are likely products of contact binary
mergers (Tylenda et al. 2011), the topic of orbital stability in such systems has
been an active area of investigation. Theoretical considerations have demon-
strated that merger is likely to occur at very low mass ratios; however, there
is no global minimum mass ratio at which merger will occur, with each system
having a unique instability value depending on its Roche geometry (Wadhwa et
al. 2021).

Application of these theoretical considerations has resulted in identification of
over 20 potential merger candidates (Wadhwa et al. 2021, 2022a, 2023a). We
use recently published techniques (Wadhwa et al. 2022b) to identify ten likely
extreme low mass ratio potential merger candidates. Additionally, we use LAM-
OST survey medium resolution spectra to characterize the filling of infrared Ca
II absorption lines for nine of these systems. Since the start of the current study,
partial analysis of two systems has been published, and we discuss our review
in light of these findings.

2. Observations and Data Analysis
2.1 Image Acquisition and Light Curves

Basic identification details, abbreviations (used hereafter), and comparison and
check stars are summarized in Table 1. A0304, A0727, A0748, A0806, and IT
Cnc were observed with the Las Cumbres Observatory (LCO) network of 40 cm
telescopes equipped with either the SBIG STL6303 camera with resolution of
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0.571 pixel−1 or QHY600 CMOS camera with resolution of 0.73 pixel−1. Both
cameras are equipped with standard photometric filters. A0346 was observed
at the Vidojevica observatory with the 60 cm Telescope Nedeljković equipped
with an FLI ProLine PL230 CCD camera with a resolution of 0.52 pixel−1 and
standard filters. Some imaging of A0346 was also performed with the LCO
network. V1359 Cas, N6978, and N3650 were observed with the Silesian Univer-
sity of Technology Observatories (SUTO5) 0.3 m remotely operated telescope
equipped with an ASI ZWO1600MM cooled CMOS camera with resolution of
0.7 pixel−1. PS Com was observed at the San Pedro Mártir Observatory using
the 84 cm Ritchey–Chrétien telescope equipped with a Marconi 5 CCD camera
with resolution of 0.25 pixel−1. All systems were observed using standard V
band filters (Bessel or Johnson).

Aperture photometry was performed using the AstroImageJ software package
(Collins et al. 2017) with comparison and check stars as indicated in Table 1.
Comparison and check star magnitudes were adopted from the AAVSO Pho-
tometric All-Sky Survey (Henden et al. 2015). The software package provides
an estimate of the photometric error, and all observations with estimated er-
ror greater than 0.01 mag were excluded. Photometric data were folded us-
ing published ephemerides from the All Sky Automated Survey—SuperNovae
(ASAS-SN) (Shappee et al. 2014; Jayasinghe et al. 2018). Basic light curve
characteristics are summarized in Table 2. Only two systems, A0727 and PS
Com, demonstrated the O’Connell effect greater than 0.01 mag. Given the
lack of high cadence historical observations, a formal period study could not be
accurately performed on these systems.

2.2 Mass of the Primary Component

Apart from high resolution spectral radial velocity observations, there is no
direct way to measure the masses of component stars in a binary system. As
the primary component acts like a main sequence star (Yildiz & Doğan 2013),
investigators have used color or other empirical relationships such as period–
luminosity (Li et al. 2021) or period–separation (Li et al. 2022) to estimate the
mass of the primary (𝑀1).

Release of highly accurate distance estimates from the Gaia mission (Anders et
al. 2022) affords an opportunity to estimate absolute magnitude and mass more
directly from observations. We estimate the mass of the primary as the mean of
an infrared color calibration and one based on the observed absolute magnitude
of the primary (𝑀𝑉 1). As all systems have very low mass ratios (see below),
the apparent magnitude at phase 0.5 (mid eclipse) represents the apparent mag-
nitude of the primary component. As described in Wadhwa et al. (2023a), we
adjust the apparent magnitude with distance-corrected extinction and then use
the standard distance modulus and Gaia distance to estimate the absolute mag-
nitude of the primary component. We use the 2022 April update calibrations
from Pecaut & Mamajek (2013) for low mass main sequence stars to estimate
the mass of the primary from the absolute magnitude estimate.
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The infrared color calibration was chosen as measurements are little influenced
by extinction and observations by the Two Micron All Sky Survey (2MASS)
(Skrutskie et al. 2006) were acquired simultaneously. We use the 𝐽 − 𝐻 color
from the 2MASS survey along with the same calibration tables to estimate the
color-based mass of the primary. We adopt the mean of the two estimates as
the mass of the primary component. The photometric error has little influence
on the estimation of absolute magnitude and does not introduce significant
error to the estimation of the primary mass. As all systems are relatively close
(the most distant, A0806, has a distance estimate of less than 600 pc), the
Gaia error for the distances is quite low. Based on the Gaia distances, the
estimated mass of the primary varies by no more than 0.02𝑀⊙ between the
16th and 85th percentiles of the distance estimate. We report this error in this
study. There are likely errors associated with the calibration tables; however,
these could not be reliably determined from the cited reference and we have
not taken these into consideration. Where appropriate, all other error estimates
were propagated from this value. Primary component mass estimates for each
system are summarized along with other absolute parameters in Table 4.

Two systems, N6798 and N3650, have been observed previously (Li et al. 2022).
Those authors estimated the mass of the primary component using a period–
separation relationship. Our estimates are somewhat lower in both cases. We
estimate the mass of the primary component of N6798 as 0.91𝑀⊙ compared to
their estimate of 1.48𝑀⊙. We note that the recently published StarHorse data
for eight spectroscopic surveys (Queiroz et al. 2023) estimate the system mass as
between 0.96𝑀⊙ and 1.02𝑀⊙, while the Gaia Data Release 3 (DR3) estimate is
1.01𝑀⊙. We have chosen to adopt our estimate for the remainder of this study.
In the case of N3650, the published estimate for the primary mass is 1.49𝑀⊙
compared to our estimate of 1.18𝑀⊙. As with N6798, StarHorse data estimate
the mass of N3650 as 1.18𝑀⊙ and the Gaia DR3 estimated mass is 1.28𝑀⊙, and
we adopt our estimate for the remainder of this study.

3. Light Curve Analysis
We use the 2013 version of the Wilson–Devinney light curve modeling code
(WD-Code) and the well-described mass ratio grid search method to find the
best-fitting modeled light curve against the observed light curve (Wilson 1990;
Kallrath et al. 1998; Nelson 2021). The temperature of the primary component
(𝑇1) is usually fixed during the grid search process. As all systems were observed
with the LAMOST spectral survey, we adopt the temperature reported from
the seventh data release (DR7) (Qian et al. 2020) except in the case of V1359
Cas where no DR7 data are available, for which we use published data from the
eighth release (DR8) (Wang et al. 2023). As has been clearly shown, the absolute
value of 𝑇1 has little influence on the geometric light curve solution, and abso-
lute parameter determinations are not greatly influenced if temperature-based
calibrations are not adopted when determining them (Wadhwa et al. 2023c). As
all systems are of relatively low mass and have temperatures of less than 7000

chinarxiv.org/items/chinaxiv-202409.00012 Machine Translation

https://chinarxiv.org/items/chinaxiv-202409.00012


K, the bolometric albedos were set equal (𝐴1,2 = 0.5), gravity darkening coeffi-
cients were also equal (𝑔1,2 = 0.32), and simple reflection treatment was applied.
Limb darkening coefficients were interpolated from van Hamme (1993).

During the grid search procedure, the temperature of the secondary component
(𝑇2), the fillout factor (𝑓), inclination (𝑖), and the scaling luminosity factor (𝐿1)
were the adjustable parameters. The initial mass ratio (𝑞) search was carried
out for fixed values of 𝑞 from 0.05 to 1.0 in steps of 0.05. The search grid was
then refined in steps of 0.01 and 0.001 following the best fit from the previous
search. In all cases, iterations were carried out until the predicted correction
was less than the reported standard deviation for all adjustable parameters.
In the iteration, the mass ratio was also made an adjustable parameter, and
the reported standard deviations (one sigma) along with an adjustment for
potential random error (see below) were adopted as the error for all parameters.
For the two systems with significant O’Connell effect, A0727 and PS Com,
we chose not to adopt a solution with starspots even though the fit was much
better, for reasons we explain below. The light curve solutions for all systems
are summarized in Table 3. Fitted and observed light curves are illustrated in
Figure 1.

3.1 WD-code and Error Estimation

Although it is well known that light curve solutions of contact binary systems
with complete eclipses are highly accurate, there has been discussion regarding
the reported errors of the geometric solution. The Monte Carlo algorithm has
been used in individual cases (Poro et al. 2024); however, only one compre-
hensive error analysis study of contact binaries based on the WD-Code exists
(Liu 2021). That study simulated the process of repeated measurements (Monte
Carlo algorithm) for 48 different models of contact binaries, taking into account
variable photometric accuracy, variable timing accuracy, multiple values for
third light, and temperatures of the secondary, mass ratio, and inclination. The
core aim was to reduce the influence of random errors on the light curve solution.
The main conclusions were that in the absence of third light and in a setting
of complete eclipses, the random errors in the solution are quite small. Higher
cadence observations do not increase accuracy of the solution. The precision of
photometric measurement does have influence mainly in cases where the eclipse
is not total. In this study we err on the side of caution and report the one
sigma value from the WD-Code plus the random error from the closest model
(photometric precision of 0.01 mag, complete eclipses, and no third light) from
Liu (2021).

3.2 O’Connell Effect and the Light Curve Solution

The light curves of contact binaries not infrequently show the two out-of-eclipse
maxima as unequally bright. The observations were initially thought to be re-
lated to tidal distortion (Roberts 1906) or hydrogen absorption (Mergentaler
1950). The first major study of the phenomenon was carried out by O’Connell
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(1951). There is no single broadly applicable theory to explain the asymmetry,
principally because the O’Connell effect is known to be highly variable. The
asymmetry may shift between the two maxima (Xu et al. 2022), shift between
bands such that the first maximum may be brighter in one color band but fainter
in another during simultaneous observations (Samec et al. 2011), and may be
transient or even reverse over very short time frames (Zhou et al. 2016; Wang et
al. 2022). Given these observed variations, many theories have been proposed to
explain the O’Connell effect, including starspots (Wilsey & Beaky 2009), asym-
metric distribution of circumbinary matter (Liu & Yang 2003), Coriolis heating
of the photosphere (Zhou & Leung 1990), and gas stream impacts leading to an
accretion hot spot (Gray et al. 1995; Gu et al. 2004).

Incorporation of starspots in the derivation of light curve solutions is almost
ubiquitous in systems exhibiting the O’Connell effect. The popularity of spot-
ted solutions most likely results from their support in the widely used WD-code.
A well-placed spot will lead to a better-fitting modeled light curve; however,
if no justification is provided for the existence of such spot(s), confidence in
the solution is actually reduced even if the curve fit looks better. Prša (2018)
strongly advocates the use of starspots only if there is definitive proof, such as
high-resolution Doppler spectroscopy, for their existence. Similarly, Drake et
al. (2014) argue against starspots as the cause for the O’Connell effect. One
can understand such concerns when examining the major issues that exist with
the uniqueness of spotted solutions and the strong correlations between geo-
metric parameters and atmospheric spot parameters. As shown by Maceroni
& van’t Veer (1993), photometric analysis cannot distinguish between bright
and dark spots being incorporated onto each component or the connecting neck.
They found photometric solutions can vary by as much as 50% in mass ratio,
fillout factor can change by almost 100%, temperature difference can vary by
over 200 K, and inclination can also change substantially. Such variations are
continually being reported; Hu et al. (2022) reported essentially indistinguish-
able fits for four different spot parameters, with each case producing a different
geometric solution. Similarly, Sriram et al. (2016) reported similar fits with dif-
ferent spot parameters yielding different geometric parameters. Unfortunately,
the popularity of spotted solutions remains because a well-fitted curve looks
aesthetically more pleasing even though, as pointed out by authors including
Anders et al. (1992), Hall (1994), and Olah et al. (1997), an infinite number
of solutions may exist with equally good fits, as there are infinite combinations
of number, size, location, and shape of starspots. In reality, there cannot ex-
ist any single spotted solution, and each equally well-fitted solution will have
a different geometric solution (Eker 1999). The current interest in orbital sta-
bility of contact binary systems and the theoretical framework underpinning it
requires stable estimation of geometric parameters, and given the problems with
the uniqueness of spotted solutions and potentially large variations in fitted ge-
ometric parameters, it is difficult to accept such solutions for further analysis.
For this reason, we chose to model the light curves of A0727 and PS Com twice:
first with maximum light at the first maximum (phase 0.25) and second with
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maximum light set at the second maximum (phase 0.75). We adopted the mean
of the two solutions to derive our geometric and absolute parameters.

4. Absolute Parameters and Orbital Stability
Parts of the geometric light curve solution, such as the mass ratio, can be used
to derive the mass of the secondary component (𝑀2), and from the period and
Kepler’s third law the separation (𝐴) between components can be determined.
The light curve solution also provides fractional radii of the components in differ-
ent orientations, and the geometric mean of these (𝑟1, 𝑟2) is used to estimate the
absolute radii of the components as (𝑅1, 𝑅2) = 𝐴 × (𝑟1, 𝑟2). As noted by Wad-
hwa et al. (2023b), small variations as low as 200 K can lead to greater than 10%
change in estimation of the primary mass and subsequent greater discrepancy
in estimation of instability parameters. Absolute parameter estimations based
on light curve solution geometric elements are not temperature dependent, as
clearly shown by Wadhwa et al. (2023c). Additionally, blackbody estimations
assume a spherical configuration, and components of contact binary systems are
highly distorted by Roche geometry such that the mean radii of both compo-
nents are larger than their main sequence equivalents (Wadhwa et al. 2022b).
For these reasons we prefer the use of observational and geometric elements
from light curve solutions as a method of approximating absolute parameters.
The absolute parameters are summarized in Table 4.

Although it is well known that orbital instability is likely to occur when the mass
ratio is low, it has only recently been shown that there is no global minimum
mass ratio at which instability will ensue; instead, the instability mass ratio
(𝑞inst) is unique for each system (Wadhwa et al. 2021). The same study also
provides two simple quadratic relations as follows:

𝑞inst = −0.23𝑓2 + 0.22𝑓 + 0.15 (𝑀1 = 0.6𝑀⊙)

𝑞inst = −0.08𝑓2 + 0.08𝑓 + 0.05 (𝑀1 = 1.6𝑀⊙)

from which we can determine the instability mass ratio range depending on the
mass of the primary component, from marginal contact (𝑓 = 0) to full overcon-
tact (𝑓 = 1). We calculate the instability mass ratio range for each system as
recorded in Table 3. We note that for three systems—A0346, V1359 Cas, and
N6798—the modeled mass ratio is within the instability mass ratio range, and
as such these systems would be classified as potential merger candidates. The
remainder of the systems have mass ratios greater than the maximum instability
mass ratio and therefore would be considered stable.
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5. Chromospheric Activity
Loss of angular momentum is thought to be a major factor leading to orbital
instability of contact binaries, and magnetic braking is likely a significant con-
tributor (Li et al. 2021). Binary systems with outer convective envelopes al-
most always show signatures of magnetic activity with observable features such
as starspots, spectra showing chromospheric emissions, and excess overall emis-
sions at shorter wavelengths. In this section we report, for the first time, filling
of the infrared calcium absorption lines centered on $�$8542 and $�$8662 in low
mass ratio contact binaries. Additionally, we examine excess UV emissions in
three systems observed by the Galaxy Evolution Explorer (GALEX) mission.

5.1 Ca II Infrared Filling and Chromospheric Activity

The infrared Ca II triplet (Ca II IRT) lines at $�$8498, $�$8542, and $�$8663
are distinct spectral features of cool low mass stars (Martin et al. 2017). Anal-
ysis of Ca II infrared lines (usually limited to the $�$8542 and $�$8662 lines) is
somewhat easier than the Ca II lines in the bluer part of the spectrum as the con-
tinuum is much better defined, making normalization simpler (Busà et al. 2007).
The Ca II IRT has been used as a diagnostic indicator of chromospheric activity
for some time. Unlike the wings of the Ca II IRT, which are quite extended
and affected by multiple photospheric layers and the atmospheric temperature
distribution (Andretta et al. 2005), the cores of the Ca II IRT lines originate
from the uppermost atmospheric layers (chromosphere). Their central depres-
sion has been shown to be sensitive to the degree of activity and correlates well
with the Mount-Wilson 𝑅′

𝐻𝐾 activity indicator (Chmielewski 2000).

A few authors have pointed out problems with using Ca II IRT lines for chro-
mospheric diagnostics. The main concerns relate to significant dependence of
the central depth on rotation and, to a lesser extent, potential photospheric
contributions (Busà et al. 2007). Both concerns can be addressed by using a
subtraction technique whereby the spectrum of a carefully selected comparison
star (matched for temperature and metallicity) is artificially broadened to the
target star’s rotational velocity and then subtracted from the target star’s
spectrum (Martin et al. 2017). The result is a purely activity-related excess flux
without photospheric or basal flux contributions. As noted above, the wings
of the Ca II IRT lines are more dependent on non-chromospheric atmospheric
layers, and as such only the central depth of the line cores is considered a
chromospheric activity indicator. The central depth is usually reported as the
normalized amplitude relative to the continuum (Andretta et al. 2005).

The LAMOST facility has been conducting a spectroscopic sky survey for over
10 years with regular data releases since 2013. All systems reported in this
study except V1359 Cas were observed by the LAMOST survey, and medium
resolution spectra are available through DR7. Ji et al. (2023) recently published
a spectral library based on LAMOST spectra. As part of this library, they
include a secondary library of over 1100 smoothed spectral templates which
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essentially represent averaged spectra of similar parameters. They suggest this
secondary atlas can be used as a standard atlas for comparing LAMOST spectra.
We artificially broaden the spectrum of a standard star from the atlas with
similar parameters to the primary component of each system. We calculate
the excess flux of the central depression as a “filling”of the normalized central
flux, defined as normalized flux amplitude (standard star) minus normalized flux
amplitude (primary component). A value greater than zero indicates excess flux
in the contact binary. The detailed procedure is described below.

5.2 Ca II IRT Excess Flux

5.2.1 Primary Component Spectrum and Broadening of the Standard
Spectrum As noted above, LAMOST spectra are available for all systems ex-
cept V1359 Cas. Where more than one spectrum was available, we chose the
one with the highest signal-to-noise ratio. The resolution of LAMOST spectra
is relatively low, and our study is limited to the $�$8542 and $�$8662 lines. The
observed spectra are usually normalized to the average of the continuum for a
few angstroms on either side of the wings of the main absorption line (Li et
al. 2022). In our case, we use regions from 8525–8529 Å and 8561–8565 Å for
the $�$8542 line, and because the $�$8662 line demonstrates slightly asymmetric
wings, we use 8650–8654 Å and 8676–8680 Å regions. As noted, the resolu-
tion of the LAMOST spectra is low, so rather than using the mean of the flux
to calculate the continuum—which could be significantly influenced by a single
outlier given the short continuum length—we first “smoothed”the wings and
continuum of the LAMOST spectrum while maintaining the observed absorp-
tion depth by applying a locally estimated non-parametric regression method
(LOESS) (Cleveland & Devlin 1988). The spectra were then normalized using
the WinMK24a package (Mortara 2003).

As noted above, central depression filling of the infrared line core can be achieved
through subtraction of a matched standard spectrum that has been corrected
for broadening. The LAMOST survey not only provides an estimate of the effec-
tive temperature but also the metallicity for each system. We use the LAMOST
temperature and metallicity to select the nearest match from the standard sam-
ple atlas (grouped by temperature and metallicity) as our standard star. In the
case of A0346, the LAMOST survey has a spectrum of the system but does not
provide an effective temperature or metallicity. In this case we use the Gaia
Early Data Release 3 (EDR3) estimate for temperature and metallicity. The
Gaia metallicity was corrected as described by Andrae et al. (2023). Contact bi-
nary orbits are thought to be synchronous, and as such it is possible to calculate
the rotation speed of the primary from the period and estimated radius. Our
estimates of the absolute radii are summarized in Table 4. The spectrum of the
standard star was then broadened by applying the estimated rotational veloc-
ity and inclination with the recently published script (Carvalho & Johns-Krull
2023).
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5.2.2 Central Depression Filling The excess flux of the Ca II IRT absorp-
tion lines was calculated as the difference between the normalized amplitude of
the central depression of the broadened standard star and the normalized am-
plitude of the central depression of the contact binary, as advocated by Busà et
al. (2007). Given slight variations due to radial velocity and redshift, we shifted
the template spectra to keep the corresponding spectral wavelengths consistent,
as per Liu et al. (2023). A positive result for excess filling was confirmed when
the central depression of the broadened lines of the standard star was deeper
than that of the lines of the primary component.

Calculations were carried out for the $�$8542 and $�$8662 lines in all cases except
V1359 Cas where no LAMOST spectrum was available. Effects of broadening
on the filling of the central depression of the standard star and excess filling
due to chromospheric activity are illustrated in Figure 2. Table 5 summarizes
the temperature and metallicity characteristics of the contact binary systems
and selected standard stars, along with central depression filling for $�$8542 and
$�$8662 lines. We note that the reported metallicity for A0806 at −1.62 is very
low with estimated temperature 6767 K. We could not find a standard star with
such low metallicity and similar temperature, so we chose the closest match with
metallicity −0.55 and temperature 6751 K.

As noted above, observational signals of excess chromospheric activity are com-
mon in contact binary systems. The Ca II IRT lines have been shown to be very
useful for detecting increased chromospheric activity, so it is not surprising that
all our systems demonstrate some degree of filling of the central depression in
$�$8542 and $�8662𝑙𝑖𝑛𝑒𝑠.𝑇 ℎ𝑒𝑒𝑥𝑡𝑒𝑛𝑡𝑜𝑓𝑓𝑖𝑙𝑙𝑖𝑛𝑔𝑓𝑜𝑟𝑒𝑎𝑐ℎ𝑙𝑖𝑛𝑒𝑤𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟, 𝑤𝑖𝑡ℎ𝑚𝑒𝑎𝑛(±$SD)
normalized flux filling of 0.091 ± 0.036 for the $�$8542 line and 0.082 ± 0.029
for the $�$8662 line. The usual method of equivalent width assessment for
determining excess flux is not suited for the Ca II IRT lines as the broadened
wings are highly dependent on denser photospheric elements and difficult to
separate from less dense upper atmospheric (chromospheric) emissions. The
line cores, and in particular the central depressions, are less dependent on
photospheric emissions (Andretta et al. 2005). We are not suggesting that
only low mass ratio contact binaries have excess Ca II IRT filling. It is
possible, in fact likely, that many contact binaries will demonstrate this feature.
Our finding is another marker of increased chromospheric activity that can
be examined in the absence of other markers or as supporting evidence for
enhanced chromospheric activity.

5.3 Ultraviolet Emissions

Another hallmark of increased chromospheric activity is enhanced UV emissions.
As with assessment of Ca II IRT filling, UV emissions can be contaminated by
photospheric emissions, and only emissions from the far-ultraviolet (FUV) part
of the spectrum (below 1800 Å) can be regarded as mainly from chromospheric
activity (Smith & Redenbaugh 2010). Like the correlation between 𝑅′

𝐻𝐾 and the
central depression of Ca II IRT lines, Smith & Redenbaugh (2010) explored the
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relationship between 𝑅′
𝐻𝐾 and the FUV magnitudes from the GALEX mission.

They defined a UV color excess Δ(𝑚FUV − 𝐵) as follows:

Δ(𝑚FUV − 𝐵) = (𝑚FUV − 𝐵) − 7.43

which defines 𝑚FUV − 𝐵 for stars with the weakest emissions and low activity,
where 𝑚FUV represents the GALEX FUV magnitude. They correlated the UV
color excess with 𝑅′

𝐻𝐾 and found that active stars have a color excess below
−0.5 (usually below −1.0) while inactive stars have color excess well above −0.5.

Three of the systems presented in this study—A0748, A0806, and N3650—were
observed by the GALEX mission with measured 𝑚FUV. We use published values
for 𝐵 − 𝑉 for these systems to calculate the UV color excess as follows: −2.31,
−3.61, and −2.16, respectively. All three have a UV color excess well below
−0.5, again pointing to significant chromospheric activity.

6. Summary and Concluding Remarks
Orbital stability of contact binaries has received significant attention particu-
larly since confirmation that Nova Sco 2008 (=V1309 Sco), a red nova, was in
fact a merger event of a low mass ratio contact binary (Tylenda et al. 2011). It
was recognized some time ago that merger events are only likely if the mass ratio
of a contact binary system is low. For quite some time investigators attempted
to define a global minimum mass ratio at which merger was likely. Unfortu-
nately, systems with mass ratios smaller than the proposed global minimum
were continually identified, placing the concept of a global mass ratio minimum
into doubt. Recently, Wadhwa et al. (2021) published revised orbital stability
criteria and found that there is not one global minimum mass ratio at which
merger would occur; instead, each system has its unique potential merger mass
ratio dependent on the mass of the primary component. They showed that for
systems where the primary is 0.6𝑀⊙, the instability mass ratio is more than
0.2, while for a system where the primary is 1.6𝑀⊙, the instability mass ratio
is closer to 0.05.

We selected ten contact binary systems from various sky surveys whose photom-
etry suggested they were likely to have low mass ratios and thus be potential
merger candidates. We undertook ground-based observations and analysis of
the light curves and confirm that all ten are indeed of low mass ratio, ranging
from 0.122 to 0.24. Using the instability criteria from Wadhwa et al. (2021), we
find that three of our systems—A0346, V1359 Cas, and N6798—are potentially
unstable with mass ratios in the instability range.

Loss of angular momentum due to magnetic braking is considered a potential
mechanism leading to eventual orbital instability. Increased magnetic activity
can be suspected in the presence of increased chromospheric activity. Although
many indicators of increased chromospheric activity have been used, spectro-
scopic excess of certain emission and absorption lines and excess emission at
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higher energy (UV) have been among the most widely used. Nine of the ten
systems reported in this study had available medium resolution spectra from the
LAMOST survey. We used these along with matched standard stars to measure
the excess flux for two of the three Ca II IRT lines. We chose to examine the
core of the absorption lines rather than the full width as the line wings are more
influenced by photospheric contamination. The amplitude of the core of Ca II
IRT lines has been shown to be a good marker of increased chromospheric ac-
tivity, and all nine systems with available spectra have significant filling of the
central depression compared to matched standard stars. The extent of central
depression filling was similar for the two lines examined. In addition to infrared
spectroscopic evidence for increased chromospheric activity, we were able to
examine increased UV emissions for three systems observed with the GALEX
mission. All three systems show a UV color excess well below the level indica-
tive of a chromospherically active star, and when combined with increased Ca
II IRT flux, strengthen the case for increased chromospheric activity in contact
binary stars.

The main light curve feature attributed to possible increased chromospheric ac-
tivity has been the O’Connell effect, but only if one attributes the observed
asymmetry in the maxima to starspots. There exists ample evidence that light
curve solutions incorporating starspots may lead to erroneous estimations of ge-
ometric and absolute parameters. Lack of confidence in the light curve solution
would then reduce confidence in orbital stability and spectroscopic broadening
considerations. Due to issues with the uniqueness of light curve solutions incor-
porating starspots, we adopted solutions without spots for two systems, A0727
and PS Com, which show significant O’Connell effect. A0727 demonstrates
central depression filling somewhat less than the mean of the nine systems
presented, while PS Com demonstrates greater filling than the mean. From
the small sample presented here, all low mass ratio contact binaries appear
to have increased chromospheric activity without necessarily having significant
light curve features. We agree with authors such as Prša (2018) that starspots
should only be considered as part of the light curve solution if there is signifi-
cant other evidence, such as Doppler spectroscopy confirming their existence on
a particular star. Otherwise, the light curve fit may look better but with high
risk of an erroneous overall solution.

Two of the systems presented in this study, N6798 and N3650, have previously
published light curve solutions. Li et al. (2022) analyzed multi-band and TESS
photometry for both systems. For N3650 they report a mass ratio of 0.142 with
fillout 96.3% and inclination of 77°.8 from ground-based photometry, and 0.146
with fillout 99.7% and inclination 77°.2 from TESS photometry. They report no
O’Connell effect. For N6798 they analyzed ground-based and TESS photometry
from two sectors. They observed the O’Connell effect in the ground-based
observations and in one of the TESS sectors. They report a mass ratio of 0.128
with fillout 57.3% and inclination of 87°.5 for a spotted solution from ground-
based observations, and mass ratios of 0.136, fillout 97.3%, and inclination 85°.9
for the TESS sector with no O’Connell effect, and mass ratio 0.135, fillout
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84.6%, and inclination 87°.6 for a spotted solution of the TESS photometry
with detectable O’Connell effect. These results again demonstrate potential
pitfalls of introducing spots with respect to geometric light curve solutions. For
N3650 there is no significant difference in the three main geometric parameters
between the ground-based and TESS photometry. In the case of N6798 there
is over a 6% difference in mass ratio, 70% difference in fillout, and about a
2% difference in inclination between the spotted and unspotted solutions. The
difference in estimated mass ratio is particularly concerning as it has a very
direct effect on determination of absolute parameters. Our solution for N3650
with mass ratio 0.147, fillout 92%, and inclination 79°.3 is in general agreement.
Our solution for N6798 with no observed O’Connell effect finds a lower mass
ratio of 0.122 with fillout 80% and high inclination at 89°.1. Clearly the system
has some unusual features and ongoing observations are warranted.
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