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SUMMARY: With an increasing number of contact binary discoveries and the recognition that lu-
minous red novae are the result of contact binary merger events, there has been a significant increase in
the number of light curve solutions appearing in the literature. One key element of such solutions is as-
signing and fixing the effective temperature of the primary component (T1). Sometimes the expectation
that the assigned temperature will significantly alter light curve solution is exaggerated even though
theoretical considerations suggest that the absolute value of T3 has little influence on the geometric
elements of the light curve solution. In this study, we show that assigning T7 over a range of 1000 K
has no significant influence on the light curve solutions of two extreme low mass ratio contact binary

systems.

In addition, we explore the use of photometric spectral energy distribution as a potential

standard for assigning T} in the absence of spectroscopic observations.
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1. INTRODUCTION

Numerous all-sky surveys have resulted in a mas-
sive proliferation in the identification of contact bi-
nary systems with approximately half a million cat-
alogued in the International Variable Star Index
(VSX) (Watson et al. 2006). With such prolifera-
tion, a corresponding increase in published analysis of
contact binary light curves has occurred. It is known
that the shape of contact binary light curves, par-
ticularly those exhibiting total eclipses, are almost
entirely dependent on three main geometric parame-
ters namely the inclination (¢), the mass ratio (¢) and
degree of contact or fill-out (f) (Rucinski 1993, 2001,
Wadhwa et al. 2022). There is a strong correlation
between these parameters, and successful light curve
analysis in the absence of radial velocity measure-
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ments can only be achieved by imposing certain con-
straints, which arise from the shape of the light curve
itself. The presence of total eclipses provides the mor-
phological features that place a strong constraint on
the [g,¢] domain. In the presence of total eclipses one
can systematically search the [g, 4] domain to find a
set of geometric parameters that yield the best fit
between observed and modelled light curves (Terrell
and Wilson 2005).

Even though the shape of the light curve, espe-
cially when total eclipses are not present, may be
influenced by the absolute value of the component
temperatures (Wilson 2020), the presence of complete
eclipses and the associated constraints on the geomet-
ric parameters greatly overshadows these variations.
Temperature variations of a few hundred degrees are
thought not to influence the light curve modelled geo-
metric parameters. During analysis of contact binary
light curves the temperature of the secondary (T%),
f, i, and the dimensionless luminosity of the primary
(L) are regarded as the adjustable parameters while
the temperature of the primary component (77) is
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fixed. There is no standard method for the assigning
of T} and wide variations in the effective tempera-
ture can be found depending on the colour or spectral
classification used. In a recent study reporting pho-
tometric analysis of twelve extremely low mass ratio
contact binaries, the authors reported wide variations
in the effective temperature of the primary based on
various catalogued colour and spectral calibrations
(Wadhwa et al. 2023b).

Given the wide variations in effective temperature,
particularly with colour-based estimates, many inves-
tigators are increasingly using a low-resolution spec-
tral classification as a guide for assigning 77. Unfor-
tunately, even for bright examples, spectral observa-
tions still require access to mid-level equipment which
may not be readily available. As noted above, numer-
ous all-sky surveys have been undertaken recently,
covering a wide range of the electromagnetic spec-
trum from ultraviolet to infrared. As described by
Robitaille et al. (2007) and Bayo et al. (2008) it is pos-
sible to collectively examine the multi-band photom-
etry as a single Spectral Energy Distribution (SED)
which can then be fitted to modelled synthetic spec-
tra to estimate the effective temperature. Using iso-
lated examples few investigators have shown a good
correlation between spectral class and the SED de-
termined effective temperature (Panchal et al. 2022,
Wadhwa et al. 2023a).

Although theoretical framework of Kallrath and
Milone (2009) suggests that the geometric light curve
solution will not differ with absolute temperature
values we can find no formal published study that
demonstrates this practically. Also, as noted above,
only isolated examples exist demonstrating the util-
ity of SED in assigning effective temperature. In this
study, we explore both of these issues. Firstly, we
compare the spectral class determined temperature
of the primary with the SED determined temperature
for contact binaries from spectral class F3 to K4. Sec-
ondly, we undertake detailed modelling of the V- and
R-band light curves, for two totally eclipsing contact
binaries with temperature of the primary fixed using
either spectral class or variations of SED for + 100,
300 and 500 K to confirm that geometric solutions
do not change significantly with changing absolute
temperature values.

2. SPECTRAL CLASS AND SED

We selected 12 bright contact binaries with de-
termined spectral class from The Large Sky Area
Multi-Object Fiber Spectroscopic Telescope (LAM-
OST) survey (Luo et al. 2018). We chose relatively
bright examples as these were more likely to have
been included in many of the photometric surveys.
We determined the spectral class based effective tem-
perature using the April 2022 update of Pecaut and
Mamajek (2013) calibration tables of spectral class
and temperature for main sequence stars. We con-
structed collective photometric SEDs for each star as
described by Bayo et al. (2008). All SEDs were then
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fitted to modelled synthetic spectra which incorpo-
rated Kurucz atmospheres using x? minimisation as
a goodness of fit parameter. Comparison of spectral
class and the SED determined effective temperature
is summarised in Table 1 and the representative SED
and fitted modelled spectra are illustrated in Fig. 1.
As can be seen from Table 1 there is a good agree-
ment between the SED and spectral class determined
effective temperature and we consider SED as a more
robust alternative to single colour calibration for as-
signing T when spectral observations are lacking.

3. LIGHT CURVE SOLUTION AND T}

18" 01™ 56566, d2000.0 = —72° 28’ 070) was recog-
nised as a contact binary by the All Aky Automated
Survey (ASAS) (Pojmanski 2002) with a period of
0.355909 days and an amplitude of 0.35 magnitude
in V-band. The system was observed over 4 nights
in August 2023 with the Western Sydney University
0.6 m telescope equipped with standard Johnson V
and R filters and a cooled SBIG 8300T CCD camera.
Images were obtained using both V and R filters. All
images were calibrated using multiple dark, flat and
bias frames. Differential photometry was performed
using the AstrolmageJ (Collins et al. 2017) package.
TYC 9298-140-1 was used as the comparison star
and 2MASS 18023134-7230047 as the check star.
The V-band amplitude of the system was estimated
to be 0.35 mag with the brightest magnitude of
10.36 and mid-eclipse magnitude of 10.66. Using all
available observed and survey V-band data we refine
the orbital elements as follows:

HJ Dy = 2460150.9825208(406) + 0.3559121(30) E,

where HJ D, is the photoelectric time of the mini-
mum light, and F is the epochs of the minimum light.

ASAS J191621-6802.3 (A1916) (w0000 =
198 16™ 21501, 20000 = —68° 02’ 1972) another
ASAS discovery with an amplitude of 0.46 magnitude
in V-band and period 0.364588 days. The system
was observed over 5 nights between July and August
2023 with the Western Sydney University 0.6 m tele-
scope. Again V- and R-band images were acquired,
calibrated, and photometry was performed using
the Astrolmage] package. TYC 110-123-59 was the
comparison star and 2MASS 19155297-6758004 was
the check star. The V-band amplitude of the system
was estimated to be 0.46 mag (12.03 - 12.49) and
mid-eclipse magnitude of 12.43. Using all available
observed and survey V-band data we refine the
orbital elements as follows:

H JDyyin = 2460155.1296218(753)+0.36459189(25) E.

Low-resolution spectra for each system were ob-
tained using the 2 m telescopes of the Las Cumbres
Observatory (LCO) network over two nights in Au-
gust 2023. The LCO is a fully automated network
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Table 1: Comparison of effective temperature of contact binaries (listed in the first column) based on spectral class
(Sp Ty ) and spectral energy distribution (SED T, ) from F3 to K4 spectral class (Sp Class).

Star Sp Class | Sp Teg (K) | SED T (K)
CRTS J090136.9+443723 F3 6750 6500
PQ Leo F4 6670 6750
NU Boo F5 6550 6250
V356 Dor F6 6350 6250
NN Lyn F7 6280 6000
EI CMi F8 6180 6000
OR Leo GO 5930 6000
KR Lyn G2 5770 5750
GSC 02992-01147 G4 5680 5500
OV Leo G7 5550 5250
HZ CVn G9 5380 5250
V625 And K1 5170 5000
ASAS J0207534-2034.1 K4 4600 4750

Table 2: The A1801 Light curve (LC) solution for different values of T} from 5750 K to 6750 K. T /T represents
the component temperature ratio and 712 are the geometric mean of the fractional radii. The error for the mass
ratio was £0.002 in all cases. The central highlighted solution corresponds to the SED modelled value of T7.

LC I 5750 K 5950 K 6150 K 6250 K 6350 K 6550 K 6750 K
T5 (K) 5554 +10 | 5729 £ 10 | 5933 £10 | 6024 =10 | 6127 £ 12 | 6310+ 11 | 6510+ 10
T5/Ty 0.97 0.96 0.96 0.96 0.96 0.96 0.96

Incl. (°) 76.5+03 | 76.2+03 | 76.0+£0.3 | 7T7T.0£0.5 | 77.2+£04 | 7T7.3£04 | 7T74+£0.5

Fillout (%) 34+5 34+5 35+4 34+ 4 35£5 34+4 33+4
Mass Ratio (q) 0.151 0.153 0.151 0.151 0.150 0.151 0.151
r1 (mean) 0.559 0.558 0.559 0.559 0.560 0.559 0.559

ro(mean) 0.245 0.246 0.245 0.245 0.245 0.245 0.244

and provides fully calibrated spectra without user in-
put. We compared the LCO spectra against standard
library spectra (Jacoby et al. 1984, Pickles 1998) to
assign the spectral class as F9 to A1801 and G3 to
A1916. The corresponding temperatures (6050 K and
5720 K) were interpolated from the April 2022 up-
dated tables from Pecaut and Mamajek (2013). We
constructed and fitted SEDs for each system as de-
scribed above. The SED-determined temperatures
for A1801 was 6250 K and 6000 K for A1916. The
observed and modelled spectra and SEDs are illus-
trated in Fig. 2.

Both light curves demonstrate complete eclipses
and hence are suitable for light curve analysis. The

light curves were analysed using the 2013 version of
the Wilson-Devenney code (Kallrath et al. 1998, Wil-
son 1990). To fully illustrate the flexibility of assign-
ing the temperature of the primary we fixed the tem-
perature of the primary as 6250 K for A1801 (SED-
based) and 5720 K for A1916 (spectral based). We
utilised the mass ratio search grid method for fixed
values of ¢ from 0.05 to 1.0 in increments of 0.01 to
q = 0.1 and then in increments of 0.02 to ¢ = 1.0. The
adjustable parameters were T5, L1, f and i. As the
estimated temperature is less than 7200 K the grav-
ity darkening coefficients were fixed as (g1,2 = 0.32),
bolometric albedoes were fixed as (A; 2 = 0.5), and
simple reflection treatment was applied. Limb dark-

23



S. WADHWA et al.

1.00E-12 PQ Leo (F4)
—@—0BS
—@— Model
1.00E-14
X
2
i
1.00E-16
1.00E-18
1000 10000 100000 1000000
Wavelength A
1.00E-12 KR Lyn (G2)
—@—OBS
—@— Madel
1.00E-14
X
3
[
1.00E-16
1.00E-18
1000 10000 100000 1000000

Wavelength A

Fig. 1: Observed and fitted SEDs for contact binaries ranging from spectral classes F4 to K1.
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photometry is indicated in purple and the fitted model in green. The flux on the vertical axes is in erg cm™“ s

A~1. The wavelength is in Angstroms (A). Both axes are in a log scale.

ening coefficients were interpolated from van Hamme
(1993). Tterations were carried out until the sug-
gested corrections were less than the reported stan-
dard deviation for each adjustable parameter. Once
the approximate solution was obtained the ¢ search
was further narrowed to 0.001 increments to find the
best fit solution.

The above analysis was repeated for various fixed
values of Ty at T7,T; 100 K, T7 +300 K, and T} +
500 K for both systems. In total, each system was
modelled for 7 different values of 77 in the range 71 £+
500 K. The geometric elements for each solution are
summarised in Tables 2 and 3 and the observed and
fitted light curves of both systems are illustrated in
Fig. 2.

4. ABSOLUTE PARAMETERS

In the absence of high resolution radial velocity
measurements one is reliant on various astrophysi-
cal correlations to estimate the absolute parameters
of contact binaries. The black body approximation
L = 40R*T* is often used to estimate the radius of
the primary (R;) from the assigned value of the tem-
perature 73 and the observed luminosity (absolute
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magnitude) of the system. The mass-radius relation
for main sequence stars is then used to estimate the
mass of the primary and from the light curve solution
the mass of the secondary and then Kepler’s third law
to estimate the separation of the components. Such
an approach, although valid for single stars, likely
only represents a rough estimate in the case of con-
tact binary systems as it is highly dependent on the
assigned temperature. As noted above there can be
wide variations in the estimated temperature of the
primary and, as noted by Wadhwa et al. (2023c), a
200 K variation in the assigned value of 77 can lead
to a greater than 10% change in the estimated value
of M; for low-mass stars. 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
and main sequence approximations are based on a
spherical configuration, while the binary star com-
ponents are extended, distorted and fill their Roche
lobes such that the mean radius of both the primary
and secondary stars are considerably larger than their
main sequence counterparts (Wadhwa et al. 2022).
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Fig. 2: Spectra, SEDs and fitted light curves for A1801 and A1906. The SED flux on the vertical axes is in
erg em 2571 A7 The wavelength is in Angstroms (A) Both axes are in log scale.

We favour an observational approach for estimat-
ing the mass of the primary. The Two Micron All Sky
Survey (2MASS) acquired high precision simultane-
ous photometry in multiple infrared bands (Skrutskie
et al. 2006) and the GAIA - EDR3 provides high pre-
cision distance estimates, particularly for nearby sys-
tems (Anders et al. 2022, Gaia Collaboration et al.
2023). We have previously described the Wadhwa
et al. (2023b) methodology to estimate the mass of

the primary as a mean of the 2MASS J — H colour
- mass of the low-mass main sequence stars calibra-
tion and the absolute magnitude - main sequence cal-
ibration. The apparent magnitude of the secondary
eclipse, being total, represents the apparent magni-
tude of the primary and can be used to estimate its
absolute magnitude. As described in Wadhwa et al.
(2023b) the absolute magnitude of the primary com-
ponent was determined adopting the GAIA distance
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Table 3: The A1916 Light curve (LC) solution for different values of T} from 5220 K to 6220 K. TQ/Tl represents
the component temperature ratio and 71 2 are the geometric mean of the fractional radii. Due to increased scatter

the fit for A1916 was not as clean as for A1801 and the error for the mass ratio was £0.004 in all cases. The central

highlighted solution corresponds to spectra modelled value of T7.

LC h 5220 K 5420 K 5620 K 5720 K 5820 K 6020 K 6220 K
5 (K) 5105 £20 | 5293 £ 18 | 5481 £ 15 | 5578 =15 | 5681 £ 16 | 5867 £ 16 | 062 £ 20
T>/Ty 0.98 0.98 0.98 0.98 0.98 0.97 0.97
Incl.(°) 89.90t91 | 90.007%% | 89.9t%1 | 89.8t92 | 89.8*92 | 899702 | 89.7%93

Fillout (%) 467 45+ 8 50 £ 6 50+5 49+ 5 52+5 53 +5
Mass Ratio (q) 0.188 0.191 0.190 0.191 0.191 0.192 0.191
r1 (mean) 0.547 0.545 0.548 0.548 0.547 0.548 0.549
ro(mean) 0.267 0.2680 0.271 0.271 0.271 0.273 0.273
Table 4: Absolute parameters for A1801 and A1916.
My M, /Mg M, /Mg Ri/Ro Ry/Ro A/Ro
A1801 | 4.05+0.08 | 1.11+0.02 | 0.17+0.01 | 1.28 £0.02 | 0.56 £ 0.01 | 2.29 + 0.02
A1916 | 4.394+0.06 | 1.04 +£0.02 | 0.20£+0.01 | 1.26 +0.02 | 0.63 £+ 0.02 | 2.30 +0.02

scaled extinction. The mass of the secondary can
be determined from the mass ratio and separation
(A) using Kepler’s third law. As the systems are in
a contact configuration the radii of the components
can be estimated as Ry o2 = A(r1,2) where rq 2 are the
geometric means of the fractional radii from three
different orientations provided by the light curve so-
lution. The absolute parameters determined using
this methodology are summarised in Table 4. Our
preference for the methodology is obvious. We esti-
mate the absolute parameters adopting observations
and geometric elements of the light curve solution.
As we have shown in this report the estimate of ab-
solute parameters is essentially independent of the
assigned value of T7 unlike the black body approxi-
mations assume. In the presence of total eclipses the
Roche geometry places tight constrains on the (g, 1)
and (g, f) domains such that the light curve solution
is essentially the same regardless of the assigned tem-
perature, at least within 500 K as demonstrated here.

5. DISCUSSION AND CONCLUSION

Since the confirmation that luminous red novae
are the result of merger of contact binary components
(Tylenda et al. 2011) combined with ever-increasing
number of catalogued contact binary systems there
has been a proliferation of contact binary curve so-
lutions appearing in the literature. The hallmark of
achieving a successful light curve solution is the pres-
ence of a complete eclipse. During such analysis var-
ious, mainly geometric, parameters are adjusted to
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achieve a good fit between observed and modelled
light curves. The absolute values of the component
temperatures, at least theoretically, are not consid-
ered to have a significant influence on the determi-
nation of geometric parameters such as the mass ra-
tio, fractional radii, fill-out and inclination. Theory
suggests that where completely eclipsing light curves
are present, there is a tight constraint on the T /T
ratio but not on the absolute temperatures (Rucin-
ski 1993, 2001). This is the first study, that we are
aware of, that tests the theory through a practical ex-
ample. We performed detailed modelling of two low-
amplitude contact binary systems with total eclipses.
We carried out modelling at various temperatures
above and below an estimate of the temperature of
the primary. As can be seen from Tables 2 and 3
there is a very little difference in the modelled ge-
ometric parameters regardless of the fixed tempera-
ture assigned to the primary component. As expected
there is a thight constraint on the T5/T3 ratio which
remained essentially fixed regardless of the assigned
value of T7.

Unless the estimated value of T3 is intended for
further analysis, such as luminosity and radius esti-
mations — although these are likely better estimated
using distance, absolute magnitude, and color cali-
brations — a reasonable estimation should suffice for
obtaining accurate geometric parameters, which are
more important in determining potential orbital sta-
bility. Unfortunately even a reasonable estimation
of T1 can prove problematic given the very wide
variation between different colour and spectral cal-
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ibrations. Spectra-based estimations probably rep-
resent a good standard method, however obtaining,
even low-resolution spectra, requires access to modest
equipment levels. A possible solution is to use a col-
lective photometric SED which incorporates the most
available photometric data and model the SED to
theoretical spectra. We show in this study that such
an approach for low mass (spectral class F to K) is
sufficiently accurate and results compare favourably
to the spectral class estimation of the effective tem-
perature.

In conclusion, we feel that rigorous estimation of
the effective temperature of the primary component
which is normally fixed during light curve analysis is
not required in the case of totally eclipsing systems if
only geometric parameters determined through light
curve analysis are required for further analysis. The
classical case is the determination of orbital stabil-
ity. Using the detailed observational methodology
described in Wadhwa et al. (2023b) we estimate the
mass of the primary of A1801 as (1.114+0.02) Mg and
of A1901 as (1.04 £ 0.02) M. Using the simplified
quadratic relations from Wadhwa et al. (2021) the or-
bital instability mass ratio range for A1801 is 0.085
- 0.097 and for A1901 0.095 - 0.110. The modelled
mass ratios for both systems are higher than the up-
per limit of the instability mass ratio and as such both
systems would be considered stable. This conclusion
does not change regardless of the assigned temper-
ature of the primary as the modelled geometric pa-
rameters are not influenced by the absolute value of
the assigned temperature.
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Opuzunasiy HaywHY Pao

Ca mopactom 6poja OTKPUBEHUX TECHUX HBOj-
HUX CHUCTEMa U CXBaTameM na Cy CcjajHe Ip-
BEeHE HOBE IMOCJENUuIla Clajarma TECHUX ABOJHUX
cucreMa, 3abesiekKeH je 3HAUajaH MOPacT pelre-
Ba KPpUBE Cjaja y aureparypu. JemaH on KIbyd-
HUX eJIeMEeHAaTa TAaKBUX Dpellema je HOMebUBAHE
u Purcumpame e(peKTUBHE TeMIepaType IpuMap-
He roMmmnoHente (7). IloHekan ce MHOTO HaKmbe
nocsehyje nomemenoj BpeqHOCTH e(EKTUBHE TEM-
nepaTrype, MaKO TEOPETCKA pa3MaTpama Cyrepu-
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mry [Oa AalcoJyTHa BpemHocT 1) mMMa MaJyio yTu-
maja Ha TeOMETPHjCKe eJIeMeHTe pellelmha KPUBE
cjaja. ¥Y OBOj CTyamMju MOKa3yjeMO na I0AeJLUBa-
we 17 y omcery ox 1000 K mema 3Hauajan ytu-
aj Ha pellermha CBETJIOCHE KPUBE IBa €KCTPEMHA
TeCHa MBOjHA CUCTEMa Ca HUCKAM OJHOCOM Ma-
ca. Ilopen Tora, ucrpaxkyjeMo ymorpedy ¢orto-
METPHjCKe CIEKTPaJIHE PACIOones]e €HEpTUje Kao
MOTEHIMjaJHOT CTaHZApIa 3a JodesbuBame 17 y
OJICYCTBY CIIEKTPOCKOIICKMX IOCMATPAbA.



