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ABSTRACT

Binaries with a white dwarf primary and a main sequence secondary can be used to test our understanding of both single and
binary star evolution. A small fraction of such systems experienced a common-envelope phase from which they emerged with a
relatively short orbital period. Here, we present the characterization of an eclipsing post-common-envelope binary of this kind,
TIC 60040774, based on the light curve provided by the Transiting Exoplanet Survey Satellite (TESS), multiband photometry
collated from the virtual observatory, and spectroscopic data obtained the Southern African Large Telescope (SALT). With an
orbital period of 0.404807 £ 0.000149 d this system consists of a young white dwarf paired with an M6.5 dwarf companion.
We estimate the masses of the primary and secondary to be 0.598 £ 0.029 M, and 0.107 £ 0.020 M, while the effective
temperatures are 14050 4= 360 K and 2759 £ 50 K, respectively. The eclipse ingress and egress profile is shallower than expected
from a simple geometric model such that more precise high-cadence photometry is required to understand the nature of this
system. Given the similarity of TIC 60040774 to systems like GK Vir and NN Ser, it will be worth tracking its eclipse times to

check for the presence of one or more circumbinary planets.

Key words: binaries: close —binaries: eclipsing —stars: individual: TIC 60040774 —white dwarfs.

1 INTRODUCTION

Binary systems can provide important insights into stellar structure
and evolution. Binaries, and especially eclipsing binaries, allow us to
determine fundamental stellar parameters (such as masses and radii)
and to study their evolution as a function of stellar age (Andersen
1991; Torres, Andersen & Giménez 2010). Binary stars are therefore
central to our understanding of stellar evolution (Stancliffe et al.
2015; Claret 2018). Eclipsing binaries also provide opportunities
to determine distances on extragalactic scales with great precision
(Bonanos et al. 2006; Vilardell et al. 2010; Pietrzynski et al. 2013),
helping to anchor the cosmological distance ladder.

Binaries are not rare amongst stars in the Milky Way. Moe & Di
Stefano (2017) estimate that almost all massive stars tend to be in
binary or multiple systems, with a multiplicity fraction of 90 per cent.
This fraction decreases roughly linearly with the logarithm of the
primary mass, so, for example, still 2240 per cent of solar-like stars
belong to multiple systems. Close binaries are also quite common.
For example, ~15 per cent of solar-like stars become the primary of
close binary systems with separation of less than ~13 AU (Moe &
Di Stefano 2017). These systems will become interacting binaries,
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where the evolution of the components is affected by mass transfer
either through Roche lobe overflow or a common-envelope (CE)
phase. These binary evolution channels give many exotic objects,
such as blue stragglers (Perets & Fabrycky 2009), cataclysmic
variables (Knigge, Baraffe & Patterson 2011) and AM CVn stars
(e.g. Nelemans, Yungelson & Portegies Zwart 2004). CE evolution,
in particular, also produces a significant population of close, but
detached white-dwarf/main-sequence (WDMS) binaries.
Rebassa-Mansergas et al. (2021) recently estimated a WDMS
space density of 3.7 x 10~*pc~3, implying the presence of ~ 1500
such systems within a distance of 100 pc. Approximately a quarter of
WDMS are close enough that they must be post-common-envelope
binaries (PCEBs), and >~ 10 per cent of these PCEBs exhibit eclipses
(Parsons et al. 2013, 2015; Rebassa-Mansergas et al. 2016).
Eclipsing WDMS are essential objects for constraining the mass-
radius relationships for white dwarfs (WDs; Parsons et al. 2017) and
low-mass main-sequence (MS) stars (Parsons et al. 2018). Moreover,
multi-epoch observations of some eclipsing PCEB systems reveal
cyclic variations in the eclipse timings that cannot be ascribed to
magnetic activity via the Applegate mechanism (Applegate 1992).
Examples here include NN Ser (Beuermann et al. 2010; Marsh et al.
2014), RR Cae (Qian et al. 2012), DE CVn (Han et al. 2018), and GK
Vir Almeida et al. (2020). In these systems, the eclipse time variations
are therefore thought to be due to the presence of distant sub-stellar or
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Table 1. Basic parameters of TIC 60040774.

Gaia DR2 2943496741862496256

Other designations 2MASS J06195643-1758186

Astrometry
Right ascension 2000 06" 19™ 56.434°
Declination 82000 —17°58 18.621"
Galactic longitude l 225.796191°
Galactic latitude b —14.872777°
Proper motion HUgcosd  —23.306 & 0.052 mas yr!

s —63.937 £ 0.057 mas yr!
Parallax F1d 7.4369 £ 0.0611 mas
Distance d 134.465 £+ 1.105 pc
Photometry
Gaia EDR3 G 16.97695 + 0.00296

Bp 17.04543 £ 0.00596

Rp 16.79837 £ 0.00722
TESS Tinag 16.880 £ 0.009
Pan-STARRS1 g 16.949 £ 0.004

r 17.168 £ 0.003

i 17.208 £ 0.003

z 17.034 £ 0.006

y 16.797 £ 0.009
2MASS J 15.675 £ 0.054

H 15.220 4+ 0.074

Ks 14.801 £ 0.099
AIIWISE w1 14.737 £+ 0.035

w2 14.611 £ 0.064

planetary companions. The existence of such companions to PCEBs
raises obvious questions for the theory of planetary formation (Bear
& Soker 2014; Volschow, Banerjee & Hessman 2014). P-type or
circumbinary planets that were formed from the same cloud as the
binary itself are expected to be ejected during the CE phase, due to the
abrupt loss of gravitational binding energy. On the other hand, S-type
planets initially bound to one of the components are expected to be
accreted by the primary, producing metal pollution signatures in the
WD’s atmosphere (Koester, Génsicke & Farihi 2014). Consequently,
post-common-envelope planetary formation has been proposed to
explain the existence of planetary bodies orbiting systems like NN
Ser (Schleicher & Dreizler 2014; Volschow et al. 2014). In order
to test such scenarios, it is vital to determine the frequency and
statistical properties of sub-stellar and planetary companions among
a larger sample of eclipsing PCEBs.

In this paper, we present the discovery and characterization of
a bright new eclipsing PCEB. The system, TIC 60040774, is a
high-proper-motion object that lies close to the WD sequence in the
colour-magnitude diagram and is located fairly nearby, at a distance
of 134 pc. We show that TIC 60040774 is close binary in which
an M6.5V secondary eclipses a WD primary every ~ 0.4d. We
also determine the binary parameters of the system and discuss its
properties in the context of other PCEBs.

2 DATA

TIC 60040774 (G = 16.98) is located ~15° south of the Galactic
plane. Based on its Gaia EDR3 astrometry, it exhibits a relatively
higher proper motion of >~ 68 masyr~! and is located at a distance
of 134.465 pc (Gaia Collaboration 2021). Some basic parameters
of TIC 60040774 are summarized in Table 1. According to its
location in the Hertzprung-Russell diagram (see Fig. 1), Gentile
Fusillo et al. (2021) identified this object as a highly probable WD
with an estimated mass of ~0.3 My (assuming it to be a single WD).
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TIC 60040774 was observed by the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015) with two-minute cadence and
identified as a target with significant transit by the Science Processing
Operations Center (SPOC) Pipeline (Caldwell et al. 2020). However,
the Data Validation pipeline, which fits limb-darkened transiting
planet models to the observed light curve (Twicken et al. 2018),
excluded TIC 60040774 as a target of interest, since it assumed a
solar-like primary and predicted the secondary to be a non-planetary
body with an estimated radius of ~0.8Rg. Priyatikanto (2022)
independently (re-)discovered TIC 60040774 as an eclipsing binary
during a search for highly variable WDs in the TESS data set. We then
collected additional multiwavelength photometric measurements
from the literature and obtained new spectroscopic observation with
the Southern African Large Telescope (SALT).

2.1 SALT spectra

The Robert Stobie Spectrograph (RSS; Burgh et al. 2003), operated
at the prime focus of SALT, was used to acquire optical spectra of
TIC 60040774 on 2021-11-14 22:48 UT and 2021-11-16 22:19 UT.
The observations were taken in long-slit spectroscopy mode and used
the PG0900 grating, yielding a resolution of R = A/AA & 1065 at
the central wavelength of 6050 A. The blue and red segments of
the optical spectrum were acquired separately. For the blue segment
(3900 to 7000 A), a UV blocking filter was used, while the red
segment (6000 to 9000 10\) was obtained with a blue blocking filter.
Exposure times of 1200 s yielded sufficient signal to noise for our
purposes. PySALT (Crawford et al. 2010) was used to reduce and
calibrate the spectra.

2.2 Multiband photometry

The characterization of the faint, red secondary component requires
access to wavelengths beyond the optical range. Fortunately, TIC
60040774 was observed by several survey missions, allowing the
construction of a broad-band Spectral Energy Distribution (SED)
that extends well into the infrared region. We used the Virtual
Observatory SED Analyzer (VOSA;' Bayo et al. 2008) to access
and analyse these photometric data sets, specifically the Gaia Early
Data Release 3 (Gaia EDR3; Gaia Collaboration 2021), Panoramic
Survey Telescope and Rapid Response System Data Release 1
(Pan-STARRS1; Chambers et al. 2016; Flewelling et al. 2020),
Two Micron All Sky Survey catalogue of point sources (2MASS;
Skrutskie et al. 2006), and the AIIWISE source catalogue from the
Wide-field Infrared Survey Explorer (Wright et al. 2010; Mainzer
et al. 2011). The observed magnitudes of TIC 60040774 from these
catalogues are summarized in Table 1. Using specific zero points for
selected photometric filters, those magnitudes were transformed into
flux densities and then compared to the synthetic SEDs generated
from selected models. The synthetic SEDs were normalized by
adopting the distance of d = 134.465 £ 1.105 derived from Gaia
EDR3 parallax (Gaia Collaboration 2021). At this distance, the
Galactic extinction in the direction of TIC 60040774 is negligible
(Green et al. 2019).2

Uhttp://svo2.cab.inta-csic.es/theory/vosa/
Zhttp://argonaut.skymaps.info/
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Figure 1. Left: the position of TIC 60040774 in the HR diagram plotted over the probable WDs from Gentile Fusillo et al. (2021). Black lines are the cooling
tracks of DA WDs with masses from 0.2 to 1.5 solar masses. Right: TESS field of view around TIC 60040774 (cross) complemented with stars with 7pnae <

16.5.

2.3 TESS light curve

TIC 60040774 was observed by TESS in Sector 33 from 2020
December 17 to 2021 January 13. TESS uses four cameras comprising
16 CCDs to monitor the variability of the sky in sectors that change
every 27.4d (Ricker et al. 2015). Each sector covers an area of
24° x 90° with 21 arcsec pixel resolution and 2s exposure time.
Full-frame images are not stored at that cadence, however. Instead,
different cadences are adopted, depending on the target priorities.
There are 20 s cadence data products for approximately 1000 target
stars for asteroseismology, 120 s cadence data products for planet
search priority targets, and 30 min cadence full-frame images for
general-purpose photometry. Within this hierarchy, TIC 60040774
was observed with 120s cadence. The data was processed using
the TESS SPOC pipeline to produce calibrated target pixels, simple
aperture photometry flux time series (SAP), and pre-search data
conditioning corrected flux time series (PDCSAP; Caldwell et al.
2020). The light curve for TIC 60040774 is available at the Mikulski
Archive for Space Telescopes (MAST) and easily accessed and
processed using LIGHTKURVE PYTHON package (Lightkurve Col-
laboration 2018). Some analyses were also performed using this
package, including the recovery of the eclipse period through the
construction a box least square (BLS) periodogram (Kovics, Zucker
& Mazeh 2002), which is suitable for analysing periodic transit-
like events. Simple light curve models with periods ranging from
0.3 to 0.5d and transit/eclipse durations from 1.44-14.4 mins were
evaluated to construct the periodogram shown in Fig. 2). This yields
an optimal period estimate of P = 0.404807 d.

As depicted on the right-hand panel of Fig. 1, the object is
surrounded by several brighter stars that might contaminate the
target flux within the specified aperture. There are four stars with
Tiag < 16.5 within 1° radius from TIC 60040774, including TIC
60040779 and TIC 60040763, with magnitudes of 12.7 and 13.9,
respectively. These are located less than 2 pixels from the target

Period [hours]
12 11 10 9 8

102

Power

2.0 2.2 2.4 2.6 2.8 3.0 3.2
Frequency [day~!]

1.5 PDCSAP
—— 20-s binning

1.0

0.5 1
0.202 +£0.078 0.221+0.038

R e background |

Relative Flux

.5 T T T T T T T
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Phase

Figure 2. Top: BLS periodogram of TIC 60040774 shows prominent peri-
odicity at P = 0.404807 d. Bottom: folded light curve shows primary eclipse
with very short duration. Normalized fluxes from PDCSAP are represented
by grey dots with typical error of 0.193. To suppress the scatter, the light curve
is binned (shown as black line). There is no significant difference between
even and odd eclipses as indicated by the mean and standard deviation of
fluxes during the eclipses.

star. In a dense region, point spread function (PSF) modelling might
be useful to remove the contamination from the neighbouring stars
(e.g. Nardiello et al. 2019). However, this is not required in our
case, since the neighbouring stars show no variability. The flux
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Figure 3. Extracted and normalized Balmer lines from Ha (bottom) to H e
(top) are compared to the best-fit model.

time series data produced by the TESS-SPOC behaves very well, as
indicated by the linearity of TIC 60040774 and some neighbouring
stars in flux-magnitude space. We confirmed that the PDCSAP flux
is background-corrected and free from contamination.

3 CHARACTERISTICS OF TIC 60040774

3.1 WD parameters

We used the blue segment of the spectra to constrain the physical
parameters of the WD. At wavelengths shorter than 7000 A, the
WD component of TIC 60040774 is the dominant source of light.
A set of DA-type WD synthetic spectra with pure hydrogen atmo-
sphere (Koester 2010) were compared to the observed data using
standard procedures (Bergeron, Saffer & Liebert 1992). Each model
atmosphere is parametrized by a certain T and log(g). Balmer
lines from H« to H e were extracted and normalized separately. To
find the normalization factor, we fitted a pseudo-Gaussian function
to each line profile. DA-type WDs with effective temperatures of
9000K < T < 16000K show very strong Balmer lines which
are well matched to pseudo-Gaussian functions (Bergeron et al.
1995). We implemented the same extraction and normalization to the
synthetic spectra prior to the fitting. Additionally, line profiles from
the models were convolved with a Gaussian kernel with full width at
half-maximum (FWHM) of 2 A in order to match the instrumental
profile. After some experiments with a coarser parameter grid, T
models ranging from 13000-15000K with 250K resolution and
log (g) ranging from 7.00-9.00 with 0.25 resolution were fitted to
the extracted line profiles. The x? was used as the cost function to
find the best-fit model and obtain the optimum model parameters.
Subsequently, more physical parameters such as mass, radius, and
the cooling age of the WD can be estimated using theoretical models
(Tremblay et al. 2013).

The best fit to the Balmer lines (Ha to He) yields Ter a =
14050 £ 370K and log (g4) = 7.98 £ 0.07 (in cgs). Fig. 3 displays
the extracted line profiles and best fit model. The contamination
from the red companion is negligible even at Ha wavelength,
such that the solution obtained using all available Balmer lines is
reliable. Additionally, the deviation between the 1 D model and the
more realistic 3D atmospheric model at the quoted temperature
and gravity is minimal (Tremblay et al. 2013). According to the
cooling track model provided by the Montreal group (Tremblay,
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Bergeron & Gianninas 2011; Bédard et al. 2020), the estimated
mass of the WD is M4 = 0.598 £ 0.029 Mg, with a corresponding
radius of Ry = 0.0131 £ 0.0005 Rg, while the cooling age is f¢o01 =
243 + 24 Myr. The uncertainties for these derived parameters were
estimated by randomly sampling the models with possible sets of e
and log (g) following a distribution dictated by their uncertainties.
This solution is consistent with the mass and radius calculated using
Koester’s model, which was scaled by the observed magnitude in
g, Bp, and G bands. Using bolometric luminosities derived from
those magnitudes, the obtained mass and radius are 0.63 £ 0.10 Mg
and 0.0133 £ 0.003 R, respectively. This adopts the bolometric
correction table from Chen et al. (2019) and standard formulae and
solar quantities from Pr3a et al. (2016a).

With a mass of 0.598Mg and 7.z = 14050K, the primary
component of TIC 60040774 can be regarded as a typical WD
(Kleinman et al. 2013). It is far enough from the instability strip
that variability beyond the eclipse is not expected. As the first-order
estimate of the system age, the progenitor mass of the WD can
be estimated using initial-final mass relations. Its main sequence
lifetime could also be estimated using reliable stellar evolution
model. In this scheme, the WD is assumed to evolve without
significant influence from its companion. Using the semi-empirical
relation from Catalan et al. (2008), the estimated initial mass of TIC
60040774ais 1.78 £ 0.48 M. Stars with solar metallicities as those
inferred here spend 1.49 Gyr on the main sequence and an additional
0.30 Gyr during the post-main sequence phase before cooling as
WDs (Choi et al. 2016). The use of the initial-final mass relationship
overestimates the age of TIC 60040774. This is because the mass
transfer from a massive progenitor, as well as CE evolution, were
likely to occur in this system. We will discuss the past evolution of
TIC 60040774 in Section 3.4.

3.2 M dwarf parameters

The flux density of the secondary component (F ,) was estimated by
subtracting the observed total flux (F} ota1) With the contribution from
the WD (F,_ ) derived from the WD model with Te o = 14050K
and log (g4) = 7.98. Interpolation over a rectangular mesh of T
— log(g) was done using a bivariate cubic spline to yield precise
synthetic SED for the WD. After that, the fluxes of the secondary
component (TIC 60040774B) at specified photometric bands were
calculated using the following equation:

Fip = Fj o [1 = 10704017 M

where m; represents the apparent magnitude at a particular band.
The result is an SED with a peak at around 1 um, implying that the
effective temperature of this star is around 2900 K.

The SED can also be translated to the corrected magnitudes and
colours of the M dwarf. Applying the photometric classification
scheme presented by Skrzypek et al. (2015) in combination with the
empirical relation between colours and spectral types, we estimated
that TIC 60040774B is an M6.5 dwarf with an effective temperature
of 2600-2900 K. In this approach, we used the polynomial functions
to relate colour indices to the spectral types based on Best et al.
(2018). The x? minimization method was based on the prescription
from Skrzypek et al. (2015). Colour indices were calculated using
magnitudes observed at i-band and longer wavelengths. At shorter
wavelengths, the flux from the M dwarf is very low and thus
uncertain. The translation from spectral type to temperature is based
on Rajpurohit et al. (2013).

In more detail, the calculated SED from the secondary was then
compared to the collection of synthetic spectra from BT-Settl CIFIST
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Figure 4. The best-fit model of WD-M dwarf binary (blue) overlaid to the optical spectrum from SALT/RSS (grey) and the observed SED (dark grey). The
relative errors (bottom panel) between the model and observation are below 20 per cent.

(Caffau et al. 2011; Allard, Homeier & Freytag 2012) covering
2000K < T <4000 K with 100 K resolution and 2.5 <log (g) <5.5
with 0.5 resolution. BT-Settle CIFIST provides excellent atmospheric
models which are compatible with the observed properties of very-
low-mass stars and brown dwarfs with solar metallicity. The optimum
parameters were obtained through x? minimization using VOSA
online service.

The SED analysis through VOSA resulted in the atmospheric
parameters Tefr g = 2700 £ 150 K and log (g5) = 4.14 £ 0.97, where
the mean values and the corresponding uncertainties are based on
the profile of smoothed 2. The quoted uncertainties are associated
with the x2 = x2,, + Ax?, where Ax? = 2.3 for two-parameter-
model fitting (e.g. Avni 1976). Moreover, VOSA also provided the
scaling factor of My = R*/d*> = (5.54 &+ 0.60) x 10722, which
can be used to derive the radius of the object, which is R, =
0.140 £ 0.008 Rg. From the adopted surface gravity and radius,
the derived mass of the dwarf is log (M/My) = —1.98 £ 0.98. The
estimated radius is in good agreement with the one calculated using
the semi-empirical relation between radius and absolute magnitude
in the Ks band [calibrated using nearby K7-M7 dwarfs (Mann et al.
2015)]. Using the corrected magnitude and the distance from Gaia
EDR3, we got Mg, = 9.26 4+ 0.10 and a radius of 0.133 4 0.004.
Additionally, based on the mass-luminosity relations from Mann
et al. (2019), we estimated that the secondary component has a mass
of 0.107 £ 0.020 M. Though the mass-luminosity relation from
Mann et al. (2019) is more accurate, especially for low-mass stars,
the intrinsic scatter in the relation becomes the major source of the
quoted uncertainty. The latter mass estimate is more plausible than
the gravity-based estimate since the uncertainty in the log (g) from
the SED fitting is large.

Fig. 4 shows the comparison between the observed SED with the
model containing 14050 K WD with log (gg) = 7.98 and the M dwarf
with T, g = 2700 K and log (g5) = 5.0. The adopted surface gravity
of the secondary is higher than the solution from VOSA to comply
with the mass-luminosity relations mentioned before.

3.3 Light curve modelling

The folded and binned light curve was modelled using PHOEBE2
(Prsa et al. 2016b). This code is the updated version of PHOEBE (PrSa
& Zwitter 2005), which includes several improvements, especially
the inclusion of the library of stellar atmospheric models, various
observing passbands, and also valuable tools for inverse problem
solving (Horvat et al. 2018; Conroy et al. 2020; Jones et al. 2020). To
model the observable quantities as a function of time or phase, the
code creates a gravitationally affected surface mesh of model stars.
It populates the triangular mesh with quantities such as effective
temperature, intensity, and colour based on relevant physics. For a
WDMS binary, the WD can be represented as a blackbody radiator,
while the atmosphere of the cooler star can be calculated using
PHOENIX, covering T down to 2300 K (Husser et al. 2013). The
TESS passband covering 600010000 A was used to compute the
expected variability more accurately. Limb-darkening of the primary
component was represented by a power—law model with appropriate
coefficients from Claret et al. (2020). For the secondary component,
we used a quadratic limb-darkening function with appropriate coef-
ficients from Claret (2018). Estimated T and log (g) become the
parameters for selecting the limb-darkening coefficients.

The geometry of the folded light curve, especially the timing of
ingress and egress and the eclipse depth, provides constraints on

MNRAS 516, 1183-1192 (2022)
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Table 2. Distribution of priors for MCMC random sampling.

Parameter Distribution Unit
Teff, A N (14050, 370) K

Tefr, B N (2700, 150) K
Requiv, 1 N(0013 1 N 00005) R@
Requiv, 2 N(O.1330, 0.0080) Ro

i U (85, 90) degree
a 2.0405 AU

P 0.404807 day

some of the stellar properties. Those include the radii of primary
and secondary scaled by the semimajor axis and the ratio of the
effective temperatures of both components. However, there is known
degeneracy of the solutions due to the orbital inclination. For
example, a model with larger stellar radii and lower inclination
may produce a similar light curve profile as the model with smaller
radii and higher inclination. There are some ways to relieve this
degeneracy (Parsons etal. 2017), but those approaches require precise
multi-epoch spectroscopic data to characterize the kinematics of
the components. Consequently, light curve modelling must depend
on prior knowledge established by fitting synthetic spectra and
SEDs. Nonetheless, light curve modelling can provide additional
consistency checks on parameters constrained by previous methods.

A Markov Chain Monte Carlo (MCMC) sampling was performed
to obtain posterior probability distributions of parameters after the
light curve modelling. PHOEBE?2 includes this capability by incorpo-
rating Affine-invariant MCMC algorithms (Goodman & Weare 2010)
implemented in the EMCEE PYTHON package (Foreman-Mackey et al.
2013,2019). In this approach, the light curve models are governed by
five free parameters sampled from the initial parameter distributions.
These are the orbital inclination 7, equivalent radii (R), and effective
temperature (7r) of primary and secondary components. The orbital
eccentricity was set to zero while the period was fixed. The masses
of the components cannot be evaluated directly using the light curve,
but the masses constrain the semimajor axis, which in turn scales
the radii. We established the initial distribution of those parameters
based on the results of spectral and SED fitting. To achieve reliable
posteriors, we ran MCMC with 10 walkers through 5000 iterations.
During that run, we used binary models with 400 triangular mesh.

Table 2 summarizes the way we generated the distribution of the
priors. The orbital period was fixed at 0.40 4807 d, while the circular
orbit was assumed since there is no feature in the observed light curve
to constrain the eccentricity. If the size ratio between the primary
and secondary is Rg/R4 =~ 10 and the effective temperature ratio is
Tetr. 8/ Ter. o =~ 0.2, then the expected reduction in bolometric flux is
less than two parts-per-thousand. With the 7y, 2 17, the photometric
error of TESS is larger that the secondary eclipse. Besides that,
the out-of-eclipse light curve is relatively flat, implying that the
irradiation or reflection is insignificant. The eclipse timing might not
be exact, but initial sampling experimentation with varied eclipse
epoch Ty revealed that the optimum solution deviates by a negligible
< 1073 d. Consequently, T, was not included as a free parameters
during the final run.

Fig. 5 displays the posterior distribution obtained from the MCMC
run. From that figure, some parameters correlate with each other. The
highest correlation is between the inclination and the radius of the
secondary. The solution of Rz/a = 0.0676 and i = 87.5° achieved
through the MCMC sampling is consistent with the solution from
the SED fitting. The depth of the light curve determines the radius of
the secondary such that the posterior distribution is more constrained

MNRAS 516, 1183-1192 (2022)

than the prior (improvement from 6 per cent to 2 per cent relative
error). This also applies to the secondary’s effective temperature
even though weak positive correlations exist between T¢¢, g and other
parameters (i and R4). On the other hand, the posterior distributions
for Tesr. o and R4 are not different to the prior distributions, implying
that the single band light curve provides insufficient information to
constrain the parameters of the primary component. Lastly, the light
curve cannot provide additional information to constrain the masses.
Further spectroscopic observation that produces a sufficient radial
velocity profile is required to constrain the masses of the components.

The best-fit light curve model with uncertainty is displayed in
Fig. 6, while the parameters are summarized in Tables 3 and 4. For
this model, the goodness of fit is represented by the reduced x> of
1.05. Based on the adopted masses, we estimated that the Roche
lobe filling factor of the primary and secondary are 1.3 per cent and
28.5 per cent respectively. This system is fully detached with nearly
spherical components. The posterior parameters are also plotted in
Fig. 7. For the primary, it is seen that the MCMC run provides a
radius 5 per cent larger than the one derived from the cooling track.

As we can see in Fig. 6, the ingress and egress profile are shallower
than the best fit model, implying that there is a possibility that the
geometry of either primary or secondary is not so simple. To explore
this further we experimented with different limb-darkening profiles
(quadratic and square root). However we find that different profiles
cannot explain the shallower ingress-egress without inflating the WD
radius. Shallower ingress—egress may be produced by a bright accre-
tion disc normally observed in cataclysmic variables (e.g. Savoury
etal.2011). If this is the case, then the light curve morphology implies
that the disc extends to 2 5R4 and contributes 10 per cent to the
observed luminosity. Nevertheless, this explanation is not suitable
for TIC 60040774 where the secondary is far from filling its Roche
lobe. Additionally, the spectrum of this object does not show any
hydrogen emission.

Alternatively, a planetary debris disc may exist around the primary
since the chance of finding a young WD (up to ~200 Myr cooling
age) with planetary debris is ~27 per cent or higher (Koester et al.
2014). In most cases, the identification and characterization of plan-
etary debris discs around WDs are based on infrared observations.
The typical outer radius of the disc is 0.3 R, (Farihi 2016). Transiting
planetary debris in front of a WD produces shallower and variable
transit depths (Vanderburg et al. 2015; Vanderbosch et al. 2021). The
asymmetric profile of ingress and egress may also lead to the notion
that the secondary is surrounded by debris, with a trailing part that is
thicker than the leading part. Alternatively, an extended atmosphere
of the secondary may also produce the shallower ingress—egress by
gradually absorbing the radiation from the compact primary (Day,
Tennant & Fabian 1988). Apart from these alternative explanations,
there is still a possibility that the observed profile comes from
systematic error. Consequently, follow-up observations with high-
cadence photometry covering the complete eclipse stages are needed
to clarify the true ingress—egress profile of TIC 60040774.

3.4 Binary evolution of TIC 60040774

The white dwarf-main sequence binary TIC 60040774 is expected to
have formed as a system with higher total mass and wider orbit than
those currently observed. The system experienced binary evolution
that includes a CE phase. This phase lasted for a very short time but
significantly shrank the orbit by orders of magnitude. At the end of
the CE phase, the orbit shrank further, mainly due to gravitational
radiation. Inversely, we can trace possible configuration of TIC
60040774 in the past from the observed parameters.
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Figure 5. Corner plot showing the posterior distributions of some parameters of TIC 60040774.

1.4 Table 3. Orbital parameters derived from the light curve of TIC 60040774.
1.2 1
. 10 $ Period P 0.404807 £ 0.000149 d
2 Time of eclipse To 2459201.762996 BID
v 081 Eclipse duration T4 11.19 min
":;5 0.6 1 Eclipse depth 77.87%
0.4 PDCSAP Semimajor axis a 2.041 £ 0.039 Rg
02 —— model Inclination i 87.50 £ 0.16°
® 20-s binning
0.0 T T T T T T .
_ 02 magnetic braking is inefficient in shrinking the orbit. Following
é 0.0 » Schreiber & Génsicke (2003),
€ * { 8/3 _ 256G5/3(27T)8/3 MAMB

0.000 0.005 0.010 0.015 0.020
Phase

-0.2+ T T T
—0.020 -0.015 -0.010 -0.005

Figure 6. The best fit eclipse model and its 1 o uncertainty for the primary
eclipse of TIC 60040774 as observed by TESS. Circles with error bars are
20-s binned data.

First, the system’s orbital period just after the CE phase (Pcg)
can be estimated by considering the angular momentum loss due to
gravitational radiation. For the case of TIC 60040774 where the
secondary is a fully-convective star with mass m, < 0.35 Mg,

teool + Pfr{f (2)

CE 5C5 MA+MB

where G is the gravitational constant, ¢ is the speed of light in a
vacuum, M, and Mp are the current masses of the primary and
secondary components, P,y is the observed orbital period, while
the 7.0 1s the WD cooling age. Using the parameters presented in
Tables 3 and 4, we got Pcrp = 0.40504 d.

We performed forward modelling using the Binary Star Evolution
(BSE) code (Hurley, Tout & Pols 2002) which includes single star
evolution recipe (Hurley, Pols & Tout 2000) and various physical
mechanisms involved in the interacting binary star evolution. Syn-
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Table 4. Stellar properties derived from spectroscopic and photometric data with remarks on the methods.

Primary Component

Mass My 0.598 £ 0.029

Radius Ra 0.0131 £ 0.0005 Rg
0.0137 £ 0.0005 R

Roche lobe filling factor 1.3%

Effective temperature Tefr, A 14050 4+ 360K

Surface gravity log(ga) 7.98 +£0.07

Cooling age teool 0.243 £ 0.024 Gyr

Secondary Component
Mass Mp
Radius Rp

0.107 £ 0.020

0.1330 & 0.0080 R
0.1385 £ 0.0040 R

spectroscopy, cooling track
spectroscopy, cooling track (LC prior)
spectroscopy, light curve (LC posterior)
photometry, light curve

spectroscopy, light curve

spectroscopy

spectroscopy, cooling track

photometry, mass-luminosity relation
photometry, radius-luminosity relation (LC prior)
photometry, light curve (LC posterior)

Roche lobe filling factor 28.5% photometry, light curve
Effective temperature Tefr, B 2700 + 150K photometry, SED fitting (LC prior)
2759 £ 50K photometry, light curve (LC posterior)
Surface gravity log(gp) 5.00+0.50 photometry, SED fitting
Spectral class M6.5 photometry
2.0 30
= Tremblay+ 2011 =— Mann+ 2015,2019
QO Parsons+ 2017 = = Baraffe+ 2015
& LCprior Q Parsons+ 2018
Bl LC posterior & LCprior
OO (@] 25 4 B LC posterior
1.7N\o
< o &
o o
— —
x 1.4 A X
%) (%]
=2 =)
S S
© ©
o o
1.1 A
0.8 T T 5 T T T
0.4 0.6 0.8 1.0 0.05 0.10 0.15 0.20 0.25

Mass [Mp]

Mass [Mo]

Figure 7. Mass-radius plot for the WD primary (left) and secondary (right) components of TIC 60040774 based on the solutions prior (triangle) and after
(square) light curve modelling. For the WD, the plot is complemented with WD sample from Parsons et al. (2017) and theoretical relation from (Tremblay et al.
2011). Darker circles are for WD with 10, 000 < Teg < 20, 000 K. For the secondary M-dwarf, samples from (Parsons et al. 2018) are overplotted, together
with theoretical model from Baraffe et al. (2015) and semi-empirical relations from Mann et al. (2015) and Mann et al. (2019).

thetic binaries with a fixed secondary mass of m; = 0.107 Mg
and various progenitor masses of 1.80 < m; < 3.80 My were
generated and evolved until they reached the CE phase. Those
binaries have circular orbits with initial periods of 400 < Py, <
1000d or separations between 1.33 to 3.07 AU. The resolution of
input parameter grids is 0.01 Mg in mass and 5d in period. We
adopted solar metallicity and set the remaining stellar evolution
parameters to default values. We used the CE efficiency ocp = 1.0
and the binding energy factor A = 0.5. These two parameters have a
significant effect on the outcome of the CE evolution. According to
Davis, Kolb & Knigge (2012), the o correlates with the observed
white dwarf mass and secondary component. The adopted values for
the BSE models are consistent with the prescribed relation assuming
that the binding energy of the envelope is purely gravitational. The
adopted A is based on the calculation by Dewi & Tauris (2000) for
the star of mass 3 Mg.

The simulation produced some important parameters at the end of
the CE phase, especially the orbital period (Pcg) and the mass of the
WD to be compared to the ones derived from the observation. The
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best estimate of the progenitor mass is m; = 2.59 &+ 0.33 Mg while
the initial period and separation are 829 + 115d and 2.40 + 0.24
AU. When the primary started to reach the giant branch, the wind
from the primary induced drag and shrank the orbit to the point of
Roche lobe overflow. This process was followed by the CE phase.

Beyond the CE stage, the evolution of TIC 60040774 is straightfor-
ward without any dynamical complexity. The WD is getting cooler
while the low-mass secondary evolves slowly, and it will not fill its
Roche lobe in the next couple of billion years. Gravitational-wave
radiation with a time scale of 400 Gyr becomes the only mechanism
reducing the orbital separation unless the envelope ejection is not
100 per cent efficient («cr < 1) and the existence of a debris disc
accelerates the orbital shrinkage (Kashi & Soker 2011).

3.5 TIC 60040774 among other eclipsing PCEBs

Having a primary mass of 0.598 M, a secondary mass of 0.107 Mg,
and orbital period of 9.71h, TIC 60040774 can be regarded as a
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Figure 8. Plot of the orbital periods and masses of 40 eclipsing PCEBs listed
in (Parsons et al. 2015) where the primary and secondary masses are in black
and red, respectively. The associated histograms are displayed where the grey
histogram is for the complete sample.

typical WDMS binary as it is located close to the central distribution
of WDMS in terms of WD mass, temperature of the secondary
component, and also the orbital period (Rebassa-Mansergas et al.
2016, 2021; Kruckow et al. 2021). However, TIC 60040774 gains its
uniqueness if we place it in the context of eclipsing PCEB.

Fig. 8 shows the distribution of mass and period of PCEBs listed
in Parsons et al. (2015) and Parsons et al. (2017). The distribution of
the primary mass shows a single peak at around 0.4-0.45 Mg, while
the distribution of secondary mass is double peaked with a clear
valley around 0.35 Mg,. This valley is associated with the upper limit
of fully convective stars. Systems with such low-mass secondaries
remain detached for an extended period since the orbital shrinkage is
only caused by gravitational wave radiation (Zorotovic et al. 2014).
Consequently, the probability of finding such systems is higher. TIC
60040774 is among the systems with a low-mass secondary.

If we look at the period distribution, eclipsing PCEBs tend to
have a shorter orbital period while TIC 60040774 is at the right-end
of the distribution. We can say that TIC 60040774 is a relatively
rare case because the probability of finding eclipsing system is
inversely proportional to the orbital separation (and period). Besides
this trend, a multimodal distribution is seen in Fig. 8. However, this
distribution is likely to be caused by selection bias as the Monte Carlo
simulation of the PCEBs (Zorotovic et al. 2014) did not produce the
multimodality.

With the orbital separation of ~2 AU, TIC 60040774 is also a
simple detached system where the irradiation from the primary star
does not affect the secondary. The effective temperature of the WD
is around five times that of the secondary, while the scaled radius of
this compact body is just 0.00671. This condition implies that the
irradiation from the WD is just 1.5 per cent that of the intrinsic flux
of the M-dwarf secondary. Consequently, the SED of the secondary
is close to the theoretical model.

Eclipsing PCEBs with low-mass secondary become a good target
for finding circumbinary planets since the sharpness of the light
curve implies a great precision of measuring the eclipse timing.
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Systems like NN Ser, QS Vir, RR Cae, GK Vir, and DE CVn are
known to have circumbinary planet(s) with orbital period of more
than ten years (Beuermann et al. 2010; Qian et al. 2012; Han et al.
2018; Almeida et al. 2020). The existence of a Jupiter-like planets
modulates the orbital period of the binary with typical amplitudes of a
few tens of seconds by inducing light time travel effects (e.g. Marsh
et al. 2014). Either the first generation formation scenario (Bear
& Soker 2014) or the post-common-envelope planetary formation
(Schleicher & Dreizler 2014) may explain the existence of planets
orbiting PCEBs. Belongs to the same class, TIC 60040774 may
also host a planet or planetary system. However, Bear & Soker
(2014) speculated that the absence of detection of a planet orbiting
PCEB with ~0.6 M primary may be a consequence of evolutionary
process. At this moment, we have not identified any extra transit
in the TESS light curve, although this only covers one month of
observations. Even though there are more than 60 eclipses observed
for TIC 60040774, the unbinned light curve from a single eclipse is
noisy such that identifying short period modulation from this data
is difficult. Similar to the case of GK Vir (Almeida et al. 2020),
follow-up observations using a meter-class telescope for more than
a decade is required to reveal the existence of a planet orbiting TIC
60040774.

4 CONCLUSION

We derived orbital and physical parameters of TIC 60040774, one of
the eclipsing PCEBs with low-mass secondary located 134 pc from
the Sun. Based on spectroscopic data, we estimated that the primary
component of this system is a WD with a mass of 0.598 £ 0.029 Mg
and an effective temperature of 14050 £ 360 K. The secondary
component is an M6.5 dwarf with a mass of 0.107 £ 0.020 Mg
and a temperature of 2759 £ 50K. Physical parameters for the
secondary were derived through SED fitting combined with the
MCMC sampling to fit the light curve from TESS. With the period
of 9.71 h, TIC 60040774 becomes one of the eclipsing PCEBs with
relatively long orbital period. Additionally, we estimated that the
system started from binary with a late B primary star of mass 2.5 Mg
and an initial separation of 2.4 AU. The total age of the system is
1.024 £ 0.300 Gyr with the CE stage occurring 0.243 Gyr ago.

Our estimate of the parameters of the TIC 60040774 is not inde-
pendent of some theoretical and semi-empirical models. However,
the orbital separation is relatively large such that the irradiation from
the WD does not affect the secondary. Consequently, the expected
properties are consistent to the models. However, we found that the
ingress—egress profile acquired from the TESS photometry seems to
be shallower than the one expected from the best model consisting
of components with typical geometrical structure. This profiles may
indicate the existence of debris disc in TIC 60040774 though this
hypothesis needs to be evaluated using additional data.
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