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Abstract

Contact binaries challenge contemporary stellar astrophysics with respect to their incidence, structure, and evolution. We explore these
issues through a detailed study of two bright examples: S Ant and ¢ CrA, that permit high-resolution spectroscopy at a relatively good
S/N ratio. The availability of high-quality photometry, including data from the TESS satellite as well as Gaia parallaxes, allows us to apply
the Russell paradigm to produce reliable up-to-date information on the physical properties of these binaries. As a result, models of their
interactive evolution, such as the thermal relaxation oscillator scenario, can be examined. Mass transfer between the components is clearly
evidenced, but the variability of the O’Connell effect over relatively short-time scales points to irregularities in the mass transfer or accretion
processes. Our findings indicate that S Ant may evolve into an R CMa type Algol, while the low mass ratio of ¢ CrA suggests a likely merger
of its components in the not-too-distant future.

Keywords: Stars: binaries close; stars: WUMa type; stars: variable eclipsing; stars: individual S Ant; € CrA

(Received 18 May 2024; revised 21 August 2024; accepted 25 September 2024)

1. Introduction transfer process, thus commends attention to these relatively
neglected objects.
It has been generally taken that the outer layers of binaries like
S Ant and ¢ CrA are in physical contact, with a common enve-
lope surrounding two mass concentrations. Such a model explains
the general shape of the LC, which has to involve relatively close
proximity of the two mass centres given the strong tidal distortions
evident from the markedly changing received light fluxes with the
orbital phase. The common envelope may then account for the
comparability of the two luminosities on the basis of energy trans-
ferred between the underlying stars (Mochnacki 1981; Hilditch,
King, & Mc-Farlane 1988). Such a picture has been discussed for
decades, with the availability of decisive evidence generally insuf-
ficient to unequivocally settle the modelling (see Yakut & Eggleton
2005, and the many references therein). The direct association
of physical characteristics with LC type is ambiguous, particu-
larly with the smooth, quasi-sinusoidal EW LCs, where physically
different configurations may show similar forms of photometric
variation. Analyses of such LCs indicate that the components have
dimensions that would put them close to theoretical surfaces of
limiting stability, but some such binaries might just be detached
pairs whose components happen to be relatively close to this limit;
for example, V831 Cen (Budding et al. 2010).
In Fig. 1 we plot the frequencies of the difference in relative
radii r; — r, (i.e. stellar mean radius divided by the separation of
Corresponding author: Volkan Bakig; Email: volkanbakis@akdeniz.edu.tr. the mass centres) from Maceroni & van 't Veer (1996)’5 Catalogue
Cite this article: Bakis V, Budding E, Erde@ A, Love T, Blackford MG, Wu Z, Talng of well-studied contact binaries. Here we set 7 to correspond to
A, Rhodes M and Banks TS. (2024) Comparative study of the W UMa type binaries . . L.
the hotter component: the one eclipsed at primary minimum, so

S Ant and € CrA. Publications of the Astronomical Society of Australia 41, €083, 1-21. 3 o
https://doi.org/10.1017/pasa.2024.92 A-type systems are on the right of the origin and W-types on

The close eclipsing binary stars S Ant and & CrA are examples of
the relatively plentiful ‘contact’ (sometimes overcontact) systems
associated with the smoothly varying EW, or W UMa, class of
light curve (LC). Within this grouping, S Ant and ¢ CrA are of
Binnendijk’s (1966) ‘A’ type, or class, characterised by the primary
minimum resulting from the eclipse of the bigger, more massive,
and higher mean surface temperature component. This is dis-
tinguished from the more frequently found ‘W’ type, where the
primary minimum is caused by the eclipse of the smaller, hotter,
star (Binnendijk 1966).

¢ Coronae Australis is the brightest known example of the W
UMa stars. Eker et al. (2009) gave the mass ratio () of & CrA as
0.128, which is very similar to that found by Goecking & Duerbeck
(1993). The mass ratio was recently confirmed in the detailed spec-
troscopic analysis of Rucinski (2020). This low secondary mass
at once points to peculiarity given that the component luminosi-
ties are not greatly different from each other. The mass ratio for
the comparable system S Ant is also fairly low at g = 0.33 £ 0.02
(Duerbeck & Rucinski 2007). S Ant is similarly a bright A class
system, also well to the south in declination. The availability of
good signal-to-noise ratios in a high spectral resolution context,
along with indications that both binaries are engaged in a mass
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Figure 1. Distribution of differences in the relative radii of 78 well-studied EW-type
binaries from the catalogue of Maceroni & van ’t Veer (1996). r, is the radius of the hot-
ter star, as a fraction of the separation of the two mass centres. The A-type systems are
to the right and the W types are to the left of the central axis.

the left. This difference is also a measure of the difference in the
mass ratio q (usually given in the sense massymalier/mMassgreater) from
unity, as, for contact binaries, the relative radii are fixed by g¢.*

It should be noted that here we are using the ‘photometric’
identification of r; as the relative radius of the star of greater sur-
face brightness: the star eclipsed at the primary minimum, as in the
catalogue of Maceroni & van ’t Veer (1996). In spectroscopic con-
texts the ’primary’ normally refers to the more massive star, These
spectroscopic and photometric primary stars are not necessarily
the same object. For contact binaries there is the added constraint
that the larger star is the more massive one, so if it is also the hot-
ter one we must be dealing with an A-type system, having r; > r,.
If the hotter star is smaller, ; < r, corresponding to the W type.
Binnendijk (1966) followed the spectroscopic convention with
applying to the more massive star, and so g < 1. Binnendijk (1966)
also had (in his notation) L; > L,, as an empirical finding. That
would be certainly true for the A type systems. For W type sys-
tems, since T; and T, are usually quite similar, if r; is significantly
bigger then r, then L; > L, would be likely also for the W-types,
but this is not rigorously established in general.

The distribution in Fig. 1 shows the existence of the two distinct
clumps of W and A types, with a general prevalence of g-values
not too far from unity.” It suggests some basic differences in the
mechanisms leading up to the W and A types rather than a single
continuum of formation see Fig. 1.

Extreme mass ratios disappear from the population relatively
quickly, and none are found below a certain limiting mass ratio.
This point, although possibly influenced by selection effects, was
noted by van t’ Veer (1994), and discussed by Rasio (1995) and Li
& Zhang (2006), who showed that contact binary models would
be subject to dynamical instability if the mass ratio (lesser/greater)

*In fact, r,/r, & ¢°*¢ (Kuiper 1941), while r; 4+ r, ~ 0.75 (Kopal 1959).

The non-parametric Wilcoxon test supports that the two groupings shown in Fig. 1
are statistically different at greater than 99% confidence. Before conducting a Welch two-
sample t-test (which assumes that the tested populations have normal distributions), we
conducted Shapiro-Wilk normality tests of the A and W subpopulations. Both these tests
were significant at greater than 99% confidence, as was the final t-test. We therefore
conclude that the two distributions are indeed distinctly separated on the chosen variable.
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was less than about 0.09. This is slightly greater than the value
0.075 cited by Rucinski (1972) for AW UMa. The predicted result
of the mass ratio falling below the limit is a merger of the compo-
nents into one rapidly rotating object, V1309 Sco being an example
(Tylenda et al. 2011). If we use the fact that r; 4+ r, &~ 0.75 (Kopal
1959), then the drop-off in the distribution at |r; — r,| ~ 0.3 sup-
ports a swift decline in the number of contact binaries when g
drops below about 0.15. Keeping in mind observational uncertain-
ties, the absence of systems for which |r; — r,| > 0.5 confirms the
absence of systems in this sample for which g is less than at least
0.05, although this was recently challenged by Li et al. (2023).

In another development, Stepien (2009) considered a mass
transfer, as generally recognised in the Algol-type binaries. Such
a model posits the present secondary in W UMa systems to be at a
more advanced evolutionary stage than the primary. The initially
Main-Sequence-like primary expands beyond its critical surface so
as to generate a mass-transferring stream. Coriolis forces deflect
the stream from the line of centres of the two stars as well as pre-
venting matter from the primary attaining a high latitude on the
secondary star. The movement of mass is confined to a central
zone about the equator. In this scheme, the stream, with its asso-
ciated thermal energy, circulates around the secondary and may
then return to the primary. The model predicts that spectroscopic
observations should be able to detect this flow. Observations
consistent with such motions were reported by Rucinski in two
cases: AW UMa (Rucinski 2015) and ¢ CrA (Rucinski 2020).
Substantiation of this picture forms a clear motivation for the
present study.

Short literature reviews of the two binary systems S Ant and
¢ CrA follow. Given the importance of the mass ratio to the
parametrization of contact binaries, the introduction is followed
by the spectrometric section that determines the mass ratio from
the radial velocity (RV) data. We present and analyse new pho-
tometry in Section 3. Indications of trends of period variation for
both binaries follow in Section 4. Absolute parameters are given in
Section 5, and we discuss relevant issues in the final section.

1.1 SAntliae

S Ant (= HD 62810; HIP 46810, HR 3798) is a mag V ~ 6.5, B -
V A~ 0.32; L = 258.5, B ~ +16.6 (SIMBAD, Wenger et al. 2000)
F3V dwarf eclipsing binary with a short period (P~ 0.6483~d).
The period appears to be slowly increasing (Kreiner, Kim, & Nha
2001), suggesting a long-term widening out of the two stars, to
preserve angular momentum, with mass transfer from the sec-
ondary in a ‘semi-detached’ state. In saying that, it is noteworthy
that various physical factors affect the stellar interaction processes,
including magnetic braking, short-term flow instabilities or dis-
sipative effects. Without additional evidence, the interpretation
of apparent period variation over a relatively short time interval
remains speculative.

S Ant has been the subject of various studies since its discovery
(Paul 1891), though the star has been considered a ‘difficult’
object (Joy 1926; Popper 1956) and received relatively limited
spectroscopic attention hitherto. Joy (1926) observed S Ant
between 1917 and 1921 from Mount Wilson and confirmed its
identification as an eclipsing binary. A further 26 spectra were
obtained from Mount Wilson in 1954, but researchers struggled
to identify features other than the hydrogen Balmer lines of the
primary, due to the high degree of rotational broadening and
blending (Popper 1956).
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Duerbeck & Rucinski (2007) produced RV amplitudes for S Ant
of K; =778, K, =234.1, and V,, =26.2 km s™', with error esti-
mates of about 3 km s™, on the basis of a small number of reliable
data-points (6 for the primary and 4 for the secondary) that were
gathered in 1996 with the ESO 1.52m telescope at La Silla. This
is significantly different from the solution of Popper (1956), who
claimed K; =92.3 and V, = —1.2 km/s, with uncertainty esti-
mates of about 1 km s~!. Duerbeck & Rucinski (2007) referred
to the previous photometric analysis of Russo et al. (1982), who
found inconsistencies with the results of their LC modelling using
the WD code of Wilson & Devinney (1971). Influenced by Popper’s
spectroscopic results, Russo et al. reported a photometric mass-
ratio of 0.59 £ 0.02, though this is significantly at odds with the
mass ratio given by Duerbeck & Rucinski (g = 0.33 £ 0.02). The
latter mentioned a ‘notorious unreliability’ of contact binary mass
ratios estimated from photometry alone. Duerbeck &Rucinski pre-
ferred the later spectral type of F3V assigned by Houk (1982),
rather than the A8 classification of Joy (1926), recalled by Abt
(2005). The use of their broadening function technique to deter-
mine more reliable RV values is noteworthy (see the papers of
Rucinski 2015, 2020 dealing with AW UMa and ¢ CrA).

One aim of our present work is to report spectroscopic data
of suitable quality that will improve the parametrization of both S
Ant and ¢ CrA. To this end, these data are combined with high-
precision photometry from the TESS satellite (Ricker et al. 2015),
as well as supporting ground-based BVI photometry.

1.2 e Corona Australis

¢ CrA (= HD 175813; HR 7152; mag V = 4.8, B-V = 0.36, P ~
0.591 d) is a bright F4V type star, at a distance of about 31 pc.
The binary is reported to have a relatively high systemic veloc-
ity of close to 58 km s~! (SIMBAD, Wenger et al., 2000). It has
received rather less published attention than S Ant, although shar-
ing similar A-class contact binary system properties. Cousins &
Cox (1950) observed its eclipsing binary nature and later produced
areport (Cousins 1964). The LCs of Knipe (1967) and Tapia (1969)
were modelled by Twigg (1979) and Wilson & Raichur (2011),
both finding an orbital inclination of ~73 degrees. These papers
adopted Lucy (1967)’s prescription for convective-model gravity
darkening coefficients, playing down the ~6 500 K surface tem-
perature indications. Twigg (1979) estimated the mass ratio as
0.114 +0.003 and Wilson & Raichur (2011) as 0.1244 + 0.0014.
Tapia & Whelan (1975) had earlier undertaken a radial velocity
analysis on the basis of over 70 spectrograms obtained in good
weather conditions at Cerro Tololo in 1972. Goecking & Duerbeck
(1993) who gave an essentially similar mass ratio at 0.128 & 0.014,
used 55 Coude spectrograms taken with the 1.5-m telescope at La
Silla Observatory, Chile.

Rucinski (2020) presented a detailed analysis of the system, in
which he argued that the Stepien (1995) model offers an improved
explanation of the spectroscopic results. Rucinski’s high-quality
data on ¢ CrA were obtained using the CHIRON spectrograph
on the CTIO/SMARTS 1.5-m telescope over 8 nights in July 2018,
during somewhat variable weather conditions. Some 361 expo-
sures were made with the high resolution of ~80 000. The spectral
window was arranged to be from 506.05 to 529.20 nm, so centred
on the Mg I b triplet. Rucinski commented on apparent discrep-
ancies with conventional contact binary models, noting a rapid,
non-synchronised rotation of the primary component, apparently
unaffected by the secondary. That component appears surrounded
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by a complex gas flow that contravenes the equilibrium require-
ments of Roche surfaces.

2 Spectroscopy

2.1 SAnt

Spectroscopic data on S Ant were gathered over 5 nights dur-
ing the period January 21-26 2021 with the High Efficiency
and Resolution Canterbury University Large Echelle Spectrograph
(HERCULES) of the Department of Physics and Astronomy,
University of Canterbury Hearnshaw et al. 2002). This was
attached to the Im McLellan telescope at the Mt John Observatory
(UCMJO). Images were collected with a 4 kx4 k Spectral
Instruments (SITe) camera (Skuljan 2004). The 100 pm fibre,
which is suited to typical seeing conditions at Mt John, enables
a theoretical resolution of ~40 000. Exposure times were usually
~900 s for this 6th mag star. Raw observations were reduced with
the latest version of the software HRSP (Skuljan 2021), that pro-
duces wavelength calibrated and normalised output conveniently
in ‘FITS® formatted files. Each recording covers the wavelength
range 4 520-6 810 A. The log of observations is given in Table
Bl and a descriptive summary of the observed spectra, giving
line identifications and suitability for measurement, is presented
as Table B3 (which is placed into the appendix so as not to dis-
rupt the paper flow). Many metallic absorption lines are present
in these spectra, though they are considerably widened by rota-
tional effects and often blended. While the primary star’s lines are
readily located it is often difficult to identify clearly those of the
secondary that have low signal-to-noise ratios and may be rela-
tively more affected by material motions in the source medium
(Rucinski 2020).

We checked the spectral type designation using our measure-
ments of the Hy equivalent width. The value was 4.9 A - which
would place the spectral class a little cooler than F3V, according to
Jaschek & Jaschek (1987), but within one type-unit. Measurement
of the B-V colour (Section 3.1) agrees with this spectral type, after
a small correction for interstellar reddening.

For two of the observations close to orbital phase 0.5
(w9236044s, w9240025s, see Table B1), the secondary component
was totally eclipsed, allowing us to treat those spectral images as
the primary component only. They could thus be directly mod-
elled with synthetic spectra calculated directly with appropriate
model atmosphere parameters. Fixing the surface gravitational
acceleration of the primary component at log g =3.98 (cgs), and
using mass, radius, and composition estimates anticipated for the
primary component, synthetic spectra from Kurucz model atmo-
spheres could be constructed for a grid of effective temperature
and projected rotation values to compare with the observations.
Preliminary findings imply a temperature of the primary com-
ponent of 7 100 K and its projected equatorial surface rotational
velocity of 150 km/s. The temperature of the primary component
is in good agreement with its B-V colour (Section 3.1) and its Hg
equivalent width obtained above. The models are plotted on the
observations in Fig. B1.

Sixteen spectra around the elongation phases of S Ant, from
observations collected in clear weather, have been selected for RV

“See https://fits.gsfc.nasa.gov/standard40/fits_standard40aa-le.pdf for further details on
this file format.
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Table 1. Radial velocity measurements of the components of S Ant from KoREL
applied to UCMJO data. The valuesin the O — C columns represent the deviations
of the individual measurements from the fitted RV curves. Orbital phases were
calculated using the quadratic ephemeris given in Table 8.

Time RV, (0-C); RV, (0-C);
(HJD-2450000) Phase (kms™1) (kms™1) (kms™1) (kms™1)
59236.0228 0.3681 —29.8 —-0.3 195.8 —14.3
59236.0367 0.3896 —22.3 1.5 172.7 —19.6
59236.1018 0.4899 21.5 1.6 38.5 —21.8
59236.1152 0.5106 31.7 1.6 7.9 16.5
59238.1458 0.6425 84.5 2.4 —158.9 8.4
59238.9358 0.8611 82.4 —6.4 —152.3 —2.5
59240.0042 0.5090 30.4 1.1 10.2 13.6
59240.1173 0.6833 94.3 5.9 —189.5 2.5
59240.1264 0.6975 96.7 6.9 —196.8 0.8
59240.9783 0.0113 19.2 10.0 43.8 2.8
59241.0664 0.1473 —35.5 2.2 213.5 7.2
59241.0976 0.1954 —46.0 —5.4 246.3 7.8
59241.1142 0.2210 —49.0 -8.1 255.6 6.6
59241.1285 0.2431 —50.1 —-9.3 258.9 5.0
59241.1427 0.2650 —49.7 —-9.4 257.8 2.7
59241.1575 0.2877 —47.8 —8.5 251.9 —0.3

analysis. The highly broadened lines did not completely separate,
even at the greatest observed elongation.

As a check on procedure, the data of Duerbeck & Rucinski
(2007) were analysed using the ELISA (Cokina, Fedurco, &
Parimucha 2021) package for parametrisation, and a Markov
Chain Monte Carlo (MCMC) technique for the curve-fitting pro-
cess. ELISA includes both LC and RV analytical components. The
ELISA search for an optimal parameter set depends on Markov
Chain sampling of parameter hyperspace, while the probability
estimation invokes an essentially random, ‘Monte Carlo’, distri-
bution of observational errors.

With preliminary orbital parameters obtained by ELISA, we
applied the spectral disentangling technique KOREL (Hadrava
1995) to the observed spectra of S Ant. Spectra during eclipses
were excluded, except for one mid-eclipse spectrum, where the
Rossiter-McLoughlin effect (Rossiter 1924; McLaughlin 1924)
vanishes. The mean relative light contributions of the compo-
nents were taken from the results of our initial LC analysis (next
Section). A total of 8 spectral orders (93, 97-103) were processed
with KOREL. The derived RV's from each order have been averaged
to produce the final set. The final RVs are presented in Table 1
and displayed in Fig. 2. In Table 2 we present orbital parameters
from the spectral disentangling procedure, where symbols have
their usual meanings. Uncertainty estimates are produced as part
of the output of the fitting program.

In Fig. 3, we display reconstructed mean spectra of the strong,
measurable features in the A552-559 nm region of the compo-
nent stars of S Ant, together with residuals from the KOREL fits.
It appears from the residual plots, that there is no significant addi-
tional component in these spectra. As well, profile fitting using the
program PROF (see, e.g. Oldh et al. 1992) enabled us to determine
Doppler shifts of the relatively well-defined A4824.13 Cr II line
to be determined in a consistent way. In Table 2 we also present

https://doi.org/10.1017/pasa.2024.92 Published online by Cambridge University Press

V. Bakis et al.

300 T T T T T T T

200

100

Radial Velocity (km/s)
&
o
IS o

N
=1
<]

-300

I~
=]

N
o
1

Residuals (km/s)
~
o o
LT
L
o)

5
o

0 01 02 03 04 05 06 07 08 09 1
Orbital Phase

Figure 2. Radial velocity curves of S Ant from KoRrEL applied to UCMJO data. Residuals
to the RV model were plotted in the bottom figure. RVs of the primary and the sec-
ondary components are marked as filled and hollow symbols, respectively. Orbital
phases were calculated using the quadratic ephemeris given in Table 8.

Table 2. S Ant: Fitting parameters for RV data from UCMJO. V,, value of KOREL
solution has been adopted from individual RV measurements.

Parameter PROF value KOREL value

P (days) 0.64834368 (fixed) 0.64834935 (fixed)
To (HJD-2,450,000) 35139.9553 (0.0004) 58518.7088 (0.0001)
Ky (kms™1) 80 (10) 75 (1)

Ko (kms™1) 240 (5) 234 (1)

V, (kms™1) 18.7(5.1) 25.3(0.1)

Agy (deg) 5.1(1.2) _

asini 0.0184 (0.001) AU 3.96 (0.01) Rg
(My + My) sind i (Mg) 2.0 (0.02) 1.99 (0.01)

orbital parameters from the RV data obtained with the program
PROF.

The parameters listed in Table 2, apart from K; that derives
from direct measurements, depend on constraints imposed by
the physical circumstances. Thus, the mass function f (neglecting
the eccentricity term and with the constant C=1.03615 x 1077)
yields:

M, g®sin® i
=CPK3="X " 1
/ Yo (1492 M
This can be re-written as:
Mo\
K, =sini (é) (149723, )

where the right side becomes slowly varying for low g, with M,
constrained by the spectral type. The result is that K, & 235+5
km s7, for plausible values of g in the range 0.25-0.35 and pri-
mary RV amplitudes in the range 65-85 km s™!. Values of K,
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Figure 3 . Disentangled spectra of the S Ant components (top), together with residuals
(bottom). Numbers on the right side of the residual plot refer to the orbital phase.

inferred from direct measurements are compatible with this but
have a much greater probability of error.

2.2 eCrA

The spectrographic data for ¢ CrA were obtained with essentially
similar UCMJO arrangements as reported above for S Ant, except
that the data for ¢ CrA were obtained in August 2006. The log of
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observations is given in Table B2. See Table B4 (in the appendix)
for a discussion of key features in the spectra.

We started the analysis by trial-fitting the radial velocities
(RVs) of Rucinski (2020), adopting Rucinski’s period and applying
again the ELISA program (Cokina, Fedurco, &Parimucha 2021).
We found very similar results to those of Rucinski (2020), i.e. mass
ratio g = 0.1287000%, asin i = 3.54 4 0.04 Ry, and centre of mass
velocity V, = 61.88752 km s~!, giving confidence to the parame-
terisation procedures. The high systemic velocity (Fuchs &Wielen,
1987) suggests a great age to the binary, in keeping with other ideas
about low mass-ratio A-class contact binaries.

As in the case of S Ant, the secondary component of ¢ CrA was
totally eclipsed at phase 0.5. For two of the observations close to
orbital phase 0.5 (W3966049s, w3966050s, see Table B2), we mod-
elled with the observed spectra with synthetic spectra calculated
directly with appropriate model atmosphere parameters. This time
the surface gravitational acceleration of the primary component
was fixed at log g=4.05 (cgs), and using mass, radius and compo-
sition estimates anticipated for the primary component, synthetic
spectra from Kurucz model atmospheres could be constructed for
a grid of effective temperature and projected rotation values to
compare with the observations. Preliminary findings are of rather
low Tefr and high Vsini values and we defer further discussion of
this work in the present paper. Concerning high projected equato-
rial rotation velocities, however, this may align with the discussion
of Rucinski (2020) on the complex velocity field in & CrA associ-
ated with the effects of mass transfer. The synthetic spectra plotted
over the observed spectra are shown in Fig. B2.

Preliminary mean relative light contributions of the compo-
nents are essential for the proper decomposition of the component
spectra from the composites in the source data (Hadrava 1995,
1997). The LC and RV analysis is thus, in principle, an iterative
procedure, although this would seldom involve more than one
parametrisation cycle.

The KOREL program, used in our study, applies Fourier
transforms for spectral decomposition. Spectra obtained dur-
ing eclipses (except the totalities) were not used for this, as
complications, such as the Rossiter-McLaughlin effect (Rossiter
1924; McLaughlin 1924), come into play. The KOREL code does
not address such contingencies. Our RV measurements of the
components of ¢ CrA from KOREL are presented in Table 3 and
displayed in Fig. 4.

In this way, KOREL led to the spectroscopic orbital parame-
ters given in Table 4, where symbols have their usual meanings
and the uncertainties of parameters are calculated using a sim-
plex procedure. Our velocity semi-amplitudes for the components
turned out to be a few km/s higher than those listed in Rucinski
(2020), the mass ratio retaining a similar value (g =0.133, see
Table 4). Reconstructed primary and secondary spectra from order
103 (AA ~5 000-5 550 A) are shown in the top panel of Fig. 5,
where the lower panel shows the O-C residuals of the spectrum
fittings. Order 103 shows relatively strong Th I and Fe I features at
A5528 and 15535, respectively.

3. Photometry

3.1 SAntphotometry

BVI LCs of S Ant were collected by MB at the Congarinni
Observatory (NSW 2447) using an 80 mm f6 refractor, stopped
down to 50 mm to avoid saturation effects, and an Atik One
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Table 3. Radial velocity measurements of the components of ¢ CrA from KoREL
applied to UCMJO data. The valuesin the O — C columns represent the deviations
of the individual measurements from the fitted RV curves. Orbital phases were
calculated using the linear ephemeris given in Table 3.

Time RV, (0-C); RV, (0-C);
(HJD-2450000) Phase (kms™1) (kms™1) (kms™1) (kms™1)
53966.9845 0.4993 59.5 2.3 62.6 —11.3
53968.0083 0.2303 234 —4.6 331.1 2.6
53968.0156 0.2426 23.2 —4.8 333.0 1.7
53968.0611 0.3195 26.6 —1.6 307.5 —5.6
53968.0686 0.3322 27.9 —0.8 297.5 —7.0
53970.0325 0.6527 89.4 2.1 —164.6 —4.7
53970.0937 0.7561 95.9 5.4 —213.9 0.1
53970.0990 0.7651 95.8 5.3 —212.9 0.9
53970.9646 0.2286 23.5 —4.6 330.8 2.7
53970.9888 0.2695 234 —4.4 331.2 —0.6
53970.9935 0.2775 23.7 —4.1 329.2 —-1.3
53971.0383 0.3532 30.6 0.4 277.6 —9.4
3972.1021 0.1518 29.9 0.4 282.9 7.1
53972.1060 0.1584 29.0 —0.2 289.3 6.8
53972.1294 0.1980 25.1 —-3.1 318.8 4.6
53972.1333 0.2046 24.6 —3.5 322.2 4.3
53972.1368 0.2105 24.3 —-3.9 324.9 3.9
53972.1411 0.2178 23.9 —4.2 327.7 3.4
53975.8757 0.5320 66.9 2.0 4.6 —12.3
53975.9477 0.6538 89.5 2.1 —165.7 —4.7
53975.9816 0.7111 94.9 4.4 —206.1 —-3.0
53976.0075 0.7549 95.9 5.4 —214.0 0.0
53976.0253 0.7850 95.1 4.7 —207.5 2.7
53976.0511 0.8286 91.6 1.5 —181.3 7.1
53976.0606 0.8447 89.7 0.0 —167.0 8.5

Table 4. Comparison of KOREL orbital parameters with those of Rucinski (2020)
for e CrA.

Parameter This study Rucinski (2020)
P (days) 0.59145447 (fixed)

To (HJD-2450000) 3 966.6892 (0.0696) 8312.0716 (0.0004)
Ky (kms™) 36.4 (0.05) 34.718 (0.084)
Ky (kms™) 273.7 (0.05) 267.13(1.37)

V, (kms™1) 59.6 (0.05) 62.541(0.076)
asin i (Ro) 3.603(0.002) 3.527(0.016)
(M1 + Ms), sin i (M) 1.828 (0.002) 1.685 (0.023)
RMS (km/s) 0.22 -

6.0 CCD camera equipped with Johnson-Cousins photometric
filters. MAXIM DLTM software was used for image calibration
and aperture photometry. An ensemble of 3 comparison stars
was used (TYC 6613 678, TYC 6613 1556, and TYC 6613 130).
The adopted values for the reference were V = 6.725, B-V = 0.200
and V-1=0.139. From this, we determined for S Ant: V =6.295,
B-V =0.326, V-1=0.196; V =6.304, B-V - 0.326, V-1=0.197 at
the first and second maxima respectively. At the secondary occul-
tation minimum, we found: V =6.746, B-V = 0.325, V-1 =0.198.
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Figure 4. Radial velocity curves of ¢ CrA from KoRrEeL applied to UCMJO data. Residuals
to the RV model were plotted in the bottom figure. RVs of the primary and the sec-
ondary components are marked as filled and hollow symbols, respectively. Orbital
phases were calculated using the linear ephemeris given in Table 4.

Table 5. Optimal parameters for the WINFITTER photometric model fits to the
ground-based BVI and TESS Sector 9 data for S Ant. The conservative uncertainty
estimates reflect the spread of numerous curve-fitting results, rather than the
formal errors of particular fits.

Parameter B 4 / TESS Sector 9
My /My 0.35 0.35 0.35 0.34

Ly 0.87 £ 0.09 0.82 4 0.10 0.75+0.01 0.71+0.02
Ly 0.13£0.03 0.18 £ 0.05 0.25+0.01 0.29 £ 0.01
r1 (mean) 0.47 4 0.01 0.50 + 0.02 0.47 £ 0.02 0.494 4+ 0.005
r (mean) 0.27 £ 0.03 0.31+0.05 0.3140.05 0.306 +0.013
i (deg) 7543 7442 7243 7494 0.5
Th (K) 7100 7100 7100 7100

Te (K) 6800 6800 6 800 6800

u 0.60 0.50 0.32 0.29

uz 0.62 0.51 0.33 0.30
x2/v 1.0 1.0 1.0 0.77

Al 0.01 0.01 0.01 0.005

These measures are in keeping with the literature values cited in
Section 1.1, but the colours appear a little more blue than typical
Main Sequence values of type F3 (Eker et al. 2018).

The LCs are presented in Fig. 6, together with the modelling
results shown as smooth curves. We applied the optimal curve
fitting program WINFITTER (WE Rhodes 2023) for the LC mod-
elling. The resulting parameter estimates are collected in Table 5.

LC modelling for close binary stars often refers to the numeri-
cal integration procedure of Wilson & Devinney (1971) (hereafter
referred to as WD), which represents the distorted component
surfaces as equipotentials, according to the classical point-mass
formulation attributed to Roche (1873) recalled in Ch. 3 of Kopal
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Figure 5. Disentangled spectra of the eCrA components (top), together with residuals
(bottom). Numbers on the right side of the O-C plot refer to the orbital phase.

(1959). Both the WD and WF methods converge to the same
approximation for the surface perturbation when the internal
structural constants k; are neglected, implying neglect also of the
effects of tides on tides. The relevant formula, Eqn 1-11 in Ch.1, or
2-6 in Ch. 3 of Kopal (1959), is:

4
ﬂ =q Z 1{)+1(1 + ZkJ)PJ(k) + nrg(l - VZ), (3)

T
0 =2
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where r is the local stellar radius expressed as a fraction of the
orbital separation of the components with mean value ry. The
direction cosine of the angle between the radius vector 7 and
the line of centres is here X, and v is the direction cosine of the
angle between 7 and the rotation axis. The coefficients k; (in WF)
can be taken from suitable stellar models, e.g. Inlek, Budding, &
Demircan (2017). They are set to zero in WD.

The surface perturbations Arr are here serial harmonic func-
tions, that start with terms of order r*. The inclusion of terms
of order r® and higher would imply the gravitational interaction
of tides on tides being taken into account for self-consistency.
Parallelism of WD and WF fitting functions, in which the mutual
interactions of the perturbations are neglected, therefore contin-
ues through to terms of order °, implying three additive tidal
terms. Rotation with constant, synchronised, angular velocity, as
usually assumed, and required in the Roche approximation, calls
for only one source term.

We can see from Table 5, and the contact criterion r| +r, ~
0.75 (Kopal 1959; Table 3.3), that the components of S Ant cannot
be far from the idealised configuration of Roche lobes osculating at
the L; point. The mean radii approximate to values corresponding
to the mass ratio g ~ 0.3 (see Table 3-1 of Kopal 1959). This prior
value for g tallies with a consensus of previous literature estimates
and our own spectroscopic RV discussed in Section 2.1. The WF
posteriors are thus consistent with a near-Roche configuration.

We see directly from Fig. 6 and Table 5 that all four LCs show
roughly the same ratio for the depths of the two minima (~0.8).
The lack of variation in relative depths with colour implies the
two stars must have close photospheric temperatures. The LCs,
by indicating a flatter central region of the secondary eclipse,
point to S Ant being of the ‘A-type’ Binnendijk (1970), where
the larger, slightly brighter, star eclipses its companion at the sec-
ondary minimum. In keeping with this lack of colour variation,
the ratio of L, /L, is ~4 in the BVI wavebands. This result aligns
with a coarse estimate for a ratio of radii ~0.6, in fair accord
with the mass ratio, according to Kuiper (1941)’s approxima-
tion ry/r; ~ q°*. In turn, this points to similar effective surface
temperatures.

This preliminary assessment thus raises the classical ques-
tion for contact binaries (Kuiper 1941): why should two stars
of such differing masses show closely similar surface tempera-
tures? Note that this point applies to the EW systems as a whole,
and it bespeaks some special conditions that apply to the group
generally.

3.2 SAnt: O’Connell effect

The asymmetry in the LCs in Fig. 6 — in this case, the first max-
imum being higher than the second - is easily seen. The TESS
LCs (Sector 9) confirm the ground-based data on this point. This
is an example of the well-known O’Connell effect (Roberts 1906;
O’Connell 1951; Milone 1968). In what follows, we interpret this
in terms of a locally heated region on the primary photosphere.
This idea can be reconciled with other evidence. Before following
up on this, however, we should note that LC asymmetry is hardly
present in classical photometric models. An initial LC fitting using
a standard model can thus be expected to yield only approximate
parameters. These may be improved in an iterative procedure if
our interpretation of the spot’s effects is adequate.

Fig. 7 shows the fitting of a ‘hot spot’ to the residuals from
the standard model match, using the FITSPOT application of the
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Figure 6. Ground-based BVI and TESS photometry of S Ant with the optimal model from WINFITTER fitting. Residuals to the model are plotted in the lower figure.

WINFITTER suite. FITSPOT requires the specification of a circu-
lar spot’s longitude 1, latitude §, angular size y, inclination of the
spin axis 7, flux calibration unit U, the spot-bearing star’s lumi-
nosity as a fraction of that of the whole system L;, spot central
relative flux, k and the limb-darkening coefficient ;. The appear-
ance of Fig. 7 - i.e. the data scatter and simple form of the fitting
function - indicate the information content, or number of inde-
pendently specifiable parameters, to be low. But we can reasonably
adopt 8 =0, y =0.175 (~10 deg), i=1.29 (74 deg), L, =0.85,
u; = 0.5. The remaining 3 parameters (U, A, k) were adjusted so
as to minimise 2.

The flux excess of about 1.3 in the hot spot, in terms of the
Planck function, corresponds to a temperature excess of about 500
Kat 7000 K. In the IR, at a wavelength of about 1 000 nm, this ratio
drops to about 1.17. We may therefore accept, referring to Table 6,
that the O’Connell effect in these LCs of S Ant can be accounted
for by a region of about 1.5% of the primary’s photospheric
area heated to a temperature excess over the surrounding photo-
sphere of several hundred kelvins. The implied energy release is
~10% ergs™!.

This heating effect may be associated with the impact of a mass
transferring stream, consistent with the general scenario of Roche
Lobe overflow including the Coriolis deflection (Lubow & Shu
1975), its role in the semi-detached phase of the thermal relaxation
oscillator (TRO) model (Lucy 1976), or the Algol-like version of
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Figure 7. Hot spot model for O’Connell effectin S Ant LC.

Table 6. Optimal hot spot parameters for matching the O’Connell effect on S Ant.

B+V TESS
Parameter (mean) i Sector 9
A (deg) 72 82 85.5
K 1.29 1.28 1.10
V) 0.997 0.998 0.998
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this condition (Stepien 2009). In order to substantiate this picture,
let us write the continuity of energy flow in the form

1.
Lypor & 5Mvz. (4)

In the following section, we will derive a value for M for
the mass-losing star of at least ~10'® gm s~!. The impacting
kinetic term v?/2, per unit mass, in Equation (4) comes from
the drop in potential energy in moving from the region of the
inner Lagrangian point to the impact location. This can be writ-
ten, approximately, as ~ A (GM, /r), where M, is the mass of the
present primary, and r is the radial separation from the primary
centre of mass, relating to the stream’s origin and impact positions.
Equation (4) will balance the luminosity of the spot with the dis-
sipation of the stream’s kinetic energy in the impact region with a
value of the infall distance Ar of not more than ~10 % of the pri-
mary mean radius. In this way, the O’Connell effect is explained
consistently with the apparent secular change of period that will
be discussed in section 4.1.

3.3 & CrA photometry

BVI photometry of ¢ CrA was carried out at the Congarinni
Observatory over 8 nights of reasonably stable weather in July
and August 2021 using a 200 mm 2.8 Canon lens on an SBIG
STT3200 CCD camera. The field of view was 4.38 x 2.95 deg,
which enables the inclusion of a number of bright comparison
stars. For data reduction, we used HIP 93825 (V =4.209,B— V =
0.522, V —1=0.417) as the main comparison star. Thence we
determined for ¢ CrA: V =4.766, B— V =0.387, V — I = 0.260;
V =4.769, B—V —0.376, V — I = 0.290; at the first and second
maxima, respectively. At the occultation minimum, we found:
V =4.966, B— V =0.403, V — I = 0.247. These measures are not
far from the literature values cited in Section 1.2, but the colours
are a little more blue than the Main Sequence values of type F4
given by Eker et al. (2018).

Photometric data from the Transiting Exoplanet Survey
Satellite (TESS) was also used. TESS collected data on ¢ CrA with
a 2-min cadence in Sector 13 (June 20 to July 17, 2019). These data
are publicly accessible (Ricker et al. 2015). We downloaded and
processed relevant information using the LIGHTKURVE Python
package (Lightkurve Collaboration et al. 2018).

Photometric analysis was pursued using the numerical inte-
gration code of Wilson & Devinney (1971) (WD), combined
with a Monte Carlo (MC) optimisation procedure (see Zola et
al. 2004). This method models the LC of an eclipsing binary
star, including proximity effects, adopting Roche equipotentials
(Kopal 1959) for the component surfaces. The most important
feature of the MC search procedure is its exploration of a grid
of trial values for the input parameters (priors). The method
thus finds the model that provides a best fit to the observed
LC by conducting up to hundreds of thousands of iterations,
depending on the number of free parameters, with priors dis-
tributed over the selected input ranges, determined from pre-
liminary expectations of component values and their expected
uncertainties.

The BVI LCs of ¢ CrA show a slight O’Connell effect in
the B band, but the discontinuity in the residuals near the first
maximum disturbs the V LC proportionately more than the B.
The asymmetry is more apparent in the I data, but the dis-
continuities seen in the residuals (Fig. 8, lower panel) indicate
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Table 7. Optimal parameters for the WD+MC photometric model fits to the
ground-based BVI and TESS Sector 13 data for ¢ CrA. According to the WD pro-
cedure for overcontact binaries, such as W UMa stars, these constraints were
applied: the surface potential (€2), gravity brightening (g), bolometric albedo (A)
and limb darkening parameters of components are the same. Here g1 =g, =
0.32 and A; = A; = 0.5 are adopted. A quadratic limb-darkening law was applied
with limb-darkening coefficients (x, y) taken from Claret (2017).

Parameter B v / TESS Sector 13
M /My 0.13 0.13 0.13 0.13

Ly 0.73+0.02 0.8240.02 0.78 +0.02 0.65 £+ 0.01
Ly 0.07+0.01 0.1040.01 0.05 4+ 0.01 0.09 £ 0.01
L3 0.204+0.01 0.08+0.01 0.17+£0.01 0.26 +0.01
r1 (mean) 0.56 0.56 0.56 0.56 &+ 0.02
r; (mean) 0.22 0.22 0.22 0.22 +0.01
i(deg) 74.02 74.02 74.02 74.02 +0.14
Th (K) 6820 6820 6820 6820

Tc (K) 6077 +£157 6217+117 5369+ 143 6291+ 109
X,y 0.233,0.632 0.088,0.689 —0.058,0.691  0.308,0.223
Spot-1 parameters

B (deg) T4+ 4 - 31+4 -

A (deg) 357410 - 333+12 -

y (deg) 19+2 - 1842 -

K 0.78 +0.05 - 0.55 4 0.02 -
Spot-2 parameters

B (deg) —5+9 - —29+5 -

X (deg) 180 +5 - 171+11 -

y (deg) 16+2 - 25+5 -

K 0.60 4 0.09 - 0.52 4+0.02 -
x2/v 1.04 0.70 0.69 3.61

Al 0.01 0.01 0.01 0.001

Table 8. Parameters derived from O - C analysis of S Ant.

Parameter Parabolic model

To HID 2435139.9275 + 0.0019
Porp (d) 0.64834512 + 0.00000030
c(d) 7.96x 10711 £1.92 x 10712
M (Mg yr™t) 2x1078

that the asymmetries should be regarded cautiously. Note that
there is very little asymmetry between the maxima in the TESS
LCs.

Based on the previously cited literature we adopted the spec-
tral type of ¢ CrA as F2V. Then, using the calibration data of both
Pecaut & Mamajek (2013) and Eker et al. (2018), we adopted the
primary temperature as 6 820 2200 K. The temperature of the sec-
ondary (T,) was adjustable on the range 5 000-7 000 K. The input
range of the orbital inclination was set to 50° < i < 90°, The mass
ratio (gq) was fixed at the value of 0.13 obtained in the RV anal-
ysis in Section 2.2. The non-dimensional surface potentials were
allowed to vary on the range 1.0-3.0.

For the WD+MC program, the input range of 30° < § < —30°
was set for the spot latitude and 0° <A <360° for the longi-
tude. The input range of 10° <y < 50° was set for the angu-
lar radius and 0.80 < x < 1.3 for the temperature factor. Two
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Figure 8. Ground-based BVI and TESS photometry of ¢ CrA with the optimal model from WD+MC (Wilson-Devinney plus Monte Carlo) fitting. Residuals to the model are plotted

in the lower figures.

approaches were used in dealing with the asymmetric LCs. In the
first approach, the separate bands and nights were treated on an
individual basis, but this did not produce a uniform representa-
tion. A second approach adopted the TESS data as definitive, the
asymmetry being very small. Two main spots were assumed to
account for the B and I band asymmetries, while spots were not
used in matching the almost symmetric V LC. In these fittings,
the geometric parameters were kept constant at the values from
the TESS data analysis, while other parameters were adjusted to
optimise the fitting.

Results are presented graphically in Fig. 8. A very small ampli-
tude variation (~0.003 in relative flux) remains in the TESS LC
residuals. Such residual effects notwithstanding, it is the TESS LC
fitting results that are adopted in the absolute parameter calcula-
tions in (Section 5). The uncertainties given in Table 7, that was
subsequently used for calculating the formal error estimates of the
absolute parameters in Table 10, were obtained from the WD+MC
code set with a 90% confidence level.

Reasons for the asymmetry in the LCs include either hot spots
that may relate to mass transfer or cool maculation. The latter

https://doi.org/10.1017/pasa.2024.92 Published online by Cambridge University Press

Table 9. Parameters derived from O - C analysis of ¢ CrA.

Parameter Parabolic model LTE model

To HJD 2439707.6661 =+ 0.0024 2439707.6689 =+ 0.0028
Porp (d) 0.5914312 = 0.0000002 0.5914318 = 0.0000002
C(d) 3.46 x 10710 + 6,67 x 10712 3.21 x 10710 + 8,05 x 10712
ayy sin iz (AU) 2.9440.23

e3 0.74 %+ 0.08

w3 (deg) 51+12

T3 (HJD) 2391635.267 + 0.011
P12 (yr) 57.8340.34

> (0-0)? 0.02328 0.00599

option was pursued for ¢ CrA on an empirical basis, and the results
are presented in Table 7.
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Table 10. Absolute parameters of S Ant and & CrA.

Parameter S Ant e CrA
P (d) 0.64834976 + 0.00000006 0.59145447 + 0.0000003
i (deg) 76.58 + 0.07 74.02 +0.14
a(@) 4.10 +0.05 3.8240.02
my (©) 1.66 £0.10 1.89+£0.16
m; (©) 0.55 £ 0.05 0.25 + 0.04
R1 (®) 2.0940.11 2.14 4+ 0.09
Ry (©®) 1.31+0.06 0.84 £ 0.04
log g1 4.02+0.03 4.05+0.03
log g2 3.94 4 0.02 3.99 +0.03
T K 7100 = 200 6820 + 200
T, K 6859 + 200 6050 + 100
L1 (©) 10.0+£2.2 8.92+1.8
L (©) 34+0.7 0.85+0.14
Mpor1 (mag) 2.26 +0.24 2.38+0.22
Mpor2 (mag) 3.4240.23 4.93+0.20
My 1 (mag) 2.254+0.24 2.394+0.22
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Figure 9. Observed minus calculated (O - C) times of minimum light (ToMs) for S Ant,
and parabolic model fitting. Black points represent primary minima; blue open cir-
cles represent secondary minima. The sizes of the symbols are proportional to their
weights. Residuals are shown in the lower panel.

4, Orbital period

4.1 SAnt

Times of minimum light (ToMs) have been compiled from various
sources, especially the O — C Atlas data of Kreiner, Kim, & Nha
(2001) and Kreiner (2004). Observed ToMs are compared with
calculated ones on the basis of an adopted reference ephemeris
that is linear in the ToM number or epoch E. The corresponding
time differences T are used to form the familiar ‘O - C dia-
gram (Fig. 9). For additional background see Ch. 8 of Budding
& Demircan (2022). The ToMs used in Fig. 8 are listed in Table
Al in the Appendix. O-C data are matched with a trial function
in E to check for systematic departures from the adopted linear
ephemeris. A parabola was fitted to the residuals for S Ant using
EXCEL™. The results are given in Table 8, and displayed in Fig. 9.

https://doi.org/10.1017/pasa.2024.92 Published online by Cambridge University Press

11

It can be shown that a steady transfer of mass between the stars
in a close binary system will produce such a parabolic trend i.e.

T(E)=A+ BE+ CE”. (5)
The corresponding rate of mass transfer takes the form:

. M, C
M, =2433——, 6)

gx)p?
where M, is the mass of the donor star, P the orbital period. The
function g relates to the system’s angular momentum and depends
on the relative mass x = M; /(M; + M,). If we conserve the orbital
angular momentum and neglect the contribution of the relatively

small rotational terms, the function g(x) = (2x — 1)/(1 — x).

The resulting value of M, thus remains negative for an
upturned parabola (C > 0) with x < 1/2 - see Fig. 9, upper panel.
The residuals, after including the parabolic trend, are shown in
the lower panel of Fig. 9, No further matching of residuals was
attempted, and the parabola accounting for systematic effects to
the available accuracy of the data. Following the foregoing pre-
scription, our estimate for the rate of mass loss, in solar masses per
year, is given in Table 8.

4.2 e CrA

The orbital period of ¢ CrA was examined along the same lines as S
Ant. In this study, 4 primary and 4 secondary ToMs were obtained
from the TESS data, while 3 primary and 3 secondary ToMs were
obtained from the previously discussed BVI observations. These
times of minima were combined with 23 primary and 8 secondary
ToMs taken from Kreiner (2004). All ToMs used in our analysis
are given in Table A2 in the Appendix.

The O - C data using the linear ephemeris from Kreiner (2004)
are shown in Fig. 10, which shows a relatively strong parabolic
component. The corresponding form in Equation (5) was fitted to
our data by the least squares method. Results are given in Table 9.
The residuals from this fitting, shown in the lower panel, suggest a
further, low-amplitude systematic effect.

This quasi-sinusoidal change in the O - C diagram is suggestive
of a light-time effect (LTE) associated with a third body. In order
to look into this, the first set of residuals was checked against the
LTE formula given by Irwin (1959):

T(E) = A + BE + CE?

ap, sini 1—¢é2
422 & 3 sin(vs+ws;)+escosws ), (7)
c 1+ e3cosv;

where c is the speed of light, and the other symbols have their usual
meanings, as given by Irwin (1959). A weighted least-squares solu-
tion for Ty, Py, Q, a2, i3, €3, @3, T3 and Py, is presented in Table 9.
The observational points and theoretical best-fit curve, and also
the residuals, are plotted against epoch number and observation
years in the lower part of Fig. 10.

The low value of the projected separation of the close binary
from the centre of mass (a;; sin i) compared with the period and
the known mass of the close binary stars indicate that the wide
orbit axis is relatively close to the line of sight for third body masses
comparable to that of the close pair. With a separation of order an
arcsecond, such a companion star (that has to be more massive
than ~0.4 M) should be detectable astrometrically.

Alternatively, vagaries from the parabolic trend in the upper
part of Fig. 10 may be reflecting short-term changes in the
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Figure 10. LTE representation superimposed on parabolic form of O - C changes of ¢
CrA (upper figure). Only LTE representation of O - C changes after subtraction from the
fitted parabola’s residuals (lower figure).

O’Connell asymmetry, that may have physical implications on
flow or accretion irregularities as well as discrepancies in the tim-
ings of light minima (see lower sub-diagram in Fig. 10). Disparities
in implied mass transfer rates associated with contact binaries are
not uncommon (Qian 2001).

5. Absolute parameters

The classical ‘eclipse method’ of deriving stellar absolute param-
eters involves combining the results of photometric and spec-
troscopic analyses. The results are given in Table 10. In these
calculations, the masses (m) of the components are derived from
Kepler’s third law using the orbital period (P) and inclination (i)
determined from photometry, and the projected orbital separa-
tion (asin i) with the mass ratio (q) found from fitting the RV
curves. The absolute radii (R) of the components then follow, since
R = ra, with the fractional radii (r) and inclination (i) obtained
from the LC fittings. The surface gravities (g) were computed as
g = gom/R%. The bolometric magnitudes (My,;) and luminosities
(L) were calculated using the following two equations with the
absolute radii and effective temperatures listed in Table 10:

Mpor = Moo — 10log (T/Tg) — 5log (R/Rp), (8)
and
L/Ly= 10°4Msor0=Miot) (9)

The solar values, adopted by IAU 2015 Resolutions B2 and B3,
were used here. Absolute visual magnitudes My were derived from
the bolometric corrections, BC = My,; - My. BC values were taken
from the online tabulation of Pecaut & Mamajek (2013) with the
adopted effective temperatures.
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The distance to the system was calculated using the absolute
magnitude formula: My = my -Ay + 5 - 5 log(d). The Gaia par-
allaxes for S Ant and & CrA point to interstellar absorption being
of order 0.03 magnitudes and thus having a negligible effect on the
photometric parallaxes.

The distance to S Ant and & CrA were derived as 7948 and
3143 pc, which match the distance of 79+1 and 31+1 given by
Gaia-DR3 (Gaia Collaboration et al. 2023), respectively. Poro et
al. (2024) recently found that the use of Gaia DR3 parallaxes for
48 contact binary stars was successful in confirming the absolute
parameters required for the corresponding photometric paral-
laxes. The photometric parallax formulae (Popper 1998; Budding
& Demircan 2007) produces distances of 85 +10 and 33 +£5 pc for
S Ant and ¢ CrA, thus supporting the reliability of our absolute
parameter results.

6. Discussion and conclusions

Ongoing discussion of the contact binary syndrome centres on
the comparison of the various strands of observational evidence
with theory - such as the TRO scenario. Relaxation oscillations are
characterised by a repetitive switching between two unstable end
states. The behaviour in between is associated with charging and
discharging phases, over time intervals connected with the Kelvin
time scales of the components.

In these terms, a young contact binary system might be
observed in the discharging phase of the more massive pri-
mary, corresponding to a transfer of envelope material to the
secondary. In the original TRO scenario (Lucy 1976), the sec-
ondary then undergoes an energizing compression from a nor-
mal Main Sequence-like condensation, in order to comply with
the equipotential layered structure of near-contact configura-
tions. Secondary mass ejection with primary charging follows
later, during a period of semi-detached separation from the
common convective envelope. In due course, the secondary dis-
charge subsides and the primary resumes what is effectively an
interrupted Case A evolution process. This account addressed
primarily the incidence of the cooler Binnendijk-type W con-
tact binaries, taken to fall within a certain limited domain of
(J, ¢ M1 )init hyperspace characterising the W UMa type stars.
Insufficient data on the A types allowed Lucy and others to sur-
mise that these had evolved into a quasi-static thermal equilibrium
condition.

In fact, for the bright Binnendijk-class A binaries S Ant and &
CrA, evidence supports a semi-detached state with matter being
now transferred from secondary to primary. Such binaries have a
structural resemblance to low mass, short-period Algols, with the
proviso that the present primary is close to its own surrounding
‘Roche Lobe’. Statistical surveys, such as those of Hilditch, King,
& McFarlane (1988), Maceroni & van 't Veer (1996), Dryomova
& Svechnikov (1999), Eker et al. (2009); have allowed the A sys-
tems to be seen as a continuation of the contact condition to
higher masses and luminosities. At higher mass we can expect
the primary to have a correspondingly higher surface temper-
ature. During the semi-detached stage, the transferred matter
may form an equatorial belt around the primary where frictional
effects detract from the orbital angular momentum (Flannery
1976; Stepien 2004, 2009).

The separation of the components depends on how the angu-
lar momentum is distributed, becoming sensitive to low values
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Figure 11. A succession of (partial, showing the maxima) TESS light curves showing short-term variability of the O’Connell effect.

of the mass ratio. The separation should decrease during dis-
charges of the more massive star, pulling in the secondary and,
if there is angular momentum loss from the orbit, tending ulti-
mately towards merger. But continued mass loss from the original
primary now increases the separation. According to Henneco et
al. (2024), faster, Case B, interaction can take place for mass ratios
comparable to that of S Ant. This suggests that the R CMa group of
low angular momentum Algols (Budding, 1985) may have passed
through a stage of similarity to S Ant at the present time. The
Algol-like, mass-transferring condition of S Ant is substantiated
by its LC asymmetry together with its consistent rate of period
variation. Fig. 11 shows that the O’Connell effect has apprecia-
ble changes over relatively short timescales. Such variations can
be regarded as flow or accretion structure instabilities, consistent
with mass transfer.

The evolutionary path appears less definite with the relatively
low mass ratio and angular momentum system & CrA. While an
Algol-like mass transfer process similar to that of S Ant could still
be inferred, a future episode of primary discharge, with the erst-
while primary now close to the Darwin stability limit, could result
in a merger before the R CMa-like stage is attained.

In summary, this paper presents a detailed analysis of new
high-quality data to yield reliable physical parameters of the
W UMa type binaries S Ant and ¢ CrA. This will help in the
understanding of these complex systems. Our results support the
broadly Algol-like transfer of matter, consistent with the gen-
eral framework of interactive binary evolution and concomitant
effects. However, further questions are raised by this interpreta-
tion, which falls short of a full explanation of the contact binary
syndrome, while still allowing alternative views. We offer this con-
tribution as a pointer to further research on contact binary systems
and related mass flow dynamics.
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Appendix A. Times of Minima

Table Al. Times of eclipses for S Ant. Column ‘type’ indicates if the timing is
for the primary eclipse (‘pri’) or the secondary (‘sec’). Under ‘Filter/Source’ the
code ‘pg’ refers to the timing being based on photographic data, ‘vis’ visual, ‘pe’
photo-electric, ‘BVI’ to BVI photometry, and ‘R’ to Johnson R photometry. ‘TESS’
refers to the TESS satellite observing since 2018 in a special filter (Ricker et al.
2015). ‘KWS’ is the Kamogata/Kiso/Kyoto wide-field survey, observing in BVIc fil-
ters (Maehara 2014). ‘OMC’ are based on five-cm cameras onboard the INTEGRAL
satellite, observingin the Vfilter since 2002 (Mas-Hesse et al. 2003). ‘HIP’ refers to
the HIPPARCOS satellite, observing in a special Hp filter, between 1989 and 1993
(Perryman et al. 1997). ‘ASAS’ is the All Sky Automated Survey, observing since
1997 in the V and I filters (Pojmanski 2002). ‘CCD’ is self-explanatory. The column
‘Reference’ otherwise indicates the source of the data.

HJD-2400000 Error (d) Type Filter/Source Reference
10741.5248 pri pg Hogg & Bowe (1950)
11435.5708 sec vis Luizet (1904)
11460.5335 pri vis Luizet (1904)
11715.9735 pri vis Luizet (1904)
11802.5413 sec vis Luizet (1904)
12188.6185 pri vis Luizet (1904)
12544.5437 pri vis Luizet (1904)
12895.6290 sec vis Yendell (1895)
13247.6630 sec vis Yendell (1895)
13248.6480 pri vis Yendell (1895)
13262.5670 sec vis Yendell (1895)
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Table Al. continued.

HJD-2400000 Error(d) Type  Filter/Source Reference
13271.6770 sec vis Sperra (1898)
13274.5850 pri vis Sperra (1898)
13275.5710 sec vis Sperra (1898)
13286.5780 sec vis Sperra (1898)
14311.5830 sec pg Doberck (1899)
14312.5620 pri pg Doberck (1899)
14314.5140 pri pg Doberck (1899)
14315.4720 sec pg Doberck (1899)
14316.4650 pri pg Doberck (1899)
14317.4340 sec pg Doberck (1899)
14346.5970 sec pg Doberck (1899)
14361.5010 sec pg Doberck (1899)
14363.4510 sec pg Doberck (1899)
14364.4270 pri pg Doberck (1899)
14366.3870 pri pg Doberck (1899)
14735.3016 pri vis Luizet (1904)
15008.8940 pri vis Sperra (1900)
15074.3525 pri vis Luizet (1904)
15815.4314 pri vis Luizet (1904)
16193.4061 pri vis Luizet (1904)
32962.1390 pri pe Popper (1956)
35139.9290 0.0010 pri pe Popper (1956)
40289.4250 sec vis Diethelm & Locher (1969)
40290.3990 pri vis Diethelm & Locher (1969
40314.3860 pri vis Diethelm & Locher (1969)
40589.6160 sec vis Diethelm & Locher (1970a)
40629.4840 pri vis Diethelm & Locher (1970a)
40630.4640 sec vis Diethelm & Locher (1970b)
40655.4000 pri vis Diethelm & Locher (1970b)
40658.3370 sec vis Diethelm & Locher (1970b)
41023.3590 sec vis Diethelm & Locher (1971a)
41070.3540 pri vis Diethelm & Locher (1971b)
41350.4250 pri vis Locher (1972)
41401.3320 sec vis Grough (1972)
41728.4200 pri vis Diethelm (1973a)
41753.3690 sec vis Diethelm (1973a)
41764.3930 sec vis Diethelm (1973a)
41766.3330 sec vis Diethelm (1973a)
41777.3655 sec vis Diethelm (1973b)
41789.3770 pri vis Diethelm (1973b)
42052.5920 pri vis Locher (1974)
42433.4860 sec vis Carnevali et al. (1975)
42445.4960 pri vis Diethelm (1975)
42446.4770 sec vis Diethelm (1975)
42458.4340 pri vis Diethelm (1975)
42838.3870 pri vis Locher (1976)
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Table Al. continued.

Table Al. continued.

V. Bakis et al.

HJD-2400000 Error(d) Type  Filter/Source Reference HJD-2400000 Error (d) Type Filter/Source Reference
46514.4940 pri vis Braune & Hiibscher (1987) 55213.1060 sec vis Nagai (201)
46515.4620 sec vis Braune & Hiibscher (1987) 56629.7362 0.0073 sec KWS-V This study
46516.4200 pri vis Braune & Hiibscher (1987) 56630.0595 0.0068 pri KWS-V This study
48161.9700 0.0046 pri HIP This study 57012.2720 sec vis Nagai (2015)
48162.2956 0.0036 sec HIP This study 57014.2140 sec vis Nagai (2015)
48500.4080 pri HIP This study 57017.1340 pri vis Nagai (2015)
48706.9097 0.0054 sec HIP This study 57019.3989 0.0062 sec KWS-Ic This study
48707.2313 0.0043 pri HIP This study 57019.7220 0.0039 pri KWS-Ic This study
49783.4600 0.0040 pri vis Martignoni (1995) 57040.1530 sec vis Nagai (2016)
49797.4190 0.0050 sec vis Martignoni (1995) 57128.3215 0.0053 sec KWS-V This study
49798.4090 pri vis Diethelm (1996) 57128.6465 0.0047 pri KWS-V This study
49799.3630 sec vis Diethelm (1996) 57378.2630 pri vis Nagai (2016)
49810.3880 sec vis Diethelm (1996) 57391.2390 pri vis Nagai (2017)
52627.7968 pri pe 0-C gatewayd 57392.2000 sec vis Nagai (2017)
52636.2270 pri vis Nagai (2003) 57406.1320 pri vis Nagai (2017)
53027.1850 pri vis Nagai (2005) 57407.1220 sec vis Nagai (2017)
53040.1460 pri vis 0-C gateway 57413.2670 pri vis Nagai (2017)
53071.9194 0.0037 pri ASAS-3 This study 57414.2580 sec vis Nagai (2017)
53072.2443 0.0045 sec ASAS-3 This study 57415.2160 pri vis Nagai (2017)
53458.9845 0.0053 pri ASAS-3 This study 57430.1240 pri vis Nagai (2017)
53459.3066 0.0045 sec ASAS-3 This study 57566.2831 0.0081 pri Gaia DR3 Gaia DR3
53798.0850 pri vis Nagai (2007) 57566.6100 0.0048 sec Gaia DR3 Gaia DR3
53813.9570 0.0040 sec ASAS-3 This study 57743.2806 0.0048 pri KWS-Ic This study
53814.2792 0.0035 pri ASAS-3 This study 57743.6035 0.0041 sec KWS-Ic This study
54073.2970 sec vis Nagai (2007) 57841.5054 0.0058 sec KWS-V This study
54074.2700 pri vis Nagai (2007) 57841.8279 0.0041 pri KWS-vV This study
54076.2300 pri vis Nagai (2007) 58197.1293 0.0017 pri CCb Richards et al. (2019)
54097.2790 sec vis Nagai (2007) 58476.2389 0.0049 sec KWS-Ic This study
54099.2360 sec vis Nagai (2007) 58476.5655 0.0045 pri KWS-Ic This study
54110.2420 sec vis Nagai (2008) 58504.0851 sec CcCcDh Nagai (2020)
54111.2070 pri vis Nagai (2008) 58518.7087 0.0009 pri TESS This study
54114.1400 sec vis Nagai (2008) 58519.0336 0.0008 sec TESS This study
54201.0177 0.0084 sec ASAS-3 This study 58527.1375 0.0007 pri TESS This study
54201.3438 0.0057 pri ASAS-3 This study 58527.4620 0.0001 sec TESS This study
54253.2160 0.0029 pri OMC This study 58540.1046 0.0006 pri TESS This study
54253.5412 0.0040 sec oMC This study 58540.4291 0.0010 sec TESS This study
54428.2760 pri vis Nagai (2008) 58545.2914 0.0007 pri TESS This study
54439.2850 pri vis Nagai (2008) 58545.6159 0.0010 sec TESS This study
54440.2470 sec vis Nagai (2008) 58554.3679 0.0007 pri TESS This study
54468.1510 sec vis Nagai (2009) 58554.6928 0.0009 sec TESS This study
54554.0448 0.0065 pri ASAS-3 This study 58567.3351 0.0006 pri TESS This study
54554.3710 0.0063 sec ASAS-3 This study 58567.6599 0.0010 sec TESS This study
54878.8685 0.0049 pri ASAS-3 This study 58828.6173 0.0053 pri KWS-V This study
54879.1946 0.0057 sec ASAS-3 This study 58828.9412 0.0050 sec KWS-V This study
55173.2460 pri vis Nagai (2010) 59188.7757 0.0044 sec KWS-Ic This study
55185.2150 sec vis Nagai (2010) 59189.0993 0.0052 pri KWS-Ic This study
55187.1670 sec vis Nagai (2010) 59256.5296 0.0006 pri TESS This study
55198.1790 sec vis Nagai (201) 59256.8543 0.0009 sec TESS This study

https://doi.org/10.1017/pasa.2024.92 Published online by Cambridge University Press


https://doi.org/10.1017/pasa.2024.92

Publications of the Astronomical Society of Australia

Table Al. continued.
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HJD-2400000 Error (d) Type Filter/Source Reference HJD-2400000 Error (d) Type Filter/Source Reference

59264.3100 0.0006 pri TESS This study 57720.9066 0.0012 sec Ccb Kreiner (2004)

59264.6346 0.0009 sec TESS This study 57768.5317 0.0005 pri Ccbh Kreiner (2004)

59278.5734 0.0006 pri TESS This study 58633.2284 0.0008 pri Ccbh Kreiner (2004)

59278.8982 0.0010 sec TESS This study 58638.2674 0.0010 sec Ccb Kreiner (2004)

59303.5370 0.0040 sec CCD Paschke (2021) 58656.8869 0.0016 pri TESS This study

59322.9860 0.0022 sec BVI This study 58657.1823 0.0010 sec TESS This study

59325.9020 0.0025 pri BVI This study 58667.2370 0.0011 sec TESS This study

59330.4430 0.0030 pri CCD Paschke (2021) 58667.5323 0.0010 pri TESS This study

59562.5461 0.0044 pri KWS-V This study 58669.8989 0.001 pri TESS This study

59562.8732 0.0053 sec KWS-V This study 58670.1940 0.0011 sec TESS This study

59621.2253 0.0021 sec R This study 58670.4904 0.0010 pri TESS This study

59628.0373 0.0014 pri R This study 58680.5447 0.0009 pri TESS This study

59645.2135 0.0062 sec KWS-Ic This study 58680.8413 0.0013 sec TESS This study

59645.5344 0.0051 pri KWS-Ic This study 58681.4321 0.0012 sec TESS This study

59647.1595 0.0020 sec R This study 58681.7277 0.0011 pri TESS This study

60024.4980 sec CCD Paschke (2023) 59117.0372 0.0029 pri cc Richards et al. (2021)

60038.4380 pri CCD Paschke (2023) 59117.9232 0.0047 sec cc Richards et al. (2021)
59426.9521 0.0016 pri BV This study
59431.0951 0.0016 pri B This study
59437.0062 0.0014 pri | This study

Table A2. Times of eclipses for ¢ CrA. Columns are as for Table Al. 59442.0383 0.0010 sec v This study

HJD-2400000 Error (d) Type Filter/Source Reference 59450.9122 0.0010 sec B This study

33547.3570 pri pe Cousins & Cox (1950) 59458.0037 0.0009 sec v This study

33579.3000 pri pg Cousins & Cox (1950)  59785.0795 0.0046 sec R This study

38279.3678 pri pe Manfroid et al. (1987) ~ 60127.2313 0.0009 pri TESS This study

39707.6619 pri pe Tapia (1969) 60127.5280 0.001 sec TESS This study

45509.6300 pri pe Manfroid et al. (1984) ~ 60139.3571 0.0012 sec TESS This study

46266.6710 pri pe Manfroid et al. (1984) ~ 60139.6517 0.0009 pri TESS This study

46273.7680 pri pe Manfroid et al. (1984) ~ 60153.8469 0.001 pri TESS This study

48385.5087 0.0009 sec cco Kreiner (2004) 60154.1428 0.0016 sec TESS This study

48536.6231 0.0013 pri CCcb Kreiner (2004)

52042.1121 pri Cccb Kreiner (2004)

52092.9768 pri Cccb Kreiner (2004)

52800.6393 0.0004 sec Cccb Kreiner (2004)

52802.1229 0.0002 pri CcCcb Kreiner (2004)

53991.5288 0.0013 pri CcCcb Ogloza et al. (2008)

54675.8413 0.0010 pri CcCcb Kreiner (2004)

56112.4730 pri Cccb Paschke (2019)

57044.8911 0.0011 sec Cccb Kreiner (2004)

57057.0178 0.0006 pri CcCcb Kreiner (2004)

57285.0270 0.0040 sec Cccb Richards et al. (2016)

57527.2160 0.0030 pri Cccb Richards et al. (2017)

57560.0340 0.0040 sec Cccbh Richards et al. (2017)

57568.0230 0.0020 pri Cccb Richards et al. (2017)

57604.1060 0.0030 pri Cccb Richards et al. (2017)

57628.9440 0.0020 pri Cccb Richards et al. (2017)
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Appendix B. Spectroscopy

Table B1. Log of spectroscopic observations for S Ant. S/N refers to 5 500 A.

Image Date Phase Exp. time (s) S/N
w9236030s 21/01/2021 0.370 600 75
w9236032s 21/01/2021 0.391 600 70
w9236034s 21/01/2021 0.412 900 90
w9236036s 21/01/2021 0.429 900 90
w9236038s 21/01/2021 0.449 900 80
w9236040s 21/01/2021 0.471 900 90
w9236042s 21/01/2021 0.491 900 60
w9236044s 21/01/2021 0.512 900 70
w9236046s 21/01/2021 0.531 900 67
w9236048s 21/01/2021 0.551 900 80
w9238025s 23/01/2021 0.546 900 45
w9238027s 23/01/2021 0.565 900 60
w9238029s 23/01/2021 0.583 900 60
w9238031s 23/01/2021 0.605 900 55
w9238033s 23/01/2021 0.623 900 82
w9238035s 23/01/2021 0.644 900 35
w9239016s 24/01/2021 0.863 900 70
w9239018s 24/01/2021 0.884 900 65
w9239020s 24/01/2021 0.906 900 70
w9239022s 24/01/2021 0.943 900 75
w9239024s 24/01/2021 0.965 900 70
w9239026s 24/01/2021 0.988 900 65
w9239029s 24/01/2021 0.110 900 70
w9240019s 25/01/2021 0.425 900 80
w9240021s 25/01/2021 0.468 900 80
w9240023s 25/01/2021 0.488 900 75
w9240025s 25/01/2021 0.510 900 55
w9240027s 25/01/2021 0.530 900 50
w9240030s 25/01/2021 0.588 900 70
w9240032s 25/01/2021 0.606 900 70
w9240034s 25/01/2021 0.627 900 75
w9240036s 25/01/2021 0.646 900 80
w9240038s 25/01/2021 0.665 900 80
w9240040s 25/01/2021 0.685 900 80
w9240042s 25/01/2021 0.699 900 50
w9241016s 26/01/2021 0.964 900 65
w9241018s 26/01/2021 0.983 900 50
w9241020s 26/01/2021 0.013 1800 75
w9241022s 26/01/2021 0.039 900 75
w9241024s 26/01/2021 0.059 900 70
w9241026s 26/01/2021 0.077 900 65
w9241028s 26/01/2021 0.101 900 65
w9241030s 26/01/2021 0.124 900 70
w9241032s 26/01/2021 0.149 1200 85
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Image Date Phase Exp. time (s) S/N
w9241036s 26/01/2021 0.197 900 75
w9241038s 26/01/2021 0.222 900 70
w9241040s 26/01/2021 0.245 900 70
w9241042s 26/01/2021 0.266 900 80
w9241044s 26/01/2021 0.289 900 80
Table B2. Log of spectroscopic observations for ¢ CrA. S/N refers to 5500 A.

Image Date Phase Exp. time (s) S/N
w3966049s 19/8/2006 0.489 416 130
w3966050s 19/8/2006 0.498 409 110
w3967003s 19/8/2006 0.542 329 98
w3968002s 20/8/2006 0.229 652 138
w3968003s 20/8/2006 0.242 489 136
w3968009s 20/8/2006 0.319 527 131
w3968010s 20/8/2006 0.331 625 143
w3968016s 20/8/2006 0.404 901 140
w3968018s 20/8/2006 0.424 749 131
w3970005s 22/8/2006 0.652 435 112
w3970006s 22/8/2006 0.662 392 100
w3970012s 22/8/2006 0.729 1200 76
w3970013s 22/8/2006 0.755 399 97
w3970014s 22/8/2006 0.764 412 98
w3970067s 23/8/2006 0.108 221 128
w3970068s 23/8/2006 0.113 196 124
w3970088s 23/8/2006 0.228 239 131
w3970094s 23/8/2006 0.269 283 151
w3970095s 23/8/2006 0.277 379 154
w3971010s 23/8/2006 0.352 208 147
w3972022s 24/8/2006 0.151 304 128
w3972023s 24/8/2006 0.158 272 129
w3972029s 24/8/2006 0.197 301 126
w3972030s 24/8/2006 0.204 277 150
w3972031s 24/8/2006 0.210 210 132
w3972033s 24/8/2006 0.217 259 134
w3975018s 28/8/2006 0.531 900 126
w3975020s 28/8/2006 0.653 288 98
w3975026s 28/8/2006 0.710 361 89
w3976002s 28/8/2006 0.754 253 85
w3976008s 28/8/2006 0.784 261 67
w3976014s 28/8/2006 0.828 576 84
w3976016s 28/8/2006 0.844 751 86
w3976017s 28/8/2006 0.860 311 96
w3976019s 28/8/2006 0.871 351 110
w3976020s 28/8/2006 0.884 337 84
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Table B3. Line absorptions seen on the S Ant (UCMJO) spectra at elongation.
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Table B4. Some features seen on & CrA spectrum taken at UCMJO.

Spectral Comment Spectral Comment
Order Order
85 No strong feature 85 Relatively strong Fe | (6 678 A) line
86 Blue wing of Ha + telluric intrusions visible 86 Blue part of the Ha line wing
87 Most of order taken up with Ha 87 Part of the broad Ha line
88 Fe 16 456 doublet + telluric intrusions 88 Some relatively weak metallic lines accompanying to strong Fe | (6
89 Si 1 (6 671.36 A) tentatively identified for primary 495 A) line
90 Fe1(6436.334A) p + telluric lines 89 Relatively strong Th 1 (6 646 A) line atthg b.lue edge of the order and
. some weak metallic lines
91 A wide blend measured at 6 249.0A (vacuum) . . X Lo
. 90 Some relatively strong metallic lines with telluric lines
92 Very broad feature measured at 6 139.9 A, attributed to Fe | . . .
) ) 91 Four moderate-strength metallic lines in the middle of the order
93 VI6111.6AandFel6113.4Ain broad blend. X Lo
92 Relatively weak metallic lines
94 No visible lines . I . .
93 Relatively strong Fe | (6 103 A) line with weak lines
95 Telluric lines only .
. 94 Weak metallic lines
96 Relatively strong Na | (5890 & 5 896 A) doublet with strong telluric lines X Lo
95 Weak metallic and telluric lines
97 Very broad feature around 5 861. Probably Fe | blend. . . .
96 Relatively strong Na | (5890 & 5 896 A) doublet, weak metallic and
98 Weak metallic lines telluric lines
99 Mg I blended triplet around 5 711 A 97 Some blended metallic lines in the middle of the order
100 Blended metallic lines 98 Weak metallic lines
101 Fe15615.652 ANil5625.326 A identified 99 Two relatively strong Fe | lines accompanying blended lines on the
102 Central peak of Ca | doublet measured at 5 603.9 A (vac) blue edge of the order
103 Relatively strong Ba | (5 555.484 A) and Mg Il (5 528.409 A) lines 100 Relatively strong but blended metallic lines
104 Fe | lines at 54 479.4, 5 448.3, 5 457.6 A (vac) visible. 101 Some blended lines accompanying two relatively strong metallic
. lines
105 Very broad feature at 5 407.8 A (vac) visble. Probably mainly Fe | blend .
. . o 102 Relatively strong Fe Il (5 588 A) line accompanying weak blended
106 Broad neutraliron lines at 5366.0, 5 372.8 and 5 384.4 A (vac) lines
107 Strong Fe | lines at 5319.1, 5 329.4 anfi 5.341.1 A (vac). Some apparent 103 Relatively strong Th 1 (5528 A) and Fe | (5 535 A) lines
asymmetry in lines
. .. . 104 Several strong metallic lines
108 Felat5283.628A and Ca | at 5 264.239 A identified
. o o 105 Relatively weak metallic lines, mostly blended
109 Fellines at5198.8,5126.798 &5227.192 A, Co | at 5235.188 A
identified 106 Blended metallic lines, some are relatively strong
110 Mg I triplet, and Cr | blend at 5 183.6 and 5 183.4 A. Strong but complex 107 Strong metallic lines, some are blended
blend 108 Strong blended lines of Fe |
111 Nil, Felblends at 5 099.6 and 5 139.3 A 109 Some relatively strong metallic lines
112 Felat5050.1, Nilat5080.5 A 110 The region of Mg triplet
113 Measurable primary Fe | lines at 5018.4, 5 041.3 and 5 051.3 A 111 Relatively strong line of Fe | (5099 A) with some blended lines
114 Strong primary Fe | (4 985.6 A) with blends at 4 992.8 and 5 003.7 A (Ni ) 112 Some blended metallic lines
115 Fel+ Nilat4933.2. Other Fellines at4939.5,4957.4 and Srl at4 113 Some blended metallic lines
967.9A .
. . 114 Relatively strong line of Fe | (4 984 A) with some weaker and
116 Crllline at 4 891.6 A; Fel at 4 891.4,4 910.3 and 4 920.5 A blended metallic lines
117 Hp 4 861.4 A, dominates the order, with Fe | intrusions in red wing. 115 Relatively strong but blended metallic lines
118 Isolated Cr | line at 4 824.4 A usable for both primary and secondary RV 116 Blue part of the HB line wing with some metallic lines
displacements . .
. 117 The region of HB with some artefacts due to CCD
119 Tillat4764.5A . I .
. 118 Relatively weak metallic lines with some artefacts due to CCD
120 Mgl at4730.0, Fe | at 4 736.8 and Mn doublet at 4 762 A oo
. 119 Broad and blended metallic lines
121 Fe14680.0,Tillat4708.7and Til at4 715.3A . -
. 120 Relatively weak and blended metallic lines
122 Strong blend of Fe l and Cr 1 (4 667.5A) + Ti |4 535.6, Fe 11 4 635.3 ) -
& ( ) 121 Relatively weak and blended metallic lines
123 Featureless i . . X .
. 122 Relatively strong line of Fe | (4 668 A) together with weaker metallic
124 Strong line of Fe Il (4 583.8 A) with some asymmetry lines
125 Line features at (vac) 4 535.9, 4 543.3,4 551.7,4 557.6 4 564.7 &4 574.1 123 Weak and blended metallic lines
Ainclude Ti, Fe ana Co species . . . . .
124 Relatively strong line of Fe | (4 583 A) together with weaker metallic
lines
125 Some relatively strong metallic lines
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Figure B1. The observed spectrum (grey) of S Ant at the secondary (total) eclipse together with a Kurucz synthetic spectrum (red) calculated using solar abundances, with Tes =7
100 K, log g=3.98 cgs, and V,, sini =150 km/s. The spectral order number is indicated in the sub-figure captions.
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Figure B2. The observed spectrum (grey) of ¢ CrA at the secondary (total) eclipse together with a Kurucz synthetic spectrum (red) calculated using solar abundances, with T =6
000 K, log g=4.05 cgs, and V, sini =170 km/s. The spectral order number is indicated at the top of each panel.
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