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ABSTRACT

For nine of the stars light curves were obtained in V RcIc, for the tenth observations also included the B filter. The periods
of the stars are short, ranging from 0.12 to 0.19 d. The compact nature of the hotter star is evident from the steepness of
the primary eclipse ingress/egress, while the de-reddened colours suggest that the secondary stars are M dwarfs. Accurate
temperatures and luminosities of the red components are derived from published standardized photometry and parallaxes.
The results of modelling the light curves using the well known Wilson-Devinney software are presented. Half the binaries
are found to be semi-detached. The lack of overt signs of substantial mass transfer suggests that contact is marginal. The
remaining five systems are best modelled as being in detached configurations. The white dwarf components are cool,

effective temperatures with one exception being below 7000 K.

Key words: binaries: close - binaries: eclipsing - white dwarfs.

1 INTRODUCTION

Main sequence binaries (MSBs) with very short periods (P < 0.2
d) provide information about the lower tail of the period distri-
bution of unevolved stars, which is of importance in population
synthesis studies of double stars. Candidate MSBs can be found
amongst short period variables discovered by large projects such
as the ‘Asteroid Terrestrial-impact Last Alert System’ (ATLAS; A.
N. Heinze et al. 2018); the ‘Catalina Sky Survey’ (CSS; A. J. Drake
et al. 2014)}; the ‘Transiting Exoplanet Survey Satellite’ (TESS; G.
R. Ricker et al. 2015); the “Zwicky Transit Facility’ (ZTF; E. C.
Bellm et al. 2019);> and the ‘Wide-field Infrared Survey’ (WISE;
E. Petrosky et al. 2021). Since the physical dimensions of such
ultrashort period binaries are small, both components need to be
M dwarf stars. This means that the target list can be restricted to
very red stars — for example, C. Koen (2022) imposed the colour
restrictions B,-R, > 1.84 mag on the Gaia colour index of candi-
date stars.

Light curves of binary stars are not always readily distinguish-
able from other classes of variables such as spotted rotating stars.
It is therefore necessary to obtain reasonable quality follow up
multi-filter photometry of candidate stars to confirm their status
as bona fide MSBs. The white dwarf (WD) - red dwarf (RD)
binary stars discussed in this paper were all discovered during
the search for ultrashort MSBs, their true nature being revealed
by the differences in light curve shapes seen through different
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filters. Although some of the surveys referred to above made use
of more than one filter, neither the wavelength coverage nor the
photometric quality is necessarily sufficient to clearly show the
presence of a hot compact companion to a cool dwarf star.

The evolved nature of the WD components, and the short or-
bital periods, imply that the subjects of this paper are (with one
possible exception - see below) post common envelope binary
(PCEB) systems. In other words, at some stage the initially more
massive primary star evolved to become a giant which overfilled
its Roche lobe to the extent that its lost mass enveloped the en-
tire binary. After losing its outer layers, the core of the primary
remained as a WD. Because of the closeness of the binary, the RD
component is close to filling its Roche lobe. Fuller descriptions
of this scenario, with references to earlier work, can be found
in e.g. M. U. Kruckow et al. (2021). Further evolution of these
binaries will entail periods becoming shorter through angular
momentum loss, until they become cataclysmic variables with
the RD transferring mass to the WD - see e.g. H. Ritter (2012).

Relatively few confirmed eclipsing detached binaries com-
prised of a WD and a main sequence star are known - S. G.
Parsons et al. (2015) list 71, although a number of other systems
have subsequently been discovered (J.-J. Ren et al. 2018; A. J.
Brown et al. 2022; P. M. Keller et al. 2022). The 10 systems of this
paper therefore constitute a non-trivial addition to this group of
stars.

The value of improving the statistics of WD-main sequence
binaries has been discussed by J.-J. Ren et al. (2018). This includes
its usefulness in constraining theories of common envelope evo-
lution, and of population synthesis of such binaries.

Basic information about the stars discussed in this paper is
listed in Table 1. (For convenience, abbreviated forms of long
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Table 1. Some properties of the 10 binary stars. The binary period is P, while d is the distance, Ay the V-band extinction, and G
and (Bp-Rp)o are the Gaia magnitude and de-reddened colour index. Predicted times of WD mid-eclipses are given by T, = Ty + nP.
References for the periods are in the subsections for the individual stars; note that slight adjustments to these have been made in order

to obtain better fits to the SAAO photometry.

Name To P G d Ay (Bp — Rp)o
(HJID 245 0000 +) (d) (mag) (po) (mag) (mag)

ATO J030.0360—27.5373 10608.3501(5) 0.168188 15.663 198.5 0.027 2.11
WISE 9512.4933(2) 0.1507810 16.469 141.0 0.017 291
034708.61—331954.2

TIC 248394276 9600.2432(3) 0.1485844 15.613 54.3 0.016 2.82
ATO 115.8310—12.3467 10380.3325(2) 0.122298 17.073 120.0 0.027 2.63
WISE 10025.4356(2) 0.1835497 16.600 197.3 0.140 1.96
075401.09—744742.9

WISE 9607.3310(2) 0.151172 16.783 113.9 0.049 2.79
075929.95—682736.2

ATO 147.2392—19.4326 10443.2996(5) 0.189878 15.240 105.2 0.024 2.64
CRTS 115429.1-072720 10380.3388(6) 0.178153 16.806 267.9 0.053 2.50
TIC 197645007 10603.2618(5) 0.187618 15.865 247.6 0.035 1.95
CRTS 234019.3+122438 9769.5709(3) 0.136840 16.334 168.0 0.071 2.33

starnames are used throughout, except for Tables 1 and 2). Mag-
nitudes and uncorrected colour indices were taken from the Gaia
DR3 catalogue (Gaia Collaboration 2023). Photogeometric dis-
tances in Table 1 are from C. A. L. Bailer-Jones et al. (2021),
and used together with the stellar coordinates to obtain V-band
extinctions from the G-Tomo reddening maps of J. L. Vergely, R.
Lallement & N. L. J. Cox (2022) and R. Lallement et al. (2022)>.
With the exception of WISE0754 absorptions are well below
0.1 mag. The de-reddened (B,-R;) indices are in the range 1.95-
2.91, indicative of main sequence spectral types M0.5-M4*,

In the absence of spectroscopic observations, particularly ra-
dial velocity measurements, we cannot fit definitive models to the
light curves. Our aim is primarily to show the photometric mea-
surements, and to provide some basic information about these
close binary systems. Hopefully this will be sufficient to enable
informed decisions about further study of these systems.

2 OBSERVATIONS

All observations reported here were made at the South African
Astronomical Observatory (SAAO) near Sutherland, South
Africa, with the 1.0 and 1.9m telescopes. An observing log is
given in Table 2.

A single set of VRcl- observations of WISE
J034708.61—331954.2 on JD 2459512 was made with the STE4
CCD camera, with operational characteristics described in C.
Koen (2019). All other measurements were made with SHOC
cameras, operated in frame transfer mode (R. Coppejans et al.
2013). The field of view of the cameras on the 1.0m telescope is
2.9 x 2.9 arcmin?. Since May 2024 (JD 2460439) a focal reducer
has been installed on the 1.9m telescope, giving the camera a
similar field of view to that on the 1.0 m. Prior to that, the camera
field of view on the 1.9 m was 1.3 x 1.3 arcmin?.

Observations were made through standard Johnson-Cousins
V RcI filters, and in one instance, a Johnson B filter. (For conve-
nience, the subscripts on the names of the Rc and I filters will be
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omitted in the remainder of the paper). For some of the observing
runs the exposures cycled through two or three filters.

Observing conditions were variable, due to changing sky trans-
parency and brightness, and changes in seeing (in the range 1-
3 arcsec). Exposure times (typically 40s in I, 70 s in R and 100 s in
V') and the prebinning configuration (either 2 x 2 or 4 x 4) were
tailored accordingly. All photometry was furthermore differen-
tially corrected, using constant comparison stars in the field of
view.

Reductions were performed concurrently with the observing,
using an automated version of DOPHOT (P. L. Schechter, M.
Mateo & A. Saha 1993). Point spread function magnitudes were
found to have less scatter than those calculated from aperture
photometry.

3 PHYSICAL PARAMETERS FROM PUBLISHED
PHOTOMETRY

The temperatures and bolometric magnitudes of the two stars
in each of the binaries were estimated from published standard-
ized photometry as described in C. Koen & A. Kniazev (2024).
The apparent magnitude measured through a filter with effective
wavelength X is

m; = —2.510g[(L1 + L2)s/Lo] + 5(logd — 1) + A,
—2.5log [107%M 4 107942 ] 4 5(logd — 1) + Ay f>
- _25 lOg [10—0-4(M1b01—BCn) + 10—0-4(Mzb01—BC2x)]

+5(logd — 1) + Ay f; 1)

where subscripts 1 and 2 refer to the two stars respectively, d is the
distance (in pc), M, is the monochromatic absolute magnitude
of star j, and Mj,, and BCj, are its bolometric magnitude and
bolometric correction. It is assumed that d is known - see e.g. C.
A. L. Bailer-Jones et al. (2021) for a catalogue of distances to more
than 10° stars. The last term in equation (1) describes the effect
of interstellar absorption A; = Ay f;. The function f; is available
from table 3 in S. Wang & X. Chen (2019), supplemented by L.
Casagrande et al. (2019) for the SkyMapper and E. E. Wall et al.
(2019) for the GALEX filters.

Sources of standardized photometry used below are: the
AAVSO Photometric All-Sky Survey (APASS; A. A. Henden et al.
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Table 2. The photometric observing log. The last column contains the number of measurements through each

filter.
Telescope Starting time Run length Filters N
(m) (HID 2450000 +) (h)
ATO J030.0360—27.5373
1.0 10608.40738 4.3 RI 123,124
1.0 10610.40511 2.1 v 53
1.0 10613.29407 1.1 v 38
1.0 10919.53686 1.6 14 50
1.0 10921.57615 2.2 v 78
1.9 11027.28479 4.4 |4 134
‘WISE J034708.61—-331954.2
1.0 9512.50524 2.8 I 119
1.0 9824.55802 2.6 R 79
1.0 9826.57660 2.0 v 37
1.9 9830.53024 3.2 R 122
1.0 9934.28707 2.6 I 125
1.9 11028.29222 4.0 |4 122
TIC 248394273
1.0 9600.28513 39 VRI 67,71,71
1.9 11030.37915 4.4 14 150
1.9 11036.34503 1.0 1 72
19 11037.30492 3.7 RI 144, 144
1.9 11038.30263 3.7 B 91
ATO J115.8310—12.3467
1.0 10380.25140 3.3 |4 73
1.0 10433.21054 1.8 I 38
1.0 10434.19657 2.0 1 58
1.0 10435.20302 1.2 I 59
1.0 10436.20140 2.7 R 69
1.0 10679.48045 3.1 I 175
1.0 10681.39122 3.2 R 92
WISE J075401.09—744742.9
1.0 10025.30724 3.7 RI 67, 68
1.0 10035.24109 4.6 v 112
1.0 10369.26147 2.4 R 68
1.0 10377.24954 4.3 I 227
WISE J075929.95—682736.2
1.0 9607.28368 2.1 RI 38, 40
1.0 9608.27871 3.7 1 271
1.0 9608.44066 4.0 R 152
1.9 9946.45551 3.6 14 125
ATO J147.2392—19.4326
1.9 10443.20638 3.6 VRI 58, 64, 64
1.9 10444.21161 34 v 128
1.9 10445.19780 2.0 R 83
1.9 10770.25217 4.0 RI 131,134
CRTS J115429.1-072720
1.0 10380.40048 4.9 VI 59, 74
1.9 10766.33543 4.4 |4 148
1.9 10769.39131 4.3 R 203
TIC 197645007
1.0 10603.25053 2.6 VRI 37,40, 41
1.0 10610.25058 3.4 RI 89, 94
1.0 10921.37006 4.8 |4 148
CRTS J234019.3+122438
1.0 9769.61798 1.7 VRI 19,21, 21
1.0 9829.41989 4.2 VRI 48, 49, 50
1.9 9830.44357 1.5 |4 60
1.0 10915.45659 39 R 197

2015), Gaia (e.g. Gaia Collaboration 2023), the Panoramic Sur-
vey Telescope and Rapid Response System (Pan-STARRS; K.
C. Chambers et al. 2016), the SkyMapper Southern Survey (C.
Wolf et al. 2018), the Two Micron All-Sky Survey (2MASS; M.

F. Skrutskie et al. 2006) the Wide-field Infrared Survey Explorer
(WISE; E. L. Wright et al. 2010) and the Galaxy Evolution Explorer
(GALEX; L. Bianchi, B. Shiao & D. Thilker 2017). Photometry
of the stars from the various surveys is conveniently obtainable
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Table 3. Properties of the RD components of the 10 binary stars, as derived from modelling standardized apparent
magnitudes. Standard errors were calculated using bootstrapping. As expected, errors for the WD components are
substantial, because of their low luminosities — these unreliable results are not included. The last three columns show
the number of available photometric measurements, the number of excluded outliers, and the root mean square of the

residuals.

Name T logg Mo R N Noex o
(X) (mag) (Ro) (mag)
ATO030 3590(48) 4.1(0.40) 8.32(0.035) 0.50(0.015) 20 0 0.097
3560(29) 4.2(0.19) 8.30(0.023) 0.511(0.009) 20 3 0.048
WISE0347 3010(16) 5.0(0.28) 9.43(0.024) 0.424(0.006) 16 2 0.034
TIC 248 3160(26) 4.7(0.34) 10.77(0.017) 0.207(0.003) 22 0 0.047
ATO115 3130(17) 4.5(0.20) 10.57(0.02) 0.232(0.003) 20 2 0.020
WISE0754 3230(31) 4.1(0.21) 9.17(0.02) 0.416(0.008) 16 1 0.025
WISE 0759 3020(27) 5.0(0.46) 10.23(0.03) 0.292(0.006) 13 1 0.053
ATO147 3280(17) 4.7(0.23) 9.14(0.01) 0.408(0.005) 18 0 0.032
CRTS1154 3400(34) 4.0(0.21) 8.61(0.045) 0.49(0.014) 18 0 0.043
TIC 197 3665(27) 4.7(0.28) 8.25(0.022) 0.495(0.008) 14 0 0.029
CRTS2340 3320(48) 4.9(0.49) 9.34(0.035) 0.36(0.011) 22 0 0.087

from the VizieR service’ of the Strasbourg astronomical Data
Center.

Bolometric corrections were taken from the ‘MESA Isochrones
and Stellar Tracks’ website® (J. Choi et al. 2016). Stellar atmo-
sphere models and theoretical spectra are used in the calcula-
tion of the corrections, which also incorporate filter transmission
curves (see L. Girardi et al. 2008, for the pertinent equations).
The J. Choi et al. (2016) bolometric corrections are supplied
in tables for ranges of values of effective temperature, gravity,
metallicity and dust extinction. In the present implementation,
metallicity is assumed to be solar, and reddening is modelled
explicitly.

As for Table 1, interstellar absorption A, was determined from
the G-Tomo reddening maps’ (J. L. Vergely et al. 2022; R. Lalle-
ment et al. 2022). Equation (1) depends explicitly on the bolo-
metric magnitudes, and, through its dependence on bolometric
corrections, implicitly on the temperatures and gravities of the
two stars. These six parameters are estimated by minimising

SS, = Z[m)\(observed) — m;, (theoretical)]? = Z rf )
s s

where the theoretical apparent magnitudes are given by equa-
tion (1). Standard errors of estimated quantities were determined
by bootstrapping, using the model residuals r,. These errors are
bound to be too optimistic, as they do not take into account un-
certainties in bolometric corrections and interstellar extinctions,
and ignore the fact that there may be many locally optimal sets of
parameter solutions.

Results for the 10 binaries are in Table 3. The quality of the
fit is illustrated in Fig. 1 for the case with the largest residual
scatter. The model for CRTS2340 also has the smallest coefficient
of determination of R?> = 0.998. This goodness-of-fit statistic es-
sentially measures the fraction of variability in the observations
which is explained by the model. It is defined as

R?>=1-SS,/SS;

Shttps://vizier.cds.unistra.fr/viz-bin/VizieR
Shttp://waps.cfa.harvard.edu/MIST/model_grids.html#bolometric
"https://explore-platform.eu/sdas/about/gtomo
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where SS;, the residual sum of squares is defined in equation (2),
and SS;, the total sum of squares is

SSi =) _[m;(observed) — m; (observed)] .

A

Aside from the obvious photometric measurement errors,
there are a number of other factors contributing to the scatter
in the archival photometry. These include variability in the stars,
both due to binarity, and to flares and/or spots in the M dwarf
components. Fig. 1 demonstrates that models can none the less
be very well determined - this is due to the wide wavelength and
magnitude ranges covered by the archival photometry.

The penultimate two columns of the table respectively list the
number of available photometric measurements, and the number
of outlying values excluded. For ATO030, solutions for both the
original and trimmed photometric data sets are shown; results
for the RD are virtually unaltered, but the WD solutions are
considerably changed. Errors on the WD parameter are much
larger than those on the RD quantities, a consequence of the fact
that radiation from the RD dominates most of the m,. Although
poorly constrained, adding the WDs to the models nonetheless
help to better fit observations in the blue part of the spectrum
(particularly the UV).

Errors on the RD temperatures and bolometric magnitudes
are surprisingly small, but logg is quite uncertain. Because of
the small formal errors on the RD temperatures and bolometric
magnitudes, RD radii estimated from

R = (T@/T)2 10%-2(Mbolo~Moolrp)
= (5774/T)*10%2+74=Moorkn) 3

are very well determined.

It is instructive to compare the Table 3 temperatures and grav-
ities of the RDs to results in two recent large catalogues based
primarily on Gaia low resolution spectra, namely SHBoost (A.
Khalatyan et al. 2024) and Gaia Net (D. Huson et al. 2025). Tem-
peratures for the 10 stars are plotted in Fig. 2. (The SHBoost
determination of T = 5568 K for WISE J075401.09—744742.9 is
not plotted in order to show detail more clearly). The agreement
between temperatures in Table 3 and those from Gaia Net appear
reasonable, while SHBoost temperatures are generally 200K or
more in excess of the other two determinations.
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Figure 1. Top panel: a comparison between the archival magnitude measurements (horizontal axis) and the model predictions of equation (1) for

CRTS2340. Bottom panel: the fit residuals as defined in (2).

The SHBoost catalogue also contains estimates of Ay ; for the
stars of interest these lie in the interval [0.300, 0.778] mag. These
values are much larger than those in Table 1, and may go some
way in accounting for the high SHBoost temperatures in Fig. 2.
Although the differences between temperatures from this paper
and those from Gaia Net are relatively small (mean difference
102 K), the difference is clearly systematic. In order to investigate
this point a little further, we turn to a study by A. W. Mann et
al. (2015) of the physical properties of M dwarfs. Unfortunately
it proved a little difficult to match stars in their sample to Gaia
Net objects, possibly because of large proper motions. The fol-
lowing criteria were used in order to balance the requirements of
areasonable sample size against a minimum number of spurious
matches: (i) stars from the two sources no more that 10 arcsec
apart; (ii) only Gaia Net stars with temperatures in the range
3000 < T <400K and 4 < logg < 5 were accepted. This gave 45
matches.

Temperatures are compared in Fig. 3. The agreement between
the two sources is good, but clearly Gaia Net temperatures are
again systematically larger than those found by A. W. Mann et
al. (2015). This is a point deserving of an in-depth study, but
outside the scope of this paper. We simply conclude that the RD
temperatures in Table 1 are in good agreement with those from
Gaia Net, possibly being even more accurate than suggested by
Fig. 2.

Estimates of logg are compared in Fig. 4. Errors are omit-
ted in the bottom panel for greater clarity. In the major-
ity of cases, gravities agree within the errors in the top
panel. Except for the uncertain Gaia Net logg = 4.14 of WISE
J034708.61—331954.2, Gaia Net and SHBoost gravities are very
similar.

Fig. 5. show the data in a Hertzsprung-Russell diagram. Tem-
peratures are from Table 3, and gravities from Gaia Net. Two em-
pirical main sequences are shown, the upper from from Z. Eker
et al. (2018), and the lower from M. J. Pecaut, E. E. Mamajek & E.
J. Bubar (2012) and M. J. Pecaut & E. E. Mamajek (2013)%.

It is not difficult to show that for a fixed mass, inflation of a
star’s radius by AR leads to a decrease in the surface gravity logg
of

Alogg~ 0.87AR/R .

Over the interval 3100 < T < 3700 K mean values are Alogg =
0.13, 0.20 dex when comparing Gaia Net gravities to the two re-
spective main sequences. The corresponding AR/R ~ 0.15,0.23
are considerably larger than the often claimed < 10 per cent ex-
cess of observed M dwarf radii over theoretically predicted values
(e.g. S. Morrell & T. Naylor 2019).

On the other hand, the radii in Table 3 can be directly compared
to typical values for stars with the same effective temperatures.
For this purpose, we again use the tables of M. J. Pecaut et al.
(2012) and M. I. Pecaut & E. E. Mamajek (2013)°. The outcome
is an average AR/R of 0.34; if the hugely discrepant radius of
WISE0347 is excluded, the number changes to AR/R = 0.21.

Several factors could contribute to the inflated RD radii - see
e.g. A. L. Kraus et al. (2011) and S. G. Parsons et al. (2018). These
authors found RD radii in short period binaries, similar to those

Shttp://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_
colors_Teff.txt
http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_
colors_Teff.txt
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Figure 2. Blue circles with error bars denote RD temperatures from Table 3, while black dots are SHBoost temperatures (A. Khalatyan et al. 2024).
Horizontal positions of the plotting symbols are at Gaia Net temperatures (D. Huson et al. 2025).
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Figure 4. A comparison of the gravity determinations by Gaia Net and this paper (top panel) and between Gaia Net and SHBoost (bottom panel).

discussed in this paper, inflated by 10 per cent-12 per cent. Such
stars are expected to be tidally locked, and hence rapidly rotat-
ing; the rotation drives strong magnetic activity, which inhibits
convection and hence leads to increased radii. Significant starspot
coverage of the photosphere could also increase stellar radii over
those of slow rotators (G. Chabrier, J. Gallardo & 1. Baraffe 2007).
The periods of the stars in this study are generally shorter than
those in the samples of A. L. Kraus et al. (2011) and S. G. Parsons
et al. (2018): this could imply faster rotation, and hence perhaps
larger radius inflation than in collections of more slowly rotating
RDs. Recent theoretical work by D. J. Mullan & J. MacDonald
(2026) suggests that the effects of magnetic fields could inflate
radii by more than a factor of 2.

Other factors with lesser contributions to inflated RD radii in
short period WD/RD binaries are irradiation by the hotter WD
components, tidal and rotational distortion of the RD shape (e.g.
H. Ritter, Z.-Y. Zhang & U. Kolb 2000; C. Knigge et al. 2011).

D. Huson et al. (2025) also determined the metallicities of
the stars. With the exception of ATO030 ([Fe/H] = —0.17) and
TIC197 ([Fe/H] = —0.21) these lie in the interval [—0.07, 0]. This
gives some justification for using bolometric corrections based on
solar abundances.

4 BINARY MODELLING

The light curves of the stars can be found in Appendix A. At-
tempts were made to model these using PyWD2015, a modern-
ized GUI (O. Giizel & 0. Ozdarcan 2020) designed for the well
known Fortran code developed by R. E. Wilson & E. J. Devinney

(1971) (see also R. E. Wilson & W. Van Hamme 2014). Since
we lack spectroscopic data, our analysis relies solely on pho-
tometry. For each system, we begin with the assumption of a
detached configuration and try to obtain a reasonable model by
adjusting the inclination of the orbit (i), effective temperature
of the primary component (T;), dimensionless potentials of the
components (€21, €2;), and the monochromatic luminosity of the
primary component (L) in each filter. The temperature of the
secondary is fixed at the Table 3 value, and its mass M, is found
by interpolating in the temperature-mass relation defined by the
data in M. J. Pecaut et al. (2012) and M. J. Pecaut & E. E. Mamajek
(2013)™°,

We determined the operating mode of the binary modelling
code by computing trial solutions under a detached configuration
[MODE 2 in the R. E. Wilson & E. J. Devinney (1971) code]. If
the light-curve model converges to a physically plausible solution,
the system is classified as detached. However, if the RD radius
solution consistently tends to increase so as to nearly fill its Roche
lobe, the configuration is switched to semi-detached [MODE 5 in
the R. E. Wilson & E. J. Devinney (1971) code]. This approach
strongly indicates a semi-detached configuration for CRTS1154,
ATOO030, TIC197, WISE0347, and WISE 0759, whereas the re-
maining systems are best described as detached. Observed pri-
mary and secondary eclipses in the light curve precisely occurred
at0.0 and 0.5 phases, respectively, implying a circular orbit. Using

Ohttp://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJTHK_
colors_Teff.txt
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Figure 5. The RD temperatures (Table 3) with Gaia Net gravities. Main sequence relations are from Z. Eker et al. (2018) (solid line) and from M. J.

Pecaut et al. (2012) and M. J. Pecaut & E. E. Mamajek (2013) (broken line).

this finding, we assume that the components’ axial rotations are
synchronized with the orbit and set the rotation parameter to
unity. We adopt the stellar atmosphere approach and the linear
limb-darkening law, with the coefficients given in W. van Hamme
et al. (1993). Considering the atmospheric properties of the com-
ponents, we generally set gravity darkening and albedo coeffi-
cients to 0.5 and 0.32, respectively, for the red dwarf component,
while we set them to unity for the white dwarf component. We
use a number of surface grids as high as possible to obtain precise
numerical results. This is particularly important in the case of the
white dwarf component due to its very small size.

In semi-detached systems, the distorted shape of the Roche
lobe-filling component may lead to deviations of the limb-
darkening and gravity-darkening coefficients from their theoret-
ical values for stars with convective outer envelopes. To achieve
a satisfactory light-curve fit, several approaches can be consid-
ered: (i) adjusting the limb-darkening coefficient of the RD, (ii)
adjusting the gravity-darkening coefficient of the RD, or (iii)
introducing cool surface spots on the RD without modifying
these coefficients. Alternatively, all coefficients may be adjusted
in combination with the inclusion of stellar spots. All these ap-
proaches yield statistically acceptable light curve fits. However,
due to strong degeneracies arising from insufficient observational
constraints, it remains difficult to determine the optimal solu-
tion. We noticed that our light-curve modelling attempts yielded
more stable solutions by adjusting limb darkening coefficients
and assuming a hot spot on the WD components of the semi-
detached systems CRTS1154, ATO030, and WISE0759. For the

MNRAS 549, 1-18 (2026)

former two stars, adjusting gravity darkening coefficients of the
RD also improved fits. There is a clear O’Connell effect in the light
curve of WISE0347 (unequal heights of the two maxima) and the
fit is improved by adding a cool spot on the surface of the RD.

For none of the systems could we find a model which fits the
observations in all the filters well. The main problem proved
to be that the available primary eclipse depths could not be re-
produced simultaneously. We therefore report in Tables 4 and
5 the results of fitting separately the light curves for the differ-
ent filters; comparison of the three (four in the case of TIC248)
provides insight into some of the uncertainty in the modelling.
Representative model light curve fits are plotted in Figs 6
and 7.

There are some clear anomalies in Table 4. Perhaps the most
pronounced is the WD radii for TIC197. The eclipse of the white
dwarf almost disappears among the highly dominant out-of-
eclipse variation (likely due to the distorted shape of the RD
component). One can obtain a solution with a much smaller WD
radius only by fixing its radius to a constant value. However,
after obtaining such a solution, if the WD radius is added to
the adjustable parameter list to improve the model, in the very
first iteration, it makes a big jump to a larger WD radius and
reduces its temperature significantly. Such behaviour is common
in the modelling of light curves suffering from strong degen-
eracies among parameters. We experience the same problem for
WISE(0754, the most problematic system to model. Eclipses are
clear, but, again, due to the parameter degeneracies, it is not
possible to obtain a stable solution. We tried to fix the temper-
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Table 4. Modelling results for the 10 binaries. Asterisks mark stars with added spots — see Table 5 for the properties of these. The last column shows
the standard deviation of the fit residuals.

Filter i q T Q2 Q0 M; Ry Ry log g1 log g Mpyon Mpo2 o
(deg) X Mp) Re) Ro) (mag) (mag)
*ATO030 T> = 3590 K, M, = 0.44 Mg
14 82.1 0.70 5411 65 3.24 0.63 0.021 0.457 7.61 4.76 13.5 8.52 0.0123
R 83.0 0.70 5399 65 3.24 0.63 0.021 0.457 7.61 4.76 13.5 8.52 0.0135
I 67.3 1.20 5549 62 4.07 0.37 0.020 0.473 7.41 4.73 13.5 8.44 0.0081
Mean 77.5 0.87 5453 64 3.52 0.54 0.020 0.463 7.54 4.75 13.5 8.49
*WISE0347 T, = 3010 K, M, = 0.14 Mg
\%4 75.5 0.50 5314 53 2.88 0.27 0.017 0.283 7.42 4.67 14.0 10.32 0.0129
R 76.7 0.50 5505 72 2.88 0.27 0.012 0.283 7.69 4.67 14.5 10.32 0.0161
I 74.6 0.40 5680 107 2.68 0.34 0.009 0.282 8.08 4.67 15.1 10.33 0.0095
Mean 75.6 0.47 5500 77 2.81 0.29 0.013 0.283 7.73 4.67 14.5 10.32
TIC248 T; = 3160 K, M5 = 0.21 Mg,
B 84.1 0.40 6199 101 3.36 0.54 0.011 0.210 8.11 5.13 14.30 10.76 0.0380
14 87.9 0.20 5741 85 2.63 1.07 0.015 0.210 8.11 5.13 13.90 10.76 0.0183
R 89.8 0.30 5699 76 3.01 0.72 0.015 0.210 7.92 5.13 13.90 10.76 0.0161
I 89.0 0.20 5175 89 2.63 1.07 0.014 0.210 8.15 5.13 14.40 10.76 0.0092
Mean 87.7 0.28 5704 87 291 0.85 0.014 0.210 8.07 5.13 14.13 10.76
ATO115 T, = 313K, M2 = 0.20Mg
|4 87.5 0.25 4524 24 2.47 0.80 0.043 0.242 7.07 4.97 12.6 10.5 0.0199
R 87.5 0.30 4606 34 2.67 0.66 0.030 0.229 7.32 5.02 134 10.6 0.0188
I 87.5 0.25 3883 39 2.53 0.66 0.030 0.229 7.32 5.02 13.4 10.6 0.0091
Mean 87.5 0.27 4338 32 2.56 0.71 0.034 0.233 7.24 5.00 13.1 10.6
WISE0754 T = 3255 K, Ms = 0.25 Mg
|4 86.5 0.60 15610 95 3.28 0.42 0.013 0.359 7.85 4.73 9.90 9.47 0.0150
R 86.5 0.60 15610 95 3.28 0.42 0.013 0.359 7.85 4.73 9.90 9.47 0.0150
I 85.5 0.70 9281 94 3.56 0.36 0.013 0.349 7.79 4.75 12.20 9.53 0.0104
Mean 86.2 0.63 13500 95 3.37 0.40 0.013 0.356 7.83 4.74 10.70 9.49
*WISE0759 T, = 3010 K, M, = 0.14 Mg
|4 79 0.50 6366 28 2.88 0.27 0.032 0.284 6.85 4.66 11.8 10.32 0.0238
R 82 0.40 6542 32 2.68 0.34 0.030 0.282 7.02 4.67 11.8 10.33 0.0254
I 78 0.50 6042 52 2.88 0.27 0.017 0.284 7.40 4.66 13.4 10.32 0.0211
Mean 80 0.47 6317 37 2.81 0.29 0.027 0.283 7.09 4.66 12.3 10.32
ATO147 T, = 3280 K, M, = 0.28 Mg
|4 87 0.35 5194 88 2.86 0.79 0.016 0.330 7.92 4.84 14.17 9.62 0.0156
R 83 0.40 5131 87 291 0.69 0.016 0.349 7.87 4.80 14.25 9.50 0.0113
I 89 0.50 5937 108 3.23 0.56 0.012 0.337 8.01 4.83 14.20 9.57 0.0123
Mean 87 0.42 5421 94 3.00 0.68 0.015 0.339 7.93 4.82 14.21 9.56
*CRTS1154 T, = 3400 K, M, = 0.34 Mg
\%4 87.4 0.60 4474 37 3.06 0.57 0.036 0.433 7.09 4.70 13.10 8.87 0.0157
R 88.6 0.50 4447 38 2.88 0.68 0.036 0.430 7.16 4.70 13.10 8.88 0.0091
I 83.6 0.70 4383 51 3.24 0.49 0.025 0.436 7.33 4.69 14.00 8.85 0.0115
Mean 86.5 0.60 4435 42 3.06 0.58 0.032 0.433 7.19 4.70 13.40 8.87
TIC197 T = 3665 K, M, = 0.48 Mg
|4 73.4 0.60 5407 28 3.06 0.80 0.054 0.503 6.87 4.72 11.40 8.22 0.0181
R 72.4 0.80 5057 31 3.42 0.60 0.047 0.510 6.87 4.70 12.00 8.19 0.0091
I 69.1 0.70 4771 16 3.24 0.69 0.094 0.506 6.32 4.71 10.70 8.21 0.0095
Mean 71.5 0.70 5078 25 3.24 0.69 0.065 0.506 6.69 4.71 11.40 8.21
CRTS2340 T, = 3320K, M; = 0.30Mg
%4 88.1 0.35 5630 38 2.55 0.85 0.031 0.351 7.39 4.82 12.4 9.43 0.0234
R 89.7 0.40 5545 42 2.66 0.75 0.027 0.350 7.45 4.82 12.8 9.44 0.0211
I 88.5 0.40 5214 44 2.67 0.75 0.026 0.345 7.48 4.84 13.1 9.47 0.0092
Mean 88.8 0.38 5463 41 2.63 0.78 0.028 0.349 7.44 4.83 12.8 9.45

ature to 15610 for the WD component in the I filter and only
adjusted red dwarf and white dwarf radii, inclination of the orbit
and monochromatic luminosity of the white dwarf. In this case,
WD radius becomes very small (0.0076 R), which is roughly half
of the radius values found in the V and R solutions. If we set
the temperature to 15610K and set the WD radius to 0.0128 R,
then we have no chance to fit the eclipse depth in the I light

curve.

The light curves show no overt signs of mass transfer in any of
the systems. This implies that the semi-detached configurations
found may be marginal, i.e. either the RD only just underfills its
Roche lobe, or the fillout factor is so small that any mass flow is
negligible. Adding hot spots on their WD components improves
the model fits for three of the binaries; these can be accounted
for by modest accretion funnelled by magnetic fields, as in low
accretion rate polars (e.g. A. D. Schwope 2025).
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Table 5. Properties of circular spots on components in four of the binary systems. Three of the systems have hot
spots on the WD, while WISE0347 has a cool spot on the RD. The last column gives the spot temperature, as a
multiple of the effective temperature T, in Table 4.

Filter Latitude Longitude Radius Temperature ratio
(deg) (deg) (deg)
ATO030
14 80 352 6.6 7.0
R 80 386 9.0 3.5
I - — - _
Mean 80 369 8.0 5.0
WISE0347
|4 60 164 35 0.90
R 60 146 33 0.90
1 60 147 27 0.90
Mean 60 152 31 0.90
‘WISEO0759
14 80 355 6 4.5
R 80 353 6 3.9
1 80 453 9 7.3
Mean 80 387 7 5.0
CRTS1154
14 80 12 6 8.0
R 80 4 5 5.6
1 80 18 9 6.0
Mean 80 11 7 7.0

Normalised flux

Phase

Figure 6. Phase-folded observations of CRTS1154 (dots) and the fits of the models in Table 4 (lines). From top to bottom, I, R, and V filters.

5 NOTES ON INDIVIDUAL STARS The peak-to-peak light curve amplitude (excluding primary
eclipse) in I is about 0.1 mag smaller than that in V and R.
5.1 ATO0030 (TIC 33664998)

Variability in this star was discovered by A. N. Heinze et al. (2018), 5.2 WISE0347
who determined the period in Table 1. ATOO030 is in the GALEX
UV catalogue (L. Bianchi et al. 2017) and is a variable X-ray source
(E. Quintin et al. 2024).

The star is from the E. Petrosky et al. (2021) catalogue of vari-
able stars. Those authors give a period of 0.075421d, i.e. approx-
imately half the value in Table 1; photometry reported in this
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Figure 7. Phase-folded observations of CRT2340 (dots) and the fits of the models in Table 4 (lines). From top to bottom, I, R, and V filters.

paper was used to refine the period. The object is a UV (L. Bianchi
et al. 2017) and X-ray source (S. Freund et al. 2024; A. Merloni
et al. 2024).

A flare with magnitude ~ 0.4 mag, lasting ~ 13 min, was seen
in the V band on JD 11028.

Perhaps the simplest explanation for the highly anomalous
radius of WISE0347 (Table 3) is that it is an artefact due to the
presence of a third component in the system. If the third star were
of similar luminosity to the RD, then the bolometric magnitude
of the latter would be reduced by ~ 0.75 mag, which would imply
an RD radius of 0.301 Ry, — a 29 per cent reduction in the value in
Table 3.

5.3 TIC248

The A. Pra et al. (2022) TESS eclipsing binary catalogue contains
both TIC 248394276 and TIC 248394273 (CVSO 283), compo-
nents of a wide binary separated by 8.5 arcsec (Z. D. Hartman &
S. Lépine 2020). The respective periods are given as 0.14861(1)
0.148586(6) d, with very similar-looking folded light curves. The
SAAOQ observations confirm that TIC 248394276 is the actual
variable.

The similarity in parallaxes and distances confirms that the
eclipsing binary and CVSO 283 form a hierarchical triple system.
C. Bricefio et al. (2019) classified CVSO 283 as a weak-lined T
Tauri star, on the basis of H « emission and Lithium absorption in
its spectrum. Further evidence for its pre-main sequence nature
is that the star is an X-ray source (A. Merloni et al. 2024). C.
Bricefio et al. (2019) considered the star to be part of the Orion
OBI1 association, implying an age below 15Myr. However, the
distance to CVSO 283 has been found to be only 54 pc (C. A. L.
Bailer-Jones et al. 2021), which would make it a foreground object

(e.g. E. Zari et al. 2017). It should be noted though that young
stars (specifically T Tauri stars) have been found well outside of
starforming regions - see P. Guillot et al. (2010). See also recent
work by L. Delfini et al. (2025) and D. Huson et al. (2025) on the
discovery of young stars in the field. If the T Tauri classification
is correct, regardless of its spatial position, its age can be expected
to be below 15 Myr.

If TIC 248394276 and CVSO 283 are coeval, this raises ques-
tions about the properties of the white dwarf progenitor. A main
sequence lifetime of 15 Myr or less requires an initial mass of the
order of 13 Mg, (e.g. H.J. G. L. M. Lamers & E. M. Levesque 2017),
i.e. a spectral type B0.5-B1. On the other hand, the maximum
possible white dwarf progenitor mass is thought to be below 9 Mg,
(e.g. D. R. Miller et al. 2022), corresponding to a main sequence
spectral type of B1.5-B2.

Given that the equivalent width derived for the Lithium 6707 A
absorption line in CVSO 283 is small, and that Ho and X-ray
emission is common in late type stars, the most likely scenario
is probably that the star is not a T Tauri.

The light curve shape in B differs from that in VRI, in that there
is no well-defined maximum between the secondary minimum
and ingress to the primary eclipse.

5.4 ATO115

The star is from the ATLAS variable star catalogue (A. N. Heinze
et al. 2018) which gives the period in Table 1. A 0.2 mag flare,
lasting ~ 11 min, was observed in the V band on JD 2460380.
The 176 min period of ATO115 places it in the cataclysmic
variable period gap of 147-191 min (e.g. M. R. Schreiber, D. Bel-
loni & A. D. Schwope 2024). This gives the binary an ambiguous
evolutionary status-it could be either a PCEB, or a dormant cata-
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clysmic variable in which mass transfer has been interrupted (M.
Zorotovic et al. 2016).

The primary eclipse depth increases rapidly with decreasing
wavelength.

5.5 WISE0754

Variability in this star was discovered by E. Petrosky et al. (2021),
which is the source of the period in Table 1. A. Rebassa-Manserga
et al. (2025) identified the star as a WD + RD system from Gaia
spectra and photometry, but it is not amongst their candidate
eclipsing systems. It is an X-ray emitter (A. Merloni et al. 2024;
S. Freund et al. 2024) and appears in the GALEX catalogue of UV
sources (L. Bianchi et al. 2017).

Flaring was observed on JD 2460025. The amplitude was
roughly 0.23 mag in R, lasting ~ 13 min. The flare was also barely
visible in I (amplitude ~ 0.06 mag).

The eclipses in this star are deep-close to 1 mag in the V band.

5.6 WISE0759

Another variable from E. Petrosky et al. (2021). The period in
Table 1 is double that in their catalogue. The star is an X-ray
source (A. Merloni et al. 2024; S. Freund et al. 2024).

The morphologies of the light curves measured through the
three filters are quite different. In particular, there is only one
maximum per cycle in the V' light curve, and there are apparent
phase differences in the secondary minima.

5.7 ATO147

The discovery paper (A. N. Heinze et al. 2018) gives a period equal
to half the value in Table 1. ATO147 isa UV (L. Bianchi et al. 2017)
and X-ray source (A. Merloni et al. 2024; S. Freund et al. 2024).

There is suggestion in the VR light curves that the secondary
eclipse is total.

5.8 CRTS1154

Periodic variability in CRTS1154 was first detected by A. J. Drake
et al. (2014), and re-discovered by A. N. Heinze et al. (2018) and
X. Chen et al. (2020). The Table 1 period was determined by A.
J. Drake et al. (2014). The star is in the GALEX UV catalogue (L.
Bianchi et al. 2017).

A short duration (< 2 min) flare with an amplitude of 0.48 mag
was observed in the V' band on JD 2459946.

Interestingly, the similar secondary eclipse depths in V' and R
are deeper than that in I by more than 0.1 mag. The light-curve
dip surrounding the primary minimum is quite shallow in the V'
band.

5.9 TIC197

Variability in the star was discovered by G. Olmschenk et al.
(2024), who gave half the period in Table 1.

As for several of the other stars, the amplitudes (excluding
the primary eclipse) are similar in V' and R, and smaller (by
~ 0.07 mag) in I.

MNRAS 549, 1-18 (2026)

5.10 CRTS2340

First discovered to be variable by A. J. Drake et al. (2014), subse-
quently by A. N. Heinze et al. (2018) and X. Chen et al. (2020).
The period in Table 1 is from A. J. Drake et al. (2014). There is a
NUYV measurement of the star by GALEX (L. Bianchi et al. 2017).

As for CRTS1154 and ATO030, the secondary eclipse depths in
V and R are similar, and deeper than that in I by ~ 0.1 mag.

6 CONCLUSIONS

Some of the stumbling blocks in the way of modelling the light
curves were mentioned in Section 4. Those aside, there is a de-
generacy between the WD radii and temperatures, which makes
it difficult to obtain unique models. An obvious next step is to ob-
serve the stars spectroscopically. In the first instance, any excess
flux in the blue could supply information about the temperature
and gravity of the WD component. This would place limits on
possible binary models. The long wavelength part would allow
checks on the properties of the RDs derived from photometry.
Radial velocities calculated from repeated spectra would allow
limits to be set on masses.

A spectrum of TIC 248 of sufficient resolution around the
Lithium doublet near 16707 A could help resolve the issue of the
age of this star. If confirmed that it is younger than ~ 15 Myr, this
might be useful in setting an upper limit on the mass of white
dwarf progenitor masses. Otherwise, it is possible that CVSO 283
(and by implication TIC 248) is a post-T tauri star, with an age
less than 100 Myr (e.g. E. J. Bubar et al. 2007). This would allow
progenitor masses of a few solar masses.

The presence in the binaries of X-ray and/or UV radiation is
not obviously correlated with any of the physical properties in
the Tables.
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