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ABSTRACT

The orbital stability of contact binary systems has been receiving considerable attention re-
cently. Theoretical studies indicate that merger is likely to occur at very low mass ratios, but
the actual mass ratio at which merger may take place is likely to be variable and dependent on
the mass of the primary. We consider the effects of metal content on the orbital stability of con-
tact binary systems by modelling the gyration radius of a rotating and tidally distorted primary
component at various values of [Fe/H] in the range -1.25 to +0.5. We determine the instability
mass ratio range for contact binary systems with a low mass primary 0.6Mg < M < 1.4M; at
various metallicity levels and show that systems with low metallicity have an instability mass
ratio lower than those with higher metal content and therefore are likely to be more stable. We
illustrate the effect through light curve analysis of two otherwise very similar contact binary
systems, except for different metallicity. While both would be considered unstable if metal-
licity was not taken into consideration, only one remains in that category after appropriate

adjustments based on metallicity have been made.
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1 INTRODUCTION

Contact binary systems are common among close binaries with es-
timates suggesting that 1 in 500 stars in the galaxy disk are contact
binaries (Rucinski 2006). Their potential merger has gained signif-
icant interest since the recognition that transients such as luminous
red novae are the result of the merger of components in contact bi-
nary systems (Tylenda et al. 2011). Although the galactic frequency
of such mergers is thought to be as high as once every two to three
years, the frequency of observable events is thought to be near once
per decade (Kochanek et al. 2014). Nova Sco-2008 (=V1309 Sco)
remains the only confirmed case of a contact binary merger event
(Tylenda et al. 2011). Other examples such as V838 Mon (Brown
etal. 2002), OGLE2002-BLG-360 (Tylenda et al. 2013) and V4432
Sgr (Martini et al. 1999) are likely to represent stellar merger events
although their progenitors remain unidentified. All recognised red
novae have been observed post event. None, including V1309 Sco,
had been recognised as potential merger candidates; so there were
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no detailed pre-merger observations. The lack of pre-merger data
has intensified interest in the investigation of orbital stability of
contact binary systems (Wadhwa et al. 2021; Gazeas et al. 2021;
Christopoulou et al. 2022; Liu et al. 2023) with the aim of identify-
ing and studying systems prior to merger. Rasio & Shapiro (1995),
Li et al. (2007) and Arbutina (2007, 2009) have demonstrated that
merger events will take place when the mass ratio of the compo-
nents is quite low and Wadhwa et al. (2021) linked the instability
mass ratio and separation to the mass of the primary (M) compo-
nent and concluded that the instability mass ratio can range from
below 0.05 to above 0.2 for systems where 0.6Mp < M < 1.6Me.

Among the key parameters determining the instability mass
ratio are the gyration radii of the components (k1,4>). Although it
has been known for some time that the gyration radius of a star
is dependent on its mass and composition (Rucinski 1988; Claret
2004; Landin et al. 2009; Claret 2019) the full impact of the gy-
ration radius of the primary on orbital stability was only recently
characterised (Wadhwa et al. 2021). The gyration radius of a star
k, defined as k = +/I/MR?2, is proportional to its moment of iner-
tia (/) and as such dependent on the mass distribution, opacity and
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energy generation rate of the star. The mass distribution as well as
the opacity depend on the composition of the star particularly the
presence of heavier elements or more generally on its metallicity.
The effect of metallicity on the moment of inertia and gyration ra-
dius has not been well explored; Amard & Matt (2020) suggest that
for solar-like stars (0.7 — 1.3Mg,), metal poor stars have smaller gy-
ration radius. Similarly, the effects of metallicity on orbital stabil-
ity have also not received much attention. Jiang et al. (2010) con-
sidered the effects of metallicity on the minimum mass ratio of a
contact binary system with a 1.2Mg primary. They confirmed that
lower metallicity results in a lower minimum mass ratio, however,
effects of using different values of the gyration radii of the primary
and secondary components on orbital stability were not explored.

Most contact binaries are of low mass and mainly spectral
class F, G and K. The brightest observable examples therefore are
likely to be within the Solar neighborhood. Rucinski (1995) and
(Rucinski et al. 2013) note that the metallicity range of Galactic
disk contact binaries is expected to be —0.5 < [Fe/H] < 0.5. We re-
viewed over 8000 contact binaries observed by The Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAMOST) as cata-
logued in Qian et al. (2020) and find that over 80% have metallicity
in the —0.5 < [Fe/H] < 0.5 range. Most others have lower metallic-
ity with very few having metallicity higher than 0.5. In this study,
we explore the effects of metallicity (in the expected range) on the
orbital stability parameters for contact binaries with primaries in
the mass range 0.6Mp < M; < 1.4Mg. We model the gyration radii
of rotating and tidally distorted stars from 0.1Mg to 1.4Mg in incre-
ments of 0.02Mg up to 0.2Mg and thereafter in increments 0.1Mg
for metallicities [Fe/H] = -1.25 to 0.5 in increments of 0.125. We
then insert the modelled gyration radii in the instability mass ratio
equations from Wadhwa et al. (2021) to determine the effects of
metallicity on the instability mass ratio range for low mass contact
binary systems.

The paper is divided into 5 sections. Section 2 briefly outlines
the ATON stellar evolution code used to calculate the gyration radii
and discusses the results; section 3 describes the effect of metallic-
ity on orbital stability parameters; section 4 explores the effect of
metallicity-corrected gyration radii on orbital stability of two near-
identical poorly studied contact binaries, and section 5 provides a
brief summary and concluding remarks.

2 METALLICITY AND THE GYRATION RADII

Effects of metallicity on the internal structure of low mass stars,
particularly incorporating the effects of rotation and tidal distortion,
are poorly characterised. Recent developments suggest that struc-
tural detriments such as the gyration radius play a crucial role in
the orbital stability of typical contact binary systems. We present,
for the first time, modelling of the gyration radii of low mass stars
incorporating tidal distortion and tidal instability at various internal
compositions. The modelled data is used to explore the effects of
internal composition on the orbital stability of the most common
type of contact binary systems.

2.1 ATON - Stellar Evolution Code

Briefly, we use the ATON evolutionary code (Landin et al. 2006,
2009) to model the gyration radii of low mass stars from 0.1Mg
to 1.4Mg including the effects of rotation and tidal distortion. In
our models, convection is treated according to the traditional Mix-
ing Length Theory (Bohm-Vitense 1958, with the convection effi-
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Figure 1. Gyration radius dependence on mass, for stars of in the mass
range 0.1Mg to 1.4M; at metallicities [Fe/H] = 0.5, 0 and -0.5.

ciency parameter a=1.5). Grey atmosphere models are used to ob-
tain surface boundary conditions that matches the interior solution
at optical depth 7 = 2/3. We used the opacities reported by Iglesias
& Rogers (1993) and Alexander & Ferguson (1994) and the equa-
tions of state from Rogers et al. (1996) and Mihalas et al. (1988).
Here, we assume the Solar chemical composition X=0.7125 and
7Z=0.0175 (taken from Anders & Grevesse 1989, under the error
bars) and that the elements are mixed instantaneously in convective
regions. Our models were generated by considering rigid body ro-
tation (Mendes et al. 1999). The initial angular momentum of each
model was obtained according to the Kawaler (1987) relation

0.985
) g em? s~ (D)

Jiaw = 1.566 X 105°(M—®
For a more detailed description of the modelling code the reader is
directed to Landin et al. (2009).

2.2 Gyration radii of the secondary component

The modelled gyration radii for stars from 0.1Mg to 1.4Mg are
summarised in Table 1 and select samples plotted in Figure 1.
Orbital instability is thought to occur at very low mass ratios.
Even for the smallest stars, where the instability ratio may be as
high as 0.22, the mass of the secondary is well below 0.2Mg. Below
a certain mass a star becomes fully convective as the inner radia-
tive core disappears. As shown by Chabrier & Baraffe (2000) this
mass is found to be 0.35Mg for metallicities [Fe/H] > —2.0. The
fully convective mass limit does drop in the case of very metal poor
stars reaching as low as 0.286M, for [Fe/H] ~ —3.0 (Mansfield &
Kroupa 2021). It is clear however that, regardless of the metallici-
ties of contact binaries likely to be encountered, the secondary can
be classified as being fully convective. Being fully convective the
gyration radius is not expected to change significantly and this is
reflected in the modelled values for low mass stars < 0.2Mg (see
Table 1) for which the mean value for the entire range of modelled
metallicities is 0.4494 +0.004. The value is in good agreement with
the fully convective polytrope (n = 1.5) value of 0.4527 for the gy-
ration radius. For the remainder of this study we have chosen to
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Table 1. Gyration radii of stars from 0.6Mg to 1.4Mg at metallicities from [Fe/H] -1.250 to 0.500 at the ZAMS.
movigr—LEM| 1250 -1.125 -1.000 -0.875 -0.750 -0.625 -0.500 -0.375 -0.250 -0.125 0.000 0.125 0.250 0375 0.500

0.10 0458881 | 0.458740 | 0.458539 | 0.458354 | 0.458050 | 0.457929 | 0.457725 | 0.457442 | 0.457053 | 0.456729 | 0.456131 | 0.455536 | 0.454747 | 0.453731 | 0.452256
0.12 0454348 | 0454151 | 0.453847 | 0453567 | 0.453151 | 0.453058 | 0.452816 | 0.452479 | 0.45206 | 0.451011 | 0.449788 | 0.449177 | 0.448389 | 0.446100 | 0.444892
0.14 0453740 | 0453517 | 0.453268 | 0.453013 | 0.452603 | 0.452519 | 0.452266 | 0.451960 | 0.451544 | 0.450143 | 0.448622 | 0.447963 | 0.447142 | 0.446238 | 0.445077
0.16 0.449953 | 0.449880 | 0.449664 | 0.449521 | 0.449287 | 0.449352 | 0.449029 | 0.448938 | 0.448708 | 0.446920 | 0.445408 | 0.444990 | 0.444557 | 0.444026 | 0.443451
0.20 0448691 | 0448670 | 0.448460 | 0448429 | 0.448448 | 0.448223 | 0.448115 | 0.448022 | 0.447875 | 0.446723 | 0.445676 | 0.445534 | 0445537 | 0.445243 | 0.445030
0.30 0452659 | 0452611 | 0.452586 | 0452549 | 0.452503 | 0.452452 | 0452411 | 0452347 | 0.451628 | 0452106 | 0.452045 | 0.451974 | 0451922 | 0.451878 | 0.451824
0.40 0436239 | 0436259 | 0.435871 | 0435958 | 0.436004 | 0.437263 | 0.438583 | 0.440382 | 0.441741 | 0444180 | 0.446404 | 0.447837 | 0.449471 | 0.450853 | 0.452058
0.50 0381676 | 0382230 | 0.382526 | 0.383856 | 0.386152 | 0.389224 | 0393337 | 0.398522 | 0.404450 | 0.411224 | 0418111 | 0.423443 | 0.429188 | 0.433934 | 0.438948
0.60 0.348895 | 0348608 | 0.347318 | 0347514 | 0.347353 | 0.349814 | 0353162 | 0.358790 | 0.366243 | 0.375455 | 0.385221 | 0.393649 | 0.403253 | 0.411774 | 0.421226
0.70 0.318230 | 0318795 | 0.322101 | 0319967 | 0.321381 | 0.323784 | 0327393 | 0.332122 | 0.337926 | 0.346153 | 0.356586 | 0.366468 | 0.378031 | 0.388882 | 0.401472
0.80 0.302708 | 0304529 | 0.306971 | 0309561 | 0312373 | 0.316234 | 0320210 | 0.324785 | 0.315970 | 0.322925 | 0.333341 | 0342850 | 0.354542 | 0.366085 | 0.380913
0.90 0.265800 | 0.267263 | 0.269609 | 0273330 | 0.278835 | 0.283057 | 0.289037 | 0.296096 | 0.304744 | 0313319 | 0.308374 | 0319583 | 0.332718 | 0.344908 | 0.359595
1.00 0.240938 | 0.241431 | 0242413 | 0244797 | 0.249186 | 0.253175 | 0.259141 | 0.266342 | 0277531 | 0.285166 | 0.296167 | 0.305630 | 0.317291 | 0.328507 | 0.342763
1.10 0.228613 | 0226599 | 0.224680 | 0224593 | 0.226246 | 0.229759 | 0.235026 | 0.245127 | 0.255054 | 0.261301 | 0.272595 | 0.279257 | 0.290725 | 0.299426 | 0.313488
1.20 0230766 | 0.227028 | 0.222618 | 0217458 | 0.214213 | 0.211588 | 0216479 | 0.219495 | 0.226778 | 0.230794 | 0.237031 | 0.245471 | 0257358 | 0.270364 | 0.289545
1.30 0234175 | 0.230621 | 0.228894 | 0220633 | 0.214296 | 0.209778 | 0.209098 | 0.205601 | 0.208048 | 0.198791 | 0.208123 | 0.216998 | 0.231171 | 0.245683 | 0.267786
1.40 0.237448 | 0.233850 | 0.237964 | 0224308 | 0.224154 | 0.213303 | 0.212105 | 0.207452 | 0.183293 | 0.182651 | 0.189123 | 0.197858 | 0.210357 | 0.224507 | 0.244657

Table 2. Linear fit coefficients and goodness of fit parameter for the gyration
radius-mass for metallicities between -0.5 to 0.5. The linear relation hold
for stars with masses 0.6Mg to 1.4Mg except for [Fe/H] = —0.375 and 0.5
where the maximum stellar mass is 1.2Mg

[Fe/H] a b R?

0.500 | -0.2119 | 0.5464 | 0.995
0.375 | -0.2296 | 0.5489 | 0.997
0.250 | -0.2397 | 0.5480 | 0.997
0.125 | -0.2484 | 0.5452 | 0.997
0.000 | -0.2524 | 0.5409 | 0.995
-0.125 | 0.2544 | 0.5355 | 0.993
-0.250 | -0.2455 | 0.5229 | 0.989
-0.375 | -0.2608 | 0.5288 | 0.983
-0.500 | -0.2650 | 0.5267 | 0.981

adopt the fully convective polytrope value for the gyration radius
of the secondary.

2.3 Gyration radius of the primary component

Previous estimates for gyration radii of non rotating stars of M >
0.8 My, at different matallicities suggest a general trend of reduction
in the gyration radius with increasing mass at any given metallicity
and reduction in gyration radius with reducing metallicity for any
given mass (Claret 2019). A similar trend is obvious (see Table 1
and Figure 1) in our modelling of rotating and tidal-distorted low
mass stars from 0.6Mg to 1.4Mg for metallicities —0.25 < [Fe/H] <
0.5 at the Zero Age Main Sequence (ZAMS). In fact, very good
linear fits can be obtained at all metallicities in this range:

ki = aM +b. 6)

We provide the coefficients a,b and goodness of fit parameter
(R?) in Table 2. The situation is somewhat more complex at lower
metallicities. As metallicity drops the gyration radius actually in-
creases for higher mass stars such that the linear correlation only
holds up to M = 1.2Mg for metallicities -0.375 and -0.5 (coeffi-
cients included in Table 2) with the trend continuing such that by
[Fe/H] = —1.0 the linear correlation only holds to M = 1.1M.

If we look at the gyration radius-mass dependence for
[Fe/H] = —1.25 (green profile in Figure 2), we note a definite up-
swing at M =~ 1.1Mg. The orange profile represents the gyration ra-
dius of rotating and tidally distorted stars from 0.9Mg < M <2.3Mg
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at Solar metallicity as originally published by Landin et al. (2009).
It is clear that a similar upswing is present but at a higher mass level
of M ~ 1.5Mp. It was postulated by (Claret & Gimenez 1989) and
(Landin et al. 2009) that the upswing in the gyration radius was due
to a change in the internal structure of the star due to the ignition
and transition to the Carbon-Nitrogen-Oxygen (CNO) burning cy-
cle as opposed to the Proton-Proton (P-P) chain normally seen in
lower mass stars.

The main factor determining the transition to CNO over P-P
is the central temperature. Typically, logT. ~ 7.22 is considered the
temperature where the CNO process is transitioning to the domi-
nant energy source (Schuler et al. 2009). We modelled the central
temperature of stars from 0.9Mg < M < 1.4Mg, at different metal-
licities. Figure 3 illustrates the change in central temperature at the
ZAMS with change in metallicity. It is clear that the central temper-
ature is higher in all cases in metal poor stars. Heavier stars reach
CNO transition temperatures just below Solar metallicity while a
1.1Mp star reaches CNO transition temperature at [Fe/H] = —1.25,
confirming that CNO transition is likely triggered at lower masses
in metal poor stars and potentially explains the change in gyration
radius profile at lower metallicities. As noted above, over 80% of
contact binary systems with spectroscopically determined metal-
licity lie within the —0.5 < [Fe/H] < 0.5 range such that the linear
coeflicients in Table 2 should be sufficient.

3 INSTABILITY MASS RATIO AND METALLICITY

In addition to rising central temperature, reduced metallicity also
leads to a reduction in stellar radius especially for stars more mas-
sive than 1.1Mg (Claret 2019). The Roche geometry model of con-
tact binary systems requires both components to fill their respective
Roche lobes such that they are surrounded by a common envelope
of essentially equal temperature. For a low metallicity systems to be
in a contact configuration the components must be closer together
and have smaller periods. The instability parameters are strongly
influenced by the distribution of mass within a star (i.e gyration ra-
dius) and as noted above the gyration radius changes significantly
with metallicity, so we expect a significant change in orbital sta-
bility parameters at different metallicity levels. In this section we
explore the effects of metal content on the instability mass ratio
of contact binary systems with mass of the primary ranging from
0.6Mp to 1.4Mp.
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Figure 2. Gyration radius-mass dependence for stars with mass ranging
from 0.1Mp to 1.4Mg at metallicity [Fe/H] = -1.25 and for stars 0.1Mg, to
2.3Mg at metallicity [Fe/H] = O from Landin et al. (2009) at the ZAMS.
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Figure 3. Central temperature of stars from 1.0Mg to 1.4Mg at the ZAMS
for various metallicities.

The instability mass ratio (ginst) can be found numerically
from equation (Arbutina 2007; Wadhwa et al. 2021).

i 2 poy B 02y a2 pre s

43 PO+[(q:5 PO +3(1+¢:5 07)(q 3 P2+ —L5)

i i HH W0 060 B4ineg™) (3)
= 7049 7+0.15 °

B po,
TP e
where kj > are the gyration radii of the components, f is the fill-out

factor and

p= 0.49¢%/3 - 3.26667¢7/3(0.27¢ - 0.124*'3) w
0.64% +1In(1 +4'73)
and

(0.27¢-0.12¢*%)(0.6¢7*3 +In(1 +4~'/%))
B 0.15(0.642 +In(1 + ¢'/3))

Q ®

One can obtain the instability mass ratio range for any system by
solving Equation 3 with f fixed at 0 (marginal contact) or 1 (full
overcontact).

We solve Equation 3 for gjug at fo,1, using various values for
k1, for various metallicities from —0.5 < [Fe/H] < 0.5 in steps 0.125
as summarised in Table 3. We note a similar quadratic trend to that
of Wadhwa et al. (2021) in the instability mass ratio for both fill-out
values with higher instability mass ratio for lower mass primaries:

Ginst = M7 +dM +e. (6)

We provide the quadratic fit coefficients and goodness of fit co-
efficient in Table 4 and representative graphics in Figure 4. The
quadratic fits allow determination of the instability mass ratio range
without having to solve Equation 3. The progression from f =0 to
f =11is linear in all cases so it is easy to estimate the instability
mass ratio at any given value of f.

Reviewing the summary table for instability mass ratios, it is
clear that metal-poor systems have a significantly lower instabil-
ity mass ratio relative to Solar metallicity systems. For example,
for a system with a Solar mass primary the instability mass ratio
range at [Fe/H] = —0.5 is 0.085 - 0.098 rising to 0.138 - 0.168
at [Fe/H] = 0.5. Current reports of potential red nova progenitors
which have considered differing values for the gyration radii have
relied on Solar metallicity estimates. The actual physics is clearly
more complex and effects of metal content needs due consideration
when investigating the orbital stability of contact binary systems.

4 METALLICITY AND ORBITAL STABILITY -
PRACTICAL EXAMPLES

4.1 Observations

In this section we explore the effect of metallicity on the orbital
stability of two very similar but poorly studied contact binaries.
Both systems were selected from the All Sky Automated Survey
- Super Nova (ASAS-SN) (Shappee et al. 2014; Jayasinghe et al.
2020). The systems were selected based on techniques described in
Wadhwa et al. (2022) which indicated that both were likely to be of
extreme low mass ratio and potentially unstable.

WISE J190843.4+373842 (hereafter W1908), (a2000.0 =
19 08 23.45, 620000 = +37 38 43.0), also known as ASASSN-
V J190843.45+373842.8, ZTF J190843.44+373842.8, was discov-
ered by the Wide-field Infrared Survey Explorer (WISE) survey
(Chen et al. 2018) as a contact binary with the VSX database (Wat-
son et al. 2006) reporting a period of 0.3092274 days. ASASSN-V
J204400.26+575216.7 (hereafter A2044), (a2000.0 = 20 44 00.26,
020000 = +57 52 16.7), also known as USNO-B1.0 1478-0400187,
was discovered by the ASAS-SN with VSX database recording a
period of 0.342893 days.

W1908 was observed over 4 nights between July and August
2021 at the Vidojevica Observatory with the 140cm Telescope Mi-
lankovié equipped with Andor iKon-L 936 CCD camera with a res-
olution of 0.39 arcs/pixel and standard Johnson B,V and R filters. In
total, approximately 200 images were acquired in each pass-band.
A2044 was observed over 3 nights in October 2022 at the Vido-
jevica observatory with the 60cm Telescope Nedeljkovi¢ equipped
with FLI ProLine PL23042 CCD camera with a resolution of 0.516

MNRAS 000, 1-9 (2023)
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Table 3. Instability mass ratio fit parameters for stellar masses 0.6Mg to 1.4Mg and metallicities from [Fe/H] -0.5 to 0.5.

Feyi—Mo) 0.6 0.7 0.8 0.9 1.0 1.1 12 13 1.4

-0.500 0.146-0.179 | 0.128-0.154 | 0.123-0.147 | 0.103-0.121 | 0.085-0.098 | 0.072-0.081 | 0.062-0.070 | 0.059-0.065 | 0.060-0.067

-0.375 0.150-0.184 | 0.131-0.158 | 0.126-0.151 | 0.107-0.126 | 0.089-0.103 | 0.077-0.088 | 0.064-0.072 | 0.057-0.063 | 0.058-0.065

-0.250 0.155-0.192 | 0.135-0.164 | 0.127-0.153 | 0.113-0.133 | 0.096-0.111 | 0.083-0.095 | 0.068-0.076 | 0.058-0.065 | 0.047-0.051

-0.125 0.162-0.203 | 0.141-0.172 | 0.125-0.150 | 0.118-0.141 | 0.101-0.118 | 0.086-0.100 | 0.070-0.079 | 0.054-0.060 | 0.046-0.051

0.000 0.170-0213 | 0.148-0.183 | 0.132-0.159 | 0.115-0.137 | 0.107-0.126 | 0.093-0.108 | 0.073-0.083 | 0.058-0.065 | 0.049-0.054

0.125 0.176 - 0.224 0.156 - 0.193 0.138 - 0.168 0.123 - 0.147 0.113-0.134 0.097 - 0.113 0.078 - 0.088 0.063 - 0.070 0.053 - 0.059

0.250 0.184 - 0.236 0.164 - 0.205 0.147 - 0.180 0.131-0.159 0.121 - 0.144 0.104 - 0.122 0.084 - 0.097 0.070 - 0.079 0.059 - 0.066

0375 0.191-0246 | 0.172-0218 | 0.155-0.193 | 0.140-0.170 | 0.128-0.155 | 0.109-0.129 | 0.092-0.106 | 0.078-0.088 | 0.066-0.075

0.500 0.198-0.258 | 0.182-0.233 | 0.166-0.209 | 0.150-0.185 | 0.138-0.168 | 0.119-0.141 | 0.103-0.121 | 0.090-0.104 | 0.077-0.088
[Fe/H] = -0.25 Table 4. Quadratic fit coefficients and goodness of fit parameter for the
0.25 instability mass ratio-mass relation (f = 0, 1) for metallicities [Fe/H] 0.5 to
-0.5. Note the quadratic fit parameters are from M = 0.6Mg to 1.4M;, for

02 | [Fe/H] > -0.25 and up to 1.2Mg, for [Fe/H] < -0.25.
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Figure 4. Quadratic fits at f = 0 (red dots / purple line) and f = 1 (green
dots / blue line) at various metallicities. M is Solar units. The quadratic fit
cofficients are summarised in Table 4.
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[Fe/H] ¢ d e R?

0.500 0.0129,0.0547 | -0.1786,-0.3238 | 0.3007,0.4330 | 0.999,0.999
0.375 0.0192,0.0601 | -0.1948,-0.3350 | 0.3000,0.4242 | 0.998,0.998
0.250 0.0194,0.0618 | -0.1946,-0.3338 | 0.2921,04110 | 0.997,0.997
0.125 0.0235,0.0668 | -0.1998,-0.3374 | 0.2855,0.3990 | 0.997,0.996
0.000 0.0279,0.0640 | -0.2048,-0.3231 | 0.2855,0.9947 | 0.994,0.995
20.125 | 0.0153,0.0484 | -0.1750,-0.2846 | 0.2591,0.3523 | 0.995,0.994
20.250 | 0.0272,0.0605 | -0.1872,-0.2932 | 0.2554,0.3431 | 0.996,0.996
20.375 | -0.0036,0.0167 | -0.1375,-0.2171 | 0.2914,0.3073 | 0.991,0.991
0.500 | 0.0048,0.0310 | -0.1521,-0.2421 | 0.2356,0.3130 | 0.988,0.988

arcs/pixel and standard Johnson B,V and R filters. In total approxi-
mately 130 images were acquired in each pass-band.

Aperture photometry was performed using the Astrolmagel
software package (Collins et al. 2017) for each pass-band using
2MASS 1908509+3738284 and 2MASS 190884538+3737263 as
the comparison and check stars respectively for W1908 and for
A2044, 2MASS 20435919+5751541 and TYC 3959-43-1 respec-
tively. For W1908 we find the V band amplitude variation 14.24 -
14.55 magnitude with the secondary eclipse at 14.52 magnitude.
For A2044 the V band amplitude variation 11.5 to 11.8 magni-
tude with the secondary eclipse at 11.77 magnitude. Both sys-
tems were observed with the Transiting Exoplanet Survey Satellite
(TESS). The TESS light curve for A2044 has an amplitude of 0.29
mag, similar to our V band observations. The TESS light curve for
W1908 has considerable scatter which we believe is likely due to a
combination of blending from a nearby fainter star approximately
7" distant, noting the TESS instrument has a pixel resolution of
21". In addition, W1908 is quite faint even when blended with the
companion it is near the limit of the instrument.

Based on survey V band data and our observations we refine
the orbital ephemeris of W1908 as follows:

HJDpin 1 = 2459439.433007(313) + 0.3092266(50)E
and of A2044
HJDpin 1 = 2459884.362481(52) + 0.3428950(40)E.

4.2 Light Curve Analysis

Due to significant correlation between geometric parameters such
as the mass ratio (g), inclination (7) and fill-out (f) the analysis of
contact binary light curves to reliably determine geometric param-
eters, in the absence of radial velocity measurements, can only be
carried out in the presence of total eclipses (Terrell & Wilson 2005).
Both of the systems under consideration demonstrate total eclipses
and as such are suitable for light curve analysis. We use the 2013
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version of the Wilson-Devenney light curve analysis code which
incorporates Kurucz atmospheric models (Wilson 1990; Kallrath
et al. 1998; Nelson 2021) to perform simultaneous analysis of B, V
and R bands. The metallicity for the reported solution for W1908
was set to -0.7 (see below) during the analysis. We also analysed
the TESS light curve for A2044 separately as the filter used by the
TESS instrument is quite broad centered on the /. band (Ricker
et al. 2015). We modelled the TESS photometry using infrared
limb darkening coefficients. As noted above the TESS light curve
for W1908 was not suitable for accurate analysis. To overcome the
strong correlation between the mass ratio and inclination, the mass
ratio grid search method is employed where the light curve is anal-
ysed for various fixed values of ¢ and the search is refined to smaller
and smaller intervals to find the correct mass ratio value. In our case
we searched from 0.05 < ¢ < 1.0 in intervals of 0.1 and then refined
the search to intervals of 0.01 around the first rough estimate and
further still in increments of 0.001 near the second estimate. The
analysis was performed with the temperature of the primary (7;)
fixed, see below, and the temperature of the secondary (73), incli-
nation (i), dimensionless potential (fill-out), and the dimensionless
luminosity of the primary (L) acting as the variable parameters. It-
erations are carried out until the suggested corrections are less than
the reported standard deviation. During the last iteration the mass
ratio is also made a variable parameter and the standard deviation,
as reported by the WD model, for each parameter was adopted as
the potential error. Given the estimated temperature of the primary
(see below) is less than 7200K, the gravity darkening coefficients
were set as g1 = g = 0.32, the bolometric albedoes were set to
A1 = Ay = 0.5, simple reflection treatment is applied and we used
the 2019 updates of limb darkening coefficients from van Hamme
(1993). The light curve solutions are summarised in Table 5. Fig-
ures 5 and 6 illustrate the observed and modelled light curves and
the respective residuals from our observations in B,V and R bands
respectively.

The presence of total eclipses places strong constraints on the
geometric parameters and as such absolute temperature values of
the primary and secondary have little influence on the light curve
solution (Rucinski 1993, 2001). It is common practice to fix the
temperature of the primary component during light curve analysis.
Determining the fixed value, however, has been somewhat trouble-
some. Where available spectral class estimation is now preferred
as photometric estimations can vary considerably (see e.g. Li et al.
2023; Guo et al. 2023, 2022). In our case the reported effective
temperatures for W1908 on the VizieR database range from 5517K
to 6405K and for A2044 from 5758K to 6500K. Robitaille et al.
(2007) and Bayo et al. (2008) compared the collective Spectral
Energy Distribution (SED) from various photometric bands with
synthetic theoretical spectra and found good agreement between
spectral and SED estimated effective temperatures. We constructed
SEDs for both systems from publicly available photometric data.
The SEDs were fitted to theoretical spectra using the VO Sed Ana-
lyzer (VOSA) available through the Spanish Virtual Observatory .
The SED estimated effective temperature of the primary for both
systems was 6000K which is not unexpected given the mass of
the primary components (see below) are very similar. We adopted
6000K as the fixed value for 7' for both systems. The observed and
fitted SED curves are illustrated in Figure 7.

1 http://svo2.cab.inta-csic.es/theory/vosa/
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Figure 5. Observed and fitted light curves for W1908 and A2044. The black
lines represent the WD fitted model while the blue, green and red dots rep-
resents the observed curves in various bands. The fitted orange curve for
A2044 represents TESS observations. The purple dots represent the check
star flux. The normalised flux has been shifted vertically for blue, red and

TESS bands and the check star for clarity.

Table 5. Light curve solution and absolute parameters for W1908 and
A2044. Main geometric parameter solution for the TESS light curve for

A2044.
W1908 A2044 A2044 (TESS)
T1(K) (Fixed) 6000 6000 6000
T>(K) 6006 + 19 5893 +21 5846+ 16
Incl. (°) 79.8+0.9 78.9+1.25 77.6+0.55
q 0.111+£0.001 | 0.107 £0.002 0.106 +0.002
Fill out (%) 43+3 49+3 69+6
ri (mean) 0.585 0.590 0.598
rp (mean) 0.227 0.227 0.238
M /Mg 1.06 £0.02 1.04+£0.02
M /Mg 0.12+0.02 0.11+0.02
My, 4.83+0.20 4.63+0.15
A/Ry 2.03+£0.02 2.16+0.01
R /Ro 1.19+0.02 1.27+0.02
R>/Ro 0.46+0.02 0.49+0.02
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Figure 6. Residuals for W1908 (left) and A2044 (right) for ground based
observations in B,V and R bands (top to bottom). Vertical scale (A F) rep-
resents the difference in normalised flux.

4.3 Orbital stability of W1908 and A2044

The knowledge of the mass of the primary is essential for deter-
mining orbital stability. As direct measurement of the mass of the
primary is not possible, we have previously employed the mean of
an infrared (J — H) colour calibration and a distance-based abso-
lute magnitude calibration. The colour calibration uses catalogued
J and H band photometry along with the April 2022 update cal-
ibrations from Pecaut & Mamajek (2013) for low mass main se-
quence stars. The absolute magnitude method uses the mid eclipse
apparent magnitude (which represents the apparent magnitude of
the primary) corrected for extinction and GAIA EDR 3 (Anders
et al. 2022) distances along with same calibration tables. Detailed
methodology can be found in (Wadhwa et al. 2023b). We determine
the mass of the primary of W1908 to be (1.06 +0.02)Mg and for
A2044 to be (1.04 +£0.02)Mg. The distance based estimate of the
mass yields the largest error and this was adopted and propagated
when estimating errors of other parameters. Given the similarity
in the mass of the primaries, it is not surprising that the SED esti-
mates for their effective temperatures were the same. The mass ratio
yields the mass of the secondary and Kepler’s 3rd law allows de-
termination of the separation (A). The light curve solution provides
fractional radii of the components (r|,r;) in different orientations
and we use the geometric mean of these to estimate the absolute
radii as (Ry,Ry) = A-(ry,rp). The absolute parameters are sum-
marised in Table 5.

As described by (Li et al. 2021), standard black body calibra-
tions along with distance and luminosity can be used to estimate
absolute parameters. Using this approach with our determined val-
ues of the absolute magnitude of the primaries and estimated tem-
peratures of 6000K we estimate the luminosity of the primary com-
ponent (L1) of W1908 as 0.98L¢ and its radius (R) as 0.92Rg and
its mass (M) as 0.94Mg. Similarly, for A2044 we estimate L1, R
and M| as 1.17Lg, 1.00Rs and 1.00Mg. We prefer to use estimates
based on the geometric light curve solution principally due to the
dependency of the black body estimates on the estimated effective
temperature. As noted by Wadhwa et al. (2023a) a 200K variation
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Figure 7. Observed and fitted SED for W1908 and A2044. The vertical axis
flux in erg/cm2/s/A.

in the assigned value of 7' can lead to a greater than 10% change
in the estimated value of M/ for low mass stars. The corresponding
change in the instability mass ratio can exceed 15%. Additionally,
a number of steps are required to determine luminosity, radius and
then mass; each associated with its own error which would require
propagation leading to a larger overall error in the estimate. Lastly,
the black body approximation is based on a spherical configuration,
it is well known that contact binary star components are not spheri-
cal and considerably distorted by the Roche geometry such that the
mean radius of both the primary and secondary are considerably
larger than their main sequence counterparts (Wadhwa et al. 2022).

At [Fe/H] = 0 the instability mass ratio range for W1908 is
Ginst = 0.093 £0.004 —0.108 + 0.004 and for A2044 it is gipng =
0.096 +£0.004 —0.112 + 0.004. As expected the values are similar
to the simplified relationships described in Wadhwa et al. (2021)
(0.091 - 0.106 for W1908 and 0.095 - 0.110 for A2044). The
modelled mass ratios for both systems are within the errors for
the instability mass ratio range and both would be considered un-
stable and potential merger candidates. Unfortunately no spectro-
scopic metallicity estimates are available for either system. The
GAIA EDR3 does report photometric metallicity for W1908 as
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[Fe/H] = —1.04 and for A2044 as [Fe/H] = —0.38. If we use the
nearest metallicity corrected values for the gyration radii for each
system [Fe/H] = —1.0 for W1908 and [Fe/H] = —0.375 for A2044,
then the instability mass ratios reduce to 0.068 —0.076 for W1908
and 0.084 — 0.097 for A2044. Both systems would now be classi-
fied as stable with modelled mass ratios well above the instability
range. However as discussed by Andrae et al. (2023) the photo-
metric metallicity estimates provided by GAIA EDR3 exhibit sys-
tematic errors. As a result, they should not be used for quantitative
analysis without a suitable calibration. Andrae et al. (2023) provide
a calibration trained on a large sample of LAMOST spectra and we
use this to adjust the metallicities to [Fe/H] = —0.7 for W1908 and
[Fe/H] = —0.03 for A2044. Based on the revised metallicity values,
the instability range for W1908 is 0.074 — 0.084, still significantly
below the modelled mass ratio, and the system is considered stable.
The revised metallicity of A2044 is near zero such that the insta-
bility mass ratio is as initially determined and the system would be
considered unstable and a merger candidate. This exercise demon-
strates that two very similar systems in many respects such as the
mass of the primary and the geometric parameters can have very
different orbital stability indicators relating to internal stellar struc-
ture. Metallicity, we suggest, must be taken into consideration when
classifying any contact binary system as potentially unstable.

5 SUMMARY AND CONCLUSION

Identification of potential red nova candidates has been receiving
much attention recently (Wadhwa et al. 2021; Gazeas et al. 2021;
Christopoulou et al. 2022; Liu et al. 2023). It is well understood
that merger will only occur in systems with low mass ratios al-
though Wadhwa et al. (2021) showed that systems where the pri-
mary is less than one Solar mass may become unstable at mass
ratios higher than previously reported. It has long been recognised
that orbital stability is dependent on the gyration radii of the com-
ponents. As the secondary is very small, being fully convective, it is
reasonable to assume a fixed value for its gyration radius (Arbutina
2007, 2009). The effect of the gyration radius of the primary on or-
bital stability is only now beginning to receive attention and early
indications are that it is significant (Wadhwa et al. 2021). The gyra-
tion radius enters the definition of moment of inertia so it would be
affected by the internal structure and composition of a star. The ef-
fects of metallicity on orbital stability have received scant attention
previously.

It is well known that different compositions of a star will alter
its gyration radius (Claret 2004, 2019). In this study we model the
gyration radii of low mass stars incorporating rotation and tidal dis-
tortion effects at a range of metallicities from —1.25 < [Fe/H] <0.5.
We then apply these to orbital stability equations to show that metal
content indeed has a significant effect on the instability parameters
of contact binary stars. The main observation is that the instabil-
ity mass ratio decreases with decreasing metallicity, however this
does not hold true for stars with masses greater than 1Mg at lower
metallicity levels. The trend is similar to that seen for stars heavier
than 1.5Mg at Solar metallicity levels. It is likely that the change is
due to transition to the CNO energy cycle which we show is likely
in stars of mass ~ 1.1Mg at metallicity below [Fe/H] = —1.

Low mass ratio contact binary systems are uncommon.
Latkovié et al. (2021) catalogued light curve and radial velocity
solutions of over 680 contact binary systems with less than 150
having a mass ratio below 0.25. Review of the LAMOST spectra
catalogued by Qian et al. (2020) suggests that over 70% of contact

binary systems in the solar neighborhood (most likely to be avail-
able for long term monitoring) have metallicities less than zero.
Estimates suggest that Galactic frequency of observable red nova
events should be about once every 10 years, however, there still
remains only one confirmed (in retrospect) contact binary merger
event, that of V1309 Sco. It is possible that such events are in fact
rare in the Solar neighborhood where contact binaries have lower
metal content and are likely to be in a more stable configuration.
Although young open clusters may provide an avenue for the de-
tection of high metal content contact binaries, their inherent low
mass would make them difficult to detect without time consuming
observations requiring relatively large instruments which is likely
prohibitive. The survey nature of the Extremely Large Telescope
observing programme, however, may provide a tremendous oppor-
tunity to observe faint potentially unstable contact binary systems.
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