N
N

N

HAL

open science

Surface brightness-colour relations of dwarf stars from

detached eclipsing binaries:

II. Extension of the calibrating

sample
D. Graczyk, G. Pietrzynski, C. Galan, N. Miller, W. Gieren, B. Zgirski, G. Hajdu, M.
Kaluszynski, R. Chini, A. Gallenne, et al.

» To cite this version:

D. Graczyk, G. Pietrzynski, C. Galan, N. Miller, W. Gieren, et al.. Surface brightness-colour relations of dwarf
stars from detached eclipsing binaries: II. Extension of the calibrating sample. Astronomy & Astrophysics -

A&A, 2025, 694, {10.1051/0004-6361/202452065). <insu-05103580)

HAL Id: insu-05103580
https://insu.hal.science/insu-05103580v1

Submitted on 9 Jun 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization


https://insu.hal.science/insu-05103580v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

A&A, 694, A65 (2025)
https://doi.org/10.1051/0004-6361/202452065
© The Authors 2025

tronomy
Astrophysics

Surface brightness-colour relations of dwarf stars from
detached eclipsing binaries

Il. Extension of the calibrating sample

D. Graczyk"* , G. Pietrzyr’lskiz, C. Galan?>®, N. Miller>®, W. Gieren’, B. Zgirski3 , G. Hajduz, M. Kaluszyﬁski2 R
R. Chini>*?>, A. Gallenne®’®, M. Gérski?, P. Karczmarek®>®, P. Kervella®, M. Kicia2, P. F. L. Maxted’®,
N. Nardetto'%®, W. Narloch?®, B. Pilecki*®, W. Pychz, G. Rojas Garcia?®, R. Smolec?®, K. Suchomska?,
M. Taormina®®, and P. Wielgérski?

! Centrum Astronomiczne im. Mikotaja Kopernika, Polish Academy of Sciences, Rabiafiska 8, 87-100 Torun, Poland

2 Centrum Astronomiczne im. Mikotaja Kopernika, Polish Academy of Sciences, Bartycka 18, 00-716 Warsaw, Poland

3 Departamento de Astronomia, Universidad de Concepcién, Casilla 160-C, Concepcion, Chile

4 Ruhr University Bochum, Faculty of Physics and Astronomy, Astronomical Institute (AIRUB), 44780 Bochum, Germany
5 Universidad Catélica del Norte, Instituto de Astronomia, Avenida Angamos 0610, Antofagasta, Chile

¢ Instituto de Astrofisica, Departamento de Ciencias Fisicas, Facultad de Ciencias Exactas, Universidad Andrés Bello,

Fernandez Concha 700, Las Condes, Santiago, Chile

7 French-Chilean Laboratory for Astronomy, IRL 3386, CNRS, Casilla 36-D, Santiago, Chile
8 LESIA, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, Université de Paris, 5 place Jules Janssen,

92195 Meudon, France

® Astrophysics Group, Keele University, Staffordshire ST5 SBG, UK
10 Université Cote d’Azur, Observatoire de la Cote d’Azur, CNRS, Laboratoire Lagrange, Nice, France

Received 30 August 2024 / Accepted 12 December 2024

ABSTRACT

Aims. Surface brightness-colour relations (SBCRs) are useful tools for predicting the angular diameters of stars. They offer the
possibility to calculate precise spectrophotometric distances based on the eclipsing binary method or the Baade—Wesselink method.
Double-lined detached eclipsing binary stars (SB2 DEBs), with precisely known trigonometric parallaxes, allow us to calibrate SBCRs
with a high level of precision. To improve such calibrations, it is important to supplement the sample of suitable eclipsing binaries with
precisely determined physical parameters.

Methods. We selected ten SB2 DEBs within 0.8 kpc of the Sun, which feature components of spectral types ranging from B9 to K3.
We analysed their TESS and Kepler K2 space-based photometry simultaneously with the radial velocities derived from HARPS spectra
using the Wilson—-Devinney code. The disentangled spectra of DEBs were used to derive atmospheric parameters of their components
by applying the GSSP code. The direct effective temperatures were also calculated using spectral energy distribution analysis. The O-C
diagrams of the minima times were investigated to detect long-term period changes or apsidal motions.

Results. Most of the systems are composed of significantly unequal components, with mass ratios as low as ~0.5. We derived precise
masses, radii, and surface temperatures for them, along with their metallicities. The average precision of mass and radii determinations
is 0.3% and 1.4%, respectively, for the surface temperature. The spectroscopic and photometric temperatures of the components are
usually consistent to within 100 K, but in some systems, the difference is much larger. The components of HD 149946 show the highest
difference (up to 400 K), while the atmospheric models favour different surface metallicities. We also provide an updated calibration

of the equivalent width of the interstellar sodium D1 line and the reddening E(B—V).

Key words. binaries: eclipsing — binaries: spectroscopic — stars: distances

1. Introduction

The empirical stellar surface brightness-colour relations
(SBCRs) proved to be very useful in establishing the extra-
galactic distance scale. When the radius of a star is known, an
application of an SBCR gives a robust distance (Lacy 1977b).
This approach has allowed for precise distance determina-
tions to be made for globular clusters in the Milky Way (e.g.
Thompson et al. 2001) and to the Magellanic Clouds (Pietrzynski
et al. 2013; Graczyk et al. 2014), using double-lined detached
eclipsing binaries (DEBs). Improved calibrations of the SBCR

* Corresponding author; darek@ncac. torun.pl

reached recently a precision of 1% in predicting the angular
diameters of main sequence stars (e.g. Salsi et al. 2020, 2021)
and GK-type giant stars (Gallenne et al. 2019; Pietrzynski et al.
2019). This development resulted in near-geometrical distance
determinations to the LMC by Pietrzynski et al. (2019) and to the
SMC by Graczyk et al. (2020), who used rare eclipsing binary
stars consisting of late-type giant stars. Both measurements
provide so-called geometrical anchors of the extragalactic
distance ladder (Riess et al. 2019; Breuval et al. 2024).
Interesting issues regarding SBCRs, which are not yet
fully resolved are their dependence on the metallicity and the
surface gravity. For example, there are some conflicting results
concerning the metallicity dependence (Pietrzynski et al. 2019;
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Table 1. Basic data on the eclipsing binary stars studied in the current work.

Graczyk, D., et al.: A&A, 694, A65 (2025)

1D RA (2000)  Dec (2000) WGaia/ DR3 \% B-V Orb. period Spectral
(mas) (mag) (mag) (days) type
CG Scl 005526.84 -3731264 12.191£0.032 8.694+0.038 0.698+0.014 11.04 G2V+K3V
HD 27476 0417 59.17 -482345.2 3.054+0.020 8.711+0.014 -0.006+0.012 6.505 AOmV+F8V
AW Col 060511.28 -324351.3 7.660+0.021 8.010+0.021 0.260+0.018 10.32 A7mV+G2V
TYC 6511-1799-1 062926.36 —-251329.4 1.315+0.015 11.367+0.050 0.523+0.035 26.38 F8IV+F71V
BD+17 1832 08 23 58.32 17 06 50.7 2.544+0.022 9.621+0.039 0.182+0.032 7.158 A3V+FOV
TYC 266-718-1 11 11 33.46 0247 13.4  5.654+0.031 10.295+0.035 0.606+0.040 35.02 GOV+K0OV
HD 149946 163903.40 -284713.4 3.741+0.020 9.871+0.035 0.570+0.016 23.31 F5IV+F6V
HD 159246 17342110 -183621.6 1.399+0.020 9.846+0.041 0.154+0.022 5.217 BI9mV+B9mV
VZ PsA 22385147 -3304529 8.583+0.095 5.658+0.021 0.039+0.007 11.53 AlmIV+F8V
HD 219869 231922.09 -085213.5 3.453+0.019 10.220+0.027 0.483+0.027 6.062 F6V+F7V

Notes. @Refined spectral types given in Sect. 5.4.

Mould 2019). The effect of the surface gravity was noted by sev-
eral authors (e.g. Fouque & Gieren 1997; Kervella et al. 2004;
Groenewegen 2004); however, it was only indirectly addressed
as a dependence on the luminosity class, without providing
a quantification of logg. Salsi et al. (2022) investigated these
effects using theoretical atmosphere models and constructing
theoretical SBCRs. They concluded that both effects are colour
dependent and they are significant (i.e. over 1%) only for the
coolest stars of M type. The metallicity effect for main sequence
stars was presented by Boyajian et al. (2014), although it was
derived from a limited sample of stars and only a constant
term was given. The influence of both effects on SBCRs will
be addressed by the ongoing SPICA/CHARA interferometry
project (Mourard et al. 2022; Ligi et al. 2023), which will mea-
sure angular diameters for about 1000 stars with high precision.

On the other hand, eclipsing binary stars with known dis-
tances offer the unique possibility to directly derive angular
diameters of their components. This route allows for an inde-
pendent determination of SBCRs (e.g. Kruszewski & Semeniuk
1999; Graczyk et al. 2017) and an investigation of the mentioned
second order effects. The abundance of very precise Gaia par-
allaxes (Gaia Collaboration 2016, 2023) combined with superb
quality space-borne light curves results in stellar angular diame-
ters determined with sub-percent precision for a steadily growing
number of DEBs.

The present work follows on our previous paper (Graczyk
et al. 2021). We identified a number of suitable DEBs, which
could serve to improve the calibration of SBCRs for spectral
types A, F, G, and early K. The main aim is to expand the cali-
bration sample of DEBs through a very precise determination of
their geometrical, dynamical, and radiative properties.

2. Observations
2.1. Star sample

Table 1 contains the names and basic parameters of ten eclipsing
binary stars selected for the present study. All the systems are
classified as double-lined spectroscopic binaries (SB2). Because
the systems are well-detached and have no strong spot activity
(with the exception of CG Scl), we included them in our sample.
Three systems have distances larger than 300 pc, but we included
them in the sample because their Gaia DR3 parallaxes (Gaia
Collaboration 2016, 2023) are precise to within 1-1.5%. The
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magnitudes given are averages from catalogues listed in the SIM-
BADY/Vizier database after removing outliers and they represent
the out-of-eclipse brightness of the systems. CG Scl, AW Col
and VZ PsA (=HR 8616) were discovered as variable stars during
the HIPPARCOS space mission (Perryman et al. 1997), classified
as eclipsing binaries and given names in the General Catalogue
of Variable Stars (GCVS; Kazarovets et al. 1999, 2006, 2008).

HD 27476 was identified as an eclipsing binary by Justesen
& Albrecht (2021) based on their analysis of the short-cadence
photometry from Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2015). TYC 6511-1799-1, HD 159246 and
HD 219869 were found as variable stars and then classified as
eclipsing binaries during the All Sky Automated Survey (ASAS,
Pojmanski 2002, 2003). BD+17 1832 was found to be an eclips-
ing binary candidate by Wraight et al. (2011) using STEREO
observations and then confirmed by Barros et al. (2016) based
on analysis of photometry from K2 space mission (Howell et al.
2014). TYC 266-718-1 was identified as an eclipsing binary by
Armstrong et al. (2015) who used also K2 data. HD 149946 was
found to be an eclipsing binary by Maxted & Hutcheon (2018)
based on K2 photometry.

2.2. Photometry

Almost all stars in the sample were observed by the TESS space
mission (Ricker et al. 2015) and, in some cases, K2 data from
the extension of Kepler space mission (Koch et al. 2010) was
also available. In case of HD 159246, only K2 photometry was
available. Table C.1 presents the journal of observations used
in the present study. Because K2 photometry has a relatively
long cadence of 1800 s, it was rectified to account for the phase
smearing during eclipses. The iterative procedure is described in
Graczyk et al. (2020).

In most cases, we detrended the light curves to remove
long-term changes, usually due to instrumental effects, and also
short-term changes due to stellar spots. Removing the spot vari-
ability in this way still leaves some small systematic residuals
in eclipses, provided the variability is relatively small (up to
0.02 mag). When a few minima are used in a light curve analysis,
the systematic trends are mostly cancelled out.

2.3. Spectroscopy

For all systems in the sample, we secured high-resolution spec-
tra with the High Accuracy Radial velocity Planet Searcher
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Table 2. Best-fitting atmospheric parameters, together with their 1o uncertainties.

Primary Secondary
ID [M/H] Ter & el Viot Sin i [M/H] Te & e Viot Sin i
(dex) (K) (km/s) (km/s)  (km/s) (dex) (K) (km/s) (km/s)  (km/s)

CG Scl —0.04+£0.09  5810+45 1.08+£0.12 2.0 5.5+£0.5 +0.09+0.12 481758 1.24+0.27 1.0 3.5+1.0
HD 27476 +0.37£0.05  10500+105 0.72+0.47 10 10.5+0.8  +0.19+0.18  6064+235 0.9 4.0 9.1+2.0
AW Col +0.09+0.08  7890+43 321+0.17 8.0 36.1£0.7 -0.04+0.19  5807+210 1.40+£0.53 4.0 13.7+1.7
TYC6511-718-1  —0.08+0.09  6210+110 1.22+0.22 4.0 9.8+0.7 -0.07+0.08 6320+84 1.58+0.22 4.5 9.5+0.7
BD+17 1832 +0.04+0.08  8235+56 3.75+0.24 8.0 13.0£0.5 -0.14+0.14  7607+143 2.26+0.31 7.0 12.2+1.2
TYC 266-718-1 -0.01£0.08  6205+32 1.12+0.09 5.0 1.5+0.9 +0.04+0.19  5300+51 0.87+0.15 2.0 1.1£0.9
HD 149946 —-0.40+£0.06  6639+80 1.58+0.17 6.5 13.7£0.6  —0.04+0.10 6662+183 0.91+£0.28 6.5 10.3+1.1
HD 149946 -0.59+£0.06  6305+65 1.52+0.19 6.5 13.7£0.7 -0.40® 6287+160 0.9 6.5 94x1.1
HD 159246 +0.51+0.09  11025+265 0.11+0.36 10 23.3+2.2  +0.60+0.09  11311+292 0.17+0.44 10 23.0+2.0
VZPsA +0.39+0.05  9193+25 2.54+0.10 9.0 1.9+0.9 +0.27+0.36  6366+282 0.8 5.5 8.1+£2.2
HD 219869 -0.40+£0.04  6468+59 1.64+0.12 7.0 12.0+04 -0.41+0.06  6237+97 1.20+0.17 6.0 9.0+0.6

Notes. *Adopted using published correlations between macroturbulence and 7. or spectral type. (Y Taken after the best matching model for the
primary component. “’Based on the Gaia-ESO iDR6 calibration (see the third paragraph of Sect. 3.3.2).

(HARPS; Mayor et al. 2003) on the European Southern Obser-
vatory 3.6-m telescope at La Silla, Chile. We dedicated a number
of ESO observing proposals to obtain full radial velocity curves.
The ESO observing programs were 0100.D-0339, 0101.D-0697,
0102.D-0281, 105.20L8, 106.20Z1 (PI G. Pietrzynski), 105.2045,
108.21XB (PI D. Graczyk), 099.D-0380 and 0100.D-0273 (PI W.
Gieren). In total we collected 129 spectra between 2017 June 10
and 2021 October 26 (see Table C.2). Typical integration times
were between 10 and 15 min. Almost all spectra were taken in
the highest resolution ECHELLE mode. The spectra were reduced
on-site using the HARPS Data Reduction Software (DRS).

In the case of the highly eccentric system TYC 6511-1799-1,
for which we collected only nine epochs, our HARPS data was
supplemented by literature data. We added 20 radial velocity
epochs from Ratajczak et al. (2021). Their velocimetry is of a
lower precision than ours, but when both sets of radial velocities
are solved independently they provide similar orbital parameters
to within errors.

3. Analysis of spectra
3.1. Radial velocities

We used the RaveSpan code (Pilecki et al. 2017) to measure the
radial velocities of the components in all systems via the broad-
ening function (BF) formalism (Rucinski 1992, 1999). We used
templates from the library of synthetic LTE spectra by Coelho
et al. (2005) matching the mean values of the estimated effective
temperatures and surface gravities of the component stars. The
abundances were assumed to be solar.

The secondary’s lines in VZ PsA are barely detectable in
the spectra because of the high light ratio of the components,
therefore we used a procedure previously applied to V362 Pav
(Graczyk et al. 2021). In short, we stacked all spectra of VZ PsA
to get the best signal-to-noise ratio (S/N) spectrum of the pri-
mary, which was later subtracted from spectra to get the clean
BF signal of the secondary. Radial velocity measurements for all
systems are summarised in Table C.3.

3.2. Spectral disentangling

The radial velocities derived in Sect. 3.1 were used to decom-
pose the observed spectra of each system into the spectra of the
individual components. For disentangling we used all HARPS

spectra, with the exception of a few spectra with a very low
S/N or with very prominent solar features (when taken at bright
evening and morning sky). We used the RaveSpan code which
utilises the method presented by Gonzdlez & Levato (2006). We
ran two iterations choosing a median value for the normalisation
of the spectra. The disentangled spectra cover the spectral range
from 4300 A up to 6900 A.

3.3. Stellar atmospheric analysis
3.3.1. Methods

The atmospheric parameters of the binary system components
were derived using an analogous technique to the one described
in our previous papers of the series (Graczyk et al. 2021, 2022).
We fit synthetic spectra to the high-resolution (R~80000 and
~115000) HARPS disentangled spectra (Sect. 3.2) with the use
of the binary version (August 2020) of the ‘Grid Search in
Stellar Parameters’ (GSSP) software package (Tkachenko 2015).
The code employs the spectrum synthesis method by using the
SYNTHV LTE-based radiative transfer code (Tsymbal 1996).
The GSSP code provides two grids of atmosphere models: the
LLMODELS grid (Shulyak et al. 2004) for hotter (T > 5500 K)
stars and the MARCS (Gustafsson et al. 2008) models useful
here in a few cases of systems containing cooler secondary com-
ponents (CG Scl, TYC 266-718-1, and TYC 1257-132-1). The
GSSP_binary version uses the spectra that are not corrected for
a companion’s flux (the dilution). Instead, a flux ratio, f;, is cal-
culated by the GSSP code utilising a ratio of the components
radii (r;/rp) from a solution derived with the Wilson-Devinney
programme (see Table C.4). The macroturbulent velocity ()
parameter, which strongly correlates with the rotational velocity
(Viot), cannot be calculated as a free parameter; thus, its value
was estimated using published relations (Smalley 2014; Gray
2005) and fixed during the calculations (Table 2).

In general, we used four free parameters: metallicity ((M/H]),
effective temperature (7.g), microturbulent velocity (£), and
Viot sini. The GSSP code calculates synthetic spectra for each
set of grid parameters and compares them with the normalised
decomposed spectrum. The y? value is calculated for each pair
to judge the goodness of fit and to choose the best-matching (cor-
responding to minimum y?) values within the grid of synthetic
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Fig. 1. 5054-5257 A (top) and 5608-5884 A (bottom) regions of disentangled spectra of the primary and the secondary components of
AW Col with selected spectral lines identified. Strong lines from ionised yttrium (Y 11 A5087.42, 5200.41, 5205.72, and 5662.92 A), and bar-
jum (Ball 15853.67 A) are visible. The red lines denote the atmosphere model fits to the observed spectra (blue). The gray shaded areas were

excluded from calculations by the use of an individual mask.

spectra. Additionally, the chemical composition for ~30 ele-
ments was calculated for all objects from the current sample. The
detailed abundance analysis of the atmospheres of these stars
will be published separately (Galan et al., in prep.). In most of
the systems at least one of the components shows overabundance
of lithium. Several systems contain components that show char-
acteristics of Am-type stars — with strongly enhanced barium,
yttrium, zirconium, strontium, and zinc, and deficient in calcium
and/or scandium.

The regions around the Ha, HB, and Hy lines were excluded
from the analysis. Except for VZPsA, the spectrum beyond Hy
was also excluded because of a significantly lower S/N. Addi-
tionally, a number of narrow spectral ranges was excluded from
the analysis with the use of a self-developed program that gener-
ates two kinds of individual masks, to eliminate wrong or noisy
areas. The first mask removes noisy ranges with no spectral lines
deeper than 2.5 o of the noise. The second mask eliminates the
features in the decomposed spectra that have no counterparts in
the line lists, as well as those cases in the synthetic spectra that
have bad data for atomic transitions. Also, the regions containing
artefacts from imperfectly removed features from atmospheric
lines of water (H,O: mainly 1 ~ 5880-6000 A) and dioxygen
(05: A ~ 6274-6330 A) were skipped.

3.3.2. Atmospheric parameters

The input values for the parameters were based generally on the
results of modelling with the Wilson-Devinney (hereafter WD)
code (see Sect. 5; Tables C.4 and 5). In particular, the surface
gravity (log g) was fixed to the values from the WD solution. We
searched initially around the solar value for metallicity [M/H].
The input values for the micro-turbulent velocity (£) were esti-
mated using published correlations with log g, and spectral types
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or T (Gray et al. 2001; Gray 2005; Smalley 2014; Sheminova
2019), and according to Landstreet et al. (2009) for hotter stars
(Ter 2 8000K). In two cases where the faint secondaries of
HD 27476 and VZ PsA contribute very little to the total flux of
the systems and where the disentangled spectra show very low
S/N, it was not possible to determine the & parameter from the
spectra. Instead & was set based on the Gaia-ESO iDR6 calibra-
tion (R. Smiljanic, 2021, private communication) according to
their Te¢ and [M/H] (see Table 2).

The procedure of solution was nearly identical to what has
been used recently (Graczyk et al. 2022). We started the analy-
sis using coarse but wide grids of parameters to find the region
approaching the global minimum. In the next steps, the parame-
ter ranges were narrowed step by step, making the sampling finer.
The parameters of the best-matching models corresponding to
the requested atmospheric parameters were found in several
iterations. The 1o uncertainties were estimated by finding the
intersection of the 1o~ levels in x* (y7 ) with the polynomial
functions that have been fitted to the minimum values of reduced
x° as recommended by Tkachenko (2015). The resulting final
parameters are shown in Table2. The samples of decomposed
spectra in two spectral regions for AW Col are compared with
the best fit synthetic spectra in Fig. 1.

The metallicities of the stars in the sample are distributed
around the solar value. Two systems are characterised by
[M/H] ~ —0.4 dex, while there are three cases with super-solar
metallicities up to [M/H] ~ +0.6 dex in the systems containing
Am-type stars (see Table 2).

The stars in our sample rotate mostly with nearly syn-
chronous (V;q sini) velocities to within a 30~ error. The most
striking exceptions are the primary component of AW Col, which
rotates much faster, and VZ PsA, which rotates more slowly.



Table 3. Reddening determinations.
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System STILISM Nal D1 Adopted
CG Scl 0.001+0.005 0 0

HD 27476 0.009+0.005 0.012+0.003  0.011+0.003
AW Col 0.001+0.004  0.004+0.003  0.003+0.003
TYC 6511-1799  0.022+0.005 0.023+0.005 0.022+0.004
BD+17 1832 0.026+0.003  0.029+0.006  0.027+0.003
TYC 266-718-1  0.016+0.006  0.008+0.004  0.010+0.003
HD 149946 0.176+0.015  0.051+0.008  0.114+0.025
HD 159246 0.272+0.033  0.190+0.031  0.228+0.023
VZ PsA 0.003+0.005 0.001+0.002  0.002+0.002
HD 219869 0.022+0.006  0.003+0.002  0.005+0.003

4. Effective temperature determination
4.1. Interstellar extinction
4.1.1. 3D map

We used the three-dimensional (3D) interstellar extinction map
STILISM (Capitanio et al. 2017), which provides all-sky redden-
ings up to a distance of ~2 kpc from the Sun. The distance depth
of the map strongly depends on the galactic latitude, which is
largest near the galactic equator and decreases to ~300 pc near
the galactic poles. The distances to our targets were calculated as
the inverse of the parallaxes given in Table 1. As an uncertainty,
we adopted one-third of the maximum uncertainty returned by
the extinction map at the given distance, that way E(B—V) based
on the map have similar weights to extinctions derived from Na I
in the following section. The reddenings are listed in Table 3.

41.2. Sodium lines

The interstellar sodium doublet Na I (5889.951, 5895.924 A) is
widely recognized as a good tracer of interstellar extinction (e.g.
Munari & Zwitter 1997, and references therein). Calibrations
between the colour excess E(B—V) and the equivalent width of
Na I lines based on high-resolution spectroscopy were published
by a number of authors and more recently by Poznanski et al.
(2012). In that paper, the authors claimed a systematic difference
between their calibration based on extragalactic SDSS/QSO data
and the results of Munari & Zwitter (1997) from spectroscopy of
galactic OB stars. We believe this difference arises only from a
comparison of the data of Poznanski et al. to the relation given by
Egs. (2) and (3) in Munari & Zwitter (1997). When the data from
both papers are compared to each other directly, there is no sys-
tematic offset (see Fig. 2). We obtain a simple relation between
the equivalent width EW of the Na I D1 line and E(B—V), using
original data from both papers for EW < 0.35 A

E(B-V) = 0.765(57) - EW!1800) (D)

The above relation is valid for the EW of a single Na I compo-
nent smaller than 0.35 A, and its precision is about 10% while
accuracy is better than 0.02 mag in predicting the reddening. It
is out of the scope of the present paper to discuss the intriguing
systematic deviations from the relation given by Eq. (1), but their
presence clearly indicates a need for an independent recalibration
of this useful relation. The possible systematic effects affect-
ing measurements and calibration of the sodium line relation,
potentially leading to some observed deviations are discussed in
Sect. 5.1 and the appendix of Poznanski et al. (2012).

0.175 T T T T T T
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Fig. 2. Relation between the equivalent width of the sodium line D1 and
the reddening.

Using the HARPS spectra with the resolving power of
~100 000, we determined the sodium line EWs for nine sys-
tems in our sample. The exception is CG Scl, for which we could
not identify any interstellar component of Na I, most probably
because of the proximity of the system. The most complex shape
of the interstellar sodium doublet is present in HD 159246, which
has at least seven different components, and is the most reddened
system in the sample. In the majority of systems, however, only
one or two components are visible, as reddenings are low in their
directions. By utilizing Eq. (1), we were able to determine the
interstellar extinction E(B—V), with the results are reported in
Table 3.

The agreement with the STILISM map is good, on aver-
age; however, in the case of the two most reddened systems
(HD 149946 and HD 159246), the differences are larger than 20
Finally, we calculated the weighted means from both methods;
with the exception of HD 149946, for which we used an ordi-
nary mean. The adopted values of E(B—V) are listed in the last
column of Table 3. These were used in all following parts of the
analysis, especially for the derivation of the radiative parameters
of the stars.

4.2. SED reconstruction

We used a direct approach for measuring the effective tem-
peratures of stars in detached eclipsing binary systems, first
described by Miller et al. (2020). For a DEB with parallax @,
the extinction-corrected flux observed at the top of the Earth’s
atmosphere is

OsB
for = foa + for ==~ [Q%Tirm + gngﬁ,Z]’

where osp is the Stefan-Boltzmann constant, and the angular
diameter 6 for each star can be expressed as 8, » = 2R »@. These
parameters are known for the DEBs in this work, or can be mea-
sured if we can accurately integrate the total stellar flux for each
star independently. The method uses EMCEE (Foreman-Mackey
et al. 2013) to sample the posterior probability distribution
P(B|D) o« P(D|®)P(®), which has model parameters ® and
prior P(®), given the data, D (observed magnitudes and light
ratios). The model parameters are the effective temperatures
Ter,1 2 and angular diameters 6, , for each component, the colour
excess E(B—V), the hyper-parameters oex, 0¢ Which account for
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SyStem Tspec (K) TSED (K) Tcol (K) Tmean (K) Tadopted (K)
CG Sclp 5810 £ 50 5819 +48 5658 + 56 5771 £29 5751 £ 60
S 4817 + 58 4614 + 302 4913 + 61 4858 + 42 4960 + 121
HD 27476 p 10500 + 105 - 11110400 10539 +120 10531 +112
s 6064 +235 - 6133 +£91 6124 + 85 6210 + 92
AW Col p 7890 + 50 7787 + 50 7626 + 88 7809 + 33 7794 +79
s 5807+210 5801 + 167 5845 + 50 5840 + 47 5922 +70
TYC 6511-1799-1p 6210+ 110 6061 + 69 6141 + 61 6121 £ 42 6126 + 74
S 6320 + 84 6179 + 68 6268 + 63 6249 + 40 6245 + 71
BD+17 1832 p 8235 + 56 - 8277 + 75 8250 + 45 8239 + 50
s 7607 + 143 - 7226 + 58 7280 + 54 7306 + 190
TYC 266-718-1 p 6205 + 50 6124 +77 5966 + 71 6125 + 36 6111 + 65
S 5300 + 51 5307 £ 76 5216 £ 60 5274 + 35 5324 + 54
HD 149946 p 6639 + 80 6403 + 81 6337 + 110 6483 £ 51 6455 + 130
s 6662 + 182 6253 + 85 6255 + 100 6300 + 61 6392 + 192
HD 159246 p 11025 + 265 - 11158 £200 11100+160 11177 +162
s 11311292 - 10987 £200 11090+165 11016+173
VZPsAp 9193 + 50 - 9318 + 117 9212 + 46 9208 + 78
s 6366 + 282 - 6124 + 60 6134 £ 59 6240 + 121
HD 219869 p 6468 + 59 6365 + 53 6342 + 88 6399 + 36 6389 + 66
S 6237 + 97 6171 + 58 6145 + 86 6177 +£43 6202 + 58

additional uncertainties in the synthetic magnitudes and light
ratios respectively, and N distortion polynomial coefficients for
each star ¢y, cpy. In this work, we let N equal 2 when the
observed light ratio in available only in one photometric band,
or 3 when it is available in two. The observed magnitudes used
in the analysis are sourced from Gaia EDR3 (Gaia Collaboration
2021), the 2MASS survey (Skrutskie et al. 2006) and the WISE
All-Sky Release Catalog (Cutri et al. 2012) with corrections
to Vega magnitudes from Jarrett et al. (2011). Ultraviolet
magnitudes from GALEX (Martin et al. 2005) and u, v mag-
nitudes from SkyMapper DR4 (Onken et al. 2024) were used
whenever available. Full details of the photometric zero-points
and response functions used to calculate synthetic magnitudes
in these bands are given by Miller et al. (2020). Gaussian priors
were placed on reddening (see Sect. 4.1), angular diameters
(calculated from the stellar radii derived in Sect. 5.4 and Gaia
trigonometric parallaxes), and the flux ratio in the near-infrared
(based on colour-T.¢ relations which were calculated for each
star using the approach described in Miller et al. 2020). To
calculate the bolometric flux and hence the effective temperature
for each component, we construct a flux integrating function for
each star by multiplying a model SED (calculated from BT-Settl
model atmospheres; Allard et al. 2013) with a distortion func-
tion, which is a linear superposition of Legendre polynomials.
The distorted SED for each star is then normalised, such that the
total apparent flux before reddening is s HzTiﬁ. /4. These result-
ing functions can then be used to calculate synthetic photometry,
taking into account realistic stellar absorption features, while
noting that the overall shape of the function can be adjusted to
match the observed data. This means that the effective tempera-
tures derived using this method are based on the integrated stellar
flux and angular diameter, rather than traditional SED fitting.
The method has been demonstrated to produce the most reli-
able results when using a number of light ratios in different
bands to better constrain each star’s contributions to the total
flux (Miller et al. 2020). In our sample, six systems have a light
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ratio determined only in one band (TESS or Kepler) while four
systems have two light ratios. Additionally, four systems contain
relatively hot components with surface temperatures of about
10000 K. In order to derive precise temperatures for these sys-
tems, reliable ultraviolet fluxes and light ratios in the blue are
necessary. Thus for the purpose of this work, we omitted the four
hottest systems in this section of the analysis. The results for the
remaining systems are given as Tsgp in Table 4.

4.3. Colour-temperature calibrations

To estimate the T.g values of individual components, we
collected multi-band magnitudes of the systems. We used
2MASS (Cutri et al. 2003) for the near-infrared photometry and
converted the magnitudes into Johnson photometric systems
using transformation equations from Bessell & Brett (1988)
and Carpenter (2001). To determine the intrinsic colours
of the components, we applied the reddenings derived in
Sect. 4.1 and the extrapolated near-infrared light ratios from the
Wilson—Devinney code (Sect. 5).

We determined T.; values from a number of colour—
temperature calibrations for a few colours: B—V (Alonso et al.
1996; Flower 1996; Ramirez & Meléndez 2005; Gonzalez
Hernandez & Bonifacio 2009; Casagrande et al. 2010), V —J,
V—H (Ramirez & Meléndez 2005; Gonzalez Hernandez &
Bonifacio 2009; Casagrande et al. 2010), and V—-K (Alonso
et al. 1996; Houdashelt et al. 2000; Ramirez & Meléndez 2005;
Masana et al. 2006; Gonzédlez Hernandez & Bonifacio 2009;
Casagrande et al. 2010; Worthey & Lee 2011). For the few cal-
ibrations having metallicity terms, we assumed the metallicity
derived from the atmospheric analysis (see Table 2). The result-
ing temperatures were averaged for each component and are
reported in Table 4 in column 7. The errors reported are stan-
dard deviations of a sample of all temperatures derived for a
given component; however, we fixed a minimum uncertainty to
1% of Tcol-
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4.4. Final adopted values

The precise determination of the effective temperatures Teg is
important because we do not adjust limb darkening coefficients
whilst fitting the light curves. Instead, these coefficients are cal-
culated for a given set of surface atmospheric parameters (7.,
log g) using tables from van Hamme (1993). Surface gravities are
well determined internally within the Wilson—Devinney code,
but to determine 7. we need external information.

We derived T in three ways: spectroscopic temperatures
Topec (Sect. 3.3.2) and two photometric temperatures 7Tsgp
(Sect. 4.2) and T, (Sect. 4.3). They are all reported in Table 4,
where we assume a minimum uncertainty of 50 K for T'spe.. Com-
bining spectroscopic and photometric temperatures is not trivial
because they do not share the same systematic uncertainties.
In general the mutual agreement between them is satisfactory,
although in some cases differences are larger than 200 K. One
can notice, however, some systematic effects e.g. Tspec is on aver-
age larger than Tsgp and T, by about 100 K. For six systems
for which we have all three temperature determinations weighted
average differences are Tpec — Tsgp = 86 K and Tsgp — Teol =
28 K. The difference between spectroscopic and photometric
temperatures reflects to some extend the choice of atmospheric
models.

The preferred approach would be the direct method based
on the SED reconstruction (Sect. 4.2), however, because of
the small number of available light ratios per system, we did
not choose it. Instead, we combined the surface temperatures
in two ways. In the first approach, we simply calculated the
weighted means separately for both components which are listed
in Table 4, in column T'eay. The second method implements an
additional constraint which is the temperature ratio 75; = T»/T}
provided by models. The temperatures are calculated according
to the equations:

Tl,mean + T2,mean : LZI

T = , 2
1+ Ly @)
T+ L
T, :M, 3)
1+L2| 'Tz]
T, =Ty - Ty, 4)

where L, are the model light ratios from Table C.4. The calcu-
lated temperatures, T, are listed in Table 4 as Tygopted- Usually,
there is a very good agreement seen between temperatures cal-
culated with the two methods above. However, in cases of much
fainter and cooler secondaries, these temperatures are signif-
icantly different. We prefer the second method because the
resulting temperatures are in full agreement with light ratios
provided by the WD models. This is especially important for
an extrapolation of light ratios in different photometric bands,
particularly in the near-infrared.

5. Analysis of light and radial velocity curves

For the analysis of the eclipsing binaries, we made use of
the Wilson-Devinney program (WD) version 2007 (Wilson &
Devinney 1971; Wilson 1979, 1990; van Hamme & Wilson
2007)', equipped with a Python wrapper and a newer version
of the WD code (Wilson & Van Hamme 2014, LCDC2015, ver-
sion 2019), directly includes the TESS bandpass>. We used a

I ftp://ftp.astro.ufl.edu/pub/wilson/1cdc2007/
2 ftp://ftp.astro.ufl.edu/pub/wilson/lcdc2015/

specific python “GUI3 written for this newer version of the WD
code (Giizel & Ozdarcan 2020, PyWD2015).

5.1. O-C analysis

We constructed the O—C diagrams for all systems, with the
exception of HD 159246, for which there is only a relatively
short set of photometric measurements from K2 (Campaign 11).
We set ourselves several objectives: 1) a precise determination of
the orbital ephemeris; 2) detection of a possible light-time-effect
(LTE) due to an unresolved companion; and 3) detection of apsi-
dal motion in eccentric systems. For the apsidal motion analysis,
we used the equations given in Giménez & Bastero (1995).

We calculated minima times from public K2 and TESS pho-
tometry and in the case of CG Scl also from Super-WASP
observations (Pollacco et al. 2006). For CG Scl, AW Col,
TYC 6511-1799-1 we augmented this data with minima times
from the TIDAK database (Kreiner 2004; Kim et al. 2018). Addi-
tionally, we also used minima times from the literature (Otero
& Wils 2005; Maxted & Hutcheon 2018). The resulting O-C
diagrams are presented on Fig. B.1.

The derived orbital periods were then fixed during the simul-
taneous analysis of photometry and velocimetry with the WD
code. None of the nine investigated EBs shows any trace of
period changes. Out of eight investigated eccentric systems
we could detect an apsidal motion in three cases: AW Col,
TYC 6511-1799-1, and VZ PsA. These three EBs show a slow
periastron advancement with the apsidal motion period U of tens
of thousands of years.

5.2. Initial parameters for the WD

In the first step we fixed T of the primary component during
the analysis to the average of the T values derived from the
colour—temperature calibrations T, and the atmospheric anal-
ysis Tgpec. The procedure is iterative: we derived preliminary
model parameters with the WD code assuming the best guess
initial temperature 7 from colour-temperature calibrations. The
derived ratio of the radii was used in the atmospheric analysis to
derive Tpec. Then we calculated new models with updated tem-
peratures, which were used later to redetermine the photometric
temperatures Tsgp and T¢q.

The standard albedo and gravity brightening exponent for
radiative and convective stellar atmospheres were adopted
assuming the conversion temperature of 7 = 7200 K. How-
ever in many cases we fitted the albedo parameter to one
or both components. The stellar atmosphere option was used
(IFAT1=IFAT2=1), radial velocity tidal corrections were applied
(ICOR1=ICOR2=1) and no flux-level-dependent weighting was
used. We assumed synchronous rotation for both components in
all systems (F1=F2=1) with an exception of fast rotating com-
ponents of AW Col (F1=5, F2=3) and HD 149946 (F1=F2=3).
The logarithmic (Klinglesmith & Sobieski 1970) limb-darkening
law was used (LD1=LD2=-2), with coefficients precomputed and
tabulated for specific bands van Hamme (1993). We assumed a
detached configuration in all models (mode 2 of the WD code)
and a simple reflection treatment (MREF=1, NREF=1).

5.3. Fitting the model parameters

With the WD binary star model we fitted simultaneously light
curves and radial velocity curves of both components using the
grid fineness parameters N1=N2=80. In cases in which one of the

3 https://github.com/Varnani/pywd2015-qt5
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Table 5. Physical parameters of the eclipsing binary stars.

ID M R log g Tei L usini [M/H] D phot E(B-V)
(Mp) (Ro) (dex) (K) (Lo) (kms™) (dex) (mas) (mag)
CGSclp 1.0204(16) 13115(41) 4.211(2)  5751(60) 170(7)  5.5(0.5)  0.01(6)  12.71(15) 0
s 0.8004(12) 0.7726(25) 4.566(2)  4960(121)  0.33(3)  3.5(1.0)
HD 27476 p 2.4132(87) 1.8616(31) 4.281(1) 10531(112) 38.4(L6) 10.50.8) 0.36(6)  2.993)  0.011(3)
s L1667(48) 1.0916(24) 4.429(1)  6210(92) 1.60(9)  9.1(2.0)
AW Colp 1.5892(42) 14892(32) 4.293(1)  7794(79)  7.37(30) 36.1(0.7)  0.07(6)  7.80(10)  0.003(3)
s 10576(21) 0.9708(42) 4.488(3)  5922(70)  1.04(5)  13.7(1.7)
TYC 6511-1799-1p  1.4263(32)  2.187(10)  3.9134)  6126(74)  6.07(30)  9.8(0.7)  —0.07(6)  128(1)  0.022(4)
s 1.4297(34)  2.4192(76) 3.826(2)  6245(71)  8.02(37)  9.5(0.7)
BD+17 1832p  1.7114(58) 1.8576(40) 4.134(1)  8239(50)  14.32(35) 13.0(0.5)  0.008)  248(2)  0.027(3)
s 14142(27)  1.4192(43) 4.284(2)  7306(190)  5.17(54)  12.2(1.2)
TYC266-718-1p  L1177(8)  1.1904(17) 4.335(1)  6111(65) 1788)  15(0.9)  0.006)  5.82(7)  0.010(3)
s 0.8802(5) 0.8085(34) 4.567(3)  5324(54)  047(2)  11(0.9)
HD 149946 p  14149(37)  2.170(11)  3.916(4)  6455(130)  7.37(60) 13.7(0.6) —0.50(10)  3.80(5)  0.114(25)
s LI389(21) 1.2251(66) 4.318(5) 6392(192)  2.26(27) 10.3(L1) —0.20(15)
HD 159246 p 2.968(29) 2.3595(77) 4.165(2) 11177(162) 78.3(4.5) 23.3(2.2)  0.55(8) 147(2)  0.228(23)
s 2.908(29)  2311(10)  4.174(3) 11016(173) 70.94.5) 23.0(2.0)
VZPsAp 25103(73) 3.1421(45) 3.843(1)  9208(78)  63.9(2.2) 1.9(0.9)  0.39(6)  8.62(10)  0.002(2)
s 11913(24)  1.1258(44) 4.411(3)  6240(121)  1.73(14)  8.1(2.2)
HD 219869 p  LI337(22) 1.6293(37) 4.069(1)  6389(66)  3.99(17)  12.000.4) —0.40(6)  3.544)  0.007(6)
s 1.0055(14) 1.1429(52) 4.324(3)  6202(58)  L74(7)  9.0(0.6)

stars was significantly larger than its companion, it was neces-
sary to use a higher numerical precision and we set N=100 for
the larger star. Each observable curve was weighted only by its
rms through comparison with the calculated model curve. We
adjusted the following parameters during the analysis: the orbital
period, P, the epoch of the primary eclipse, T in cases of cir-
cular orbits, the phase shift, ¢, when orbits were eccentric, the
semimajor axis, a, the mass ratio, g, the systemic radial velocity,
v, the eccentricity, e, the argument of periastron, w, the orbital
inclination, i, the temperature of the secondary, 75, the modi-
fied Roche potentials, €, (corresponding to the fractional radii
ri2 = Ri2/a ), and the luminosity parameter, L;. Additionally,
we made a fitting for a third light, £3. The best models were
chosen according to their reduced y? and a lack of significant
systematic trends in the residuals.

The statistical (formal) errors on the fitted parameters were
estimated with the Differential Correction sub-routine of the WD
code. We assumed conservative errors on parameters: we multi-
plied the formal errors by a factor of 2. The model synthetic light
curves compared to photometric observations are presented in
Fig. B.2 for all ten systems. The radial velocity solutions plotted
against measured velocities are presented in Fig. B.3.

The best-fit model parameters for all systems are summa-
rized in Table C.4. The systemic velocity is not corrected for
the gravitational redshift or convective blueshift. The absolute
dimensions of the systems were calculated using nominal astro-
physical constants advocated by the IAU 2015 Resolution B3
(Prsa et al. 2016) and are presented in Table 5. The metallic-
ities are weighted mean values for both components with the
exception of HD 149946.

5.4. Analysis details and results
5.4.1. CG Scl

In order to build a model of this system we used photometric
time series from three TESS sectors and a set of 14 HARPS
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spectra. CG Scl consists of two late type, unequal main sequence
stars forming a well detached system on a slightly eccentric orbit.
Both eclipses are total. Their metallicity is solar and both rotate
synchronously. The more massive, larger and hotter primary,
seems to be a little inflated due to stellar evolution. This is the
lowest mass system in the sample.

Light curves from all three TESS sectors show quite sig-
nificant spot activity, inferred from out-of-eclipse variations.
The variations are sinusoidal, have a semi-period between 12.5—
13.5 d, depending on the sector, and the light curve modulation
has an amplitude of ~0.02 mag. The period of the light curve
modulation is a bit longer than the orbital period that suggests
that spots drift on the surface. Both components host the spots
as systematic residuals are visible in both eclipses. The primary
is probably the more spotted, active one. The spot activity of
CG Scl is by far the largest in the present sample. The system
is also a weak X-ray source discovered by the ROSAT all-sky
survey (Metanomski et al. 1998).

For the purpose of analysis with the WD code the out-
of-eclipse light curve modulation was removed using splines.
Although the final light curve solution is very good, residuals in
eclipses show systematic trends due to the spot presence which
reach 2500 ppm in Sector 2 and 4000 ppm in Sectors 29 and 69.
The radial velocity solution has no clear systematic trends and
the RV curves have rms values of 57 m s™' and 73 m s™! for the
primary and the secondary, respectively. The rms for the primary
is much larger than the typical RV measurement error (18 ms™')
which is caused by the presence of spots.

The masses, temperatures, and intrinsic colours of the com-
ponents correspond to spectral types G2V and K3V. Houk
(1982) listed two alternate spectral types G5V (composite?) and
F/G + G8/KO which agrees quite well with our classification.
Interestingly CG Scl shows a significant proper motion anomaly
(Kervella et al. 2022), which may signify the presence of a ter-
tiary companion affecting its motion. However, the O—C analysis
(Sect. 5.1) did not reveal period changes nor an apsidal motion
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(Fig. B.1), although minima times cover 22 years. A face-on orbit
of the tertiary would explain the proper motion anomaly and a
lack of the LTE.

5.4.2. HD 27476

This eclipsing binary is in fact a wide triple system, because
it forms a common proper motion pair with the nearby 18®
mag star, Gaia DR3 4782816310277777792. The colours and
observed brightness of the tertiary companion are consistent
with a M2.5 red dwarf. The separation is 15 arcsecs, which
corresponds to a projected distance of about 5000 AU.

The main binary consists of two unequal, main sequence
stars. The hotter and more massive primary is a metallic line
Am star with significantly strengthened s-elements and strong
lines of Sr and Zn. The much cooler secondary has an overabun-
dance (~2 dex) of lithium and contributes only 9% to the total
flux in the TESS band and 5% in the V-band. The orbit is slightly
eccentric and the secondary eclipse is total.

The TESS light curves show very small out-of-eclipse sinu-
soidal variations due to spots with a period of ~7.2 days. We
did not detrend the light curves, instead we choose the TESS
Sectors 30 and 32 during which the minimum/maximum of
the out-of-eclipse changes approximately overlap with the pri-
mary/secondary eclipse. This way we could fit the light curves by
adjusting the albedo parameter without the need to insert small,
cool spots on the stellar surface. The light curves from Sectors
03-05 are more asymmetric with respect to the eclipses and we
decided to not use them in the analysis. The resulting albedos are
A; = 1.0and A, = 0.68 in good agreement with expected values.

The light curve solution is of very good quality. There are no
systematic deviations within the primary eclipse, while within
the secondary eclipse very small systematic residuals reach
about 250 ppm. The radial velocity solution has no systematic
trends and the RV curves have rms values of 230 m s~! and
320 m s~! for the primary and the secondary, respectively.

The spectral type given by Houk (1978) is AOV while the
temperature and the intrinsic colours of the primary correspond
to B9.5V. The surface parameters of the much fainter companion
correspond to F8V. We adopted an AOmV+F8V system.

5.4.3. AW Col

The system consists of two different main sequence stars orbit-
ing on a highly eccentric orbit. Both eclipses are total and they
resemble in shape and depth eclipses of CG Scl. Light curves
from both TESS sectors show a small spot modulation with a
semi-period of 7.6 days. Interestingly the best fit to the detrended
TESS light curve shows only a slight increase of residuals during
the primary eclipse, while during the secondary eclipse residuals
are significant and they change between two sectors. This means
that practically all spots lay on the secondary component whose
flux varies by up to 3% due to the spots.

With the O-C diagram analysis we detected a slow rate of
periastron advance of @ = 1.12 + 0.01 x 107> rad cycle™! (see
Fig. B.1), which corresponds to the apsidal motion with a period
of about U ~ 16000 yr. The @ was later fixed during analysis
with the WD code.

In total, we collected 13 HARPS spectra; however two spec-
tra were taken closely to spectroscopic conjuction and the lines
of both components were heavily blended. We were able to
unequivocally derive the radial velocity of the secondary from
only one of these spectra. Another spectrum was taken during
the primary eclipse that affected RV determination. Therefore,

we dropped this RV of the primary from the analysis. The rms
values of solution are 69 m s~! and 170 m s~! for the primary
and the secondary, respectively.

The hotter and larger primary dominates the spectrum. Houk
(1982) reports a spectral type of a single metallic-line star:
A3m:A7-A7. We also detected that the primary is a weak
metallic-line star. It has stronger lines of Br, Zn and Sr and some
underabundance of Ca and Sc. This is interesting, because both
components rotate much faster than the synchronous rotation,
although a bit slower than the pseudo-synchronous rotation. Sim-
ilarly to HD 27476 the secondary shows some enhancement of
Li. Based on spectral features, temperatures and intrinsic colours
we estimate spectral type of the system as A7mV+G2V.

5.4.4. TYC 6511-1799-1

The system consists of two similar, slightly evolved stars. The
components have marginally sub-solar metallicity and both have
an enhancement of lithium. The orbit is strongly eccentric and
both eclipses are deep and partial. During the deeper, primary
eclipse a slightly smaller, cooler and less massive component is
eclipsed. Because of the eccentricity, the secondary eclipse is
almost three times longer than the primary. The out-of-eclipse
TESS light curve is practically flat and there is only a very small
modulation with an amplitude of about 0.0005 mag.

The system shows a slow apsidal motion with a rate of w =
1.22 +0.03 x 1073 rad cycle™! (Fig. B.1), which corresponds to
a period of U ~ 37000 years. The derived rate of the periastron
advance was fixed during analysis with the WD code.

The best solution has no systematic residuals in the eclipses.
The radial velocity solution has quite large residuals with
the rms of 290 m s~ and 240 m s~! for the primary and the
secondary, respectively. This system is the faintest in our sample
and most of its HARPS spectra have low S/N. The precision
of the individual RV measurements is about 55 m s~'. The
large rms is caused mainly by the use of less precise RVs from
Ratajczak et al. (2021). The rms of RVs derived from HARPS
spectra alone are 90 m s~! and 29 m s~'. Both components
rotate faster than the synchronous rotation but much slower if
periastron tidal synchronization would occur. The spectral type
of the system estimated from surface temperatures and gravities
is F8IV+F7IV.

5.4.5. BD+17 1832

This binary has a circular orbit and consists of two notably dif-
ferent main sequence stars. Both eclipses are partial, the primary
is the larger, hotter and more massive star. Obtaining a con-
sistent, simultaneous solution to the velocimetry and K2 data
together with TESS data was difficult because the temperature
ratio from TESS data alone was 0.887(1) while from K2 data it
was 0.895(1). All simultaneous solutions showed large K2 data
residuals during eclipses. When K2 and TESS photometry was
fitted separately we could find good models with mutually con-
sistent geometric parameters including the orbital inclination and
radii. Separate solutions did not show any significant systematic
residuals in the eclipses.

The spectroscopic temperature ratio from the GSSP analysis
(Sect. 3.3) is 0.924(19) i.e. about 20" larger than the photomet-
ric temperature ratios. On the other hand both components have
solar metallicity and taking into account the relatively low mass
and radius of the secondary, the higher temperature ratio is quite
unlikely. For this reason, we adopted the one obtained with TESS
data alone as our solution.
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Both components seem to rotate synchronously. The primary
has an easily visible enhancement of s-processed elements (both
light and heavy). The spectral type of the system estimated from
LAMOST spectra is A3IV (Qian et al. 2018) in agreement with
our estimate of A3V+F0OV. The radial velocity solution does
not show any systematic deviation. The rms of the solution is
33 ms~! for the primary and 200 m s~! for the secondary.

5.4.6. TYC 266-718-1

This binary contains two main sequence stars, which are only
slightly more massive than the components of CG Scl. The pri-
mary is much brighter than its companion. The system has the
longest orbital period in the sample, which results in a large rela-
tive separation of the components; the sum of fractional radii is:
r1 + r, = 0.035. Despite this, the eclipses are total, because the
orbital inclination is very close to 90 degrees. The out-of-eclipse
parts of the light curves do not show any significant modulations
due to spots or pulsations.

In the beginning, we tried to find a simultaneous fit to the
TESS and the K2 data. However, it turned out that the K2
light curve shows relatively large systematic residuals during the
eclipses, especially within the secondary eclipse. Also, including
K2 data produces large systematic residuals in the radial veloc-
ity solution. With the O—C diagram analysis we checked that the
system did not show an apsidal motion or period changes (see
Fig. B.1). Thus we assumed that the orbital period is constant.

We fit the K2 data separately to investigate the source of
residuals. The solution from the K2 data shows much smaller
residuals and has very similar parameters to the solution found
with TESS data alone, with two exceptions: the temperature ratio
and the eccentricity. From the TESS data 7,/7T; = 0.8711(2)
and from the K2 data T,/T; = 0.8743(1), while ¢ = 0.0487(2)
and e = 0.0502(2), respectively. The lower eccentricity fits radial
velocity curves much better, therefore we decided to keep only
the TESS data in the final simultaneous solution.

The system has solar metallicity; however, in this case, it is
the hotter primary, which is enriched in lithium, while no Li
line can be detected in the secondary. The spectral type derived
from LAMOST spectra is GO (Hardegree-Ullman et al. 2020) in
agreeement with our estimate GOV+KOV based on the surface
temperatures and gravities. The components rotate very slowly,
in a seemingly synchronous rotation despite the large separation
between them. The radial velocity solution has the smallest rms
in the sample: 29 m s™! and 44 m s~!, for the primary and the
secondary, respectively.

5.4.7. HD 149946

This system has a slightly eccentric orbit and its components dif-
fer in size and mass, but have very similar surface temperatures.
The eclipses are partial and relatively shallow. For the O-C anal-
ysis we included additionally minima times derived from TESS
long-cadence data from Sector 12. Figure B.1 shows the O—C
diagram for the system. We did not detect any significant period
changes nor apsidal motion.

The best-fit simultaneous solution to the TESS and K2 light
curves still shows residuals reaching up to 1000 ppm in eclipses.
However solutions found using the TESS and the K2 light
curves alone show no systematics. The situation is similar to
that encountered in TYC 266-718-1, however systematic resid-
uals are not so large. To solve the tension we employed the linear
limb-darkening law (LD1=LD2=+1) and we fitted four linear coef-
ficients — in two bands for each component. We kept the same

A65, page 10 of 22

system’s geometry like in the best-fit solution found with the log-
arithmic LD law. With this approach we obtained significantly
lower y? and systematic residuals were reduced to about 400 ppm
and 800 ppm in the primary and the secondary eclipse, respec-
tively. The linear coefficients are x; = 0.478(6) and x, = 480(12)
in Kepler band and x; = 0.409(7) and x, = 430(12) in TESS
band. That solution was adopted as the final one. However, it
must be noted that separate fits to K2 and TESS light curves done
with our standard procedure (i.e. LD1=LD2=-2) give slightly
lower the rms.

Finding consistent radiative parameters for this system
proved difficult. The unconstrained GSSP solution to disen-
tangled spectra favours components with significantly different
surface metallicities (at 407) and high effective temperatures of
about 6650 K (see Table 2). We calculated an additional solu-
tion setting the metallicity of the secondary to be equal to the
primary’s metallicity from the unconstrained solution. This solu-
tion has a lower [M/H] ~ —0.6dex for the primary and lower
surface temperatures by about 350 K — see the second line for
HD 149946 in Table 2. It is formally a slightly worse fit than for
the metallicity set as an entirely free parameter, yet the effective
temperatures are in better agreement with results from the SED
analysis and the colour-temperature calibrations (see Table 4).
We also tested a solution forcing the same surface metallicity
for both components. The best fit returns [M/H] ~ —0.7 dex and
even lower temperatures by 100 K but it is disfavoured because
of larger residuals in lines of individual elements.

The higher temperature values in the range of 6600-6700 K
are supported by the spectral type F3V determined by the Michi-
gan Spectral Survey (Houk 1982), and the mass of the primary
component (1.42 M) which on the main sequence would cor-
respond to the spectral type F3. Finally, we adopted average
temperatures, which lie in between the best spectroscopic and
photometric temperatures, but we assigned large errors to them,
which reflect a lack of consistency. HD 149946 is the only system
listed in Table 5 with no mean metallicity given in accordance
with the GSSP results. The best-fit light curve solution indi-
cates that the primary component is slightly inflated suggesting
a somewhat later spectral type than F3. Indeed our best estimate
of spectral types based on effective temperatures and logg is
FSIV+F6V.

Both components rotate by a factor of 2.5 faster than syn-
chronous or pseudo-synchronous rotation. The stars are well
separated, the sum of their relative radii r; + r, is only 0.0726.
The rms of the radial velocity solution is 67 m s~! and 135 m s~!
for the primary and the secondary, respectively.

5.4.8. HD 159246

This is the most massive system is our sample. It consists of
two very similar late B-type metallic stars orbiting on a circular
orbit. The eclipses are deep, central and almost of equal depth.
This is the only system which has no TESS light curve. There-
fore the light curve analysis was based on rectified K2 data. The
light curve shows considerable out-of-eclipse modulation with
an amplitude of 0.003 mag. The modulation is symmetric with
respect to eclipses.

To reproduce the magnitude of the modulation we tested
two models: a) one fixed, cool spot on each component oppo-
site to each other and b) adjusting the albedo parameter A,
for both components. The better overall fit can be achieved with
model a), especially as the shape and the magnitude of modu-
lations is fairly well reproduced. In the case of model b), even
for A} = A, = 0 we could not reproduce the amplitude. Only
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Fig. 3. Out-of-eclipse variations of VZ PsA between two consecu-
tive secondary minima. Different parts of TESS Sectors 01 and 28 are
shifted vertically for a better view. The larger brightening occurs near
the periastron passage (BJD 2459072).

by assumption of unphysical negative albedos it was possible to
obtain proper modulation. Finally, we adopted the model with
spots. The resulting spots are similar to each other, the ratio of
the spots temperature to the mean surface temperature is 0.95
and the angular radius of the spots is 0.17 rad.

Within the eclipses, the residuals are larger by a factor of
three than in out-of-eclipse parts of the light curve. The depth
of the eclipses is slightly and erratically changing with dif-
ferent epochs. This could be caused by cool spots changing
their position and shape. The third light is small but significant:
€3 = 0.033+0.001. There is a nearby, red star 2MASS 17342139-
1836134, which is fainter by ~4 mag in the Gaia G-band, which
probably affected the K2 photometry. The star is not a physical
companion of HD 159246.

Both components rotate synchronously with wvsini =
23 km s~!. This is a result of the relatively short orbital period
and large stellar radii. The radial velocity solution has rms val-
ues of 880 m s~! and 810 m s~!. These are by far the largest rms
values in the sample, but they are consistent with the RV mea-
surements errors. There are two main reasons for the large RV
errors: the stellar lines of HD 159246 are considerably broad-
ened by the rotation and the HARPS spectra have relatively low
S/N for such early-type stars.

5.4.9. VZ PsA

The system consists of two very different stars: a relatively hot
A-type sub-giant and a late-F type main sequence star, which is
approximately 30 times fainter in the optical than its companion.
The orbit is eccentric and both eclipses are total. Eclipses are
quite shallow, because the secondary has a radius almost three
times smaller than the primary. The TESS light curve shows a
small (0.002 mag) but distinctive brightening near orbital phase
0.17, when stars are close to the periastron. There is also a clear
pattern of pulsation-like features in the out-of-eclipse part of the
light curve, which are gradually decreasing after the periastron
passage (see Fig. 3). This behaviour is repeated after every pas-
sage. Because the eccentricity is significant and the primary is
quite massive and expanded, the most likely explanation of the
features are tidally induced pulsations (e.g. Guo et al. 2017). The
dominant frequency of the pulsations is f = 6 fo.

For the purpose of O—C analysis, we derived additional
minima times from the TESS Sector 68 short-cadence data.
The system shows a tiny trend in minima times which

can be interpreted as a slow apsidal motion with a rate of
~7 x 1077 rad cycle™! (see Fig. B.1). However, we regard this
as a tentative detection, and more observations are needed to
confirm it. In fact with the WD code we did not notice any
improvement of the fits to the light and radial velocity curves
while adding the apsidal motion to the model. Subsequently,
during the modelling process, we assumed @ = 0.

The simultaneous solution of velocimetry and TESS pho-
tometry is of very good quality. The light curve solution has
slight systematic residuals within the eclipses reaching only
150 ppm. The RV solution has a very small rms of 16 m s~! for
the primary. The RV solution for the secondary has a much larger
rms of 330 m s~!, because the secondary is barely detectable in
the spectra, leading to large RV measurement errors.

The primary is a metallic line star with strong lines of s-
elements (Ba, Sr) and weak calcium lines, while the secondary
shows a super-solar abundance and has an enhancement of
lithium. The primary rotates abnormally slow, its rotation veloc-

ity assuming periastron synchronization would be 37 km s~!,

and assuming orbital synchronization it would be 14 km s~!.
The upper limit for v sin i, assuming that the macro-turbulence is
much lower than our estimate (Table 2), is about 8 km s~!, con-
sistent with the estimate of 8.5 + 0.5 km s~! by Diaz et al. (2011),
but still much lower than expected. A possible explanation is
that the primary’s rotation axis is strongly misaligned with the
orbital momentum axis. The spectral type given by Houk (1982)
is AOV, while the Bright Star Catalogue gives A2Vp (Hoffleit &
Jaschek 1991). Both determinations are in broad agreement with
our estimate AlmIV+F8V.

5.4.10. HD 219869

The system consists of two similar F-type main sequence stars on
an almost circular orbit. Both eclipses are partial and of similar
depth. A small and variable light modulation is present outside
of eclipses due to stellar spots. In contrast to the previous three
systems for which TESS and K2 data are available, individual
solutions to TESS and K2 data are fully consistent to each other.
In particular the orbital inclination, the temperature ratio, the
radii and the eccentricity are in full agreement for both solutions.
Thus we analysed simultaneously the TESS and K2 photometry
together with the HARPS velocimetry.

The best solution shows small systematic residuals in the
eclipses due to spots, which are not included in the model. Espe-
cially in the secondary eclipse, residuals up to 1000 ppm are
present. They differ in magnitude, direction and the orbital phase
position between different TESS sectors and the K2 data. The
radial velocity solution has rms values of 77 m s~! for the pri-
mary and 141 m s~! for the secondary. Both values are about 15%
larger than the typical errors of the RV measurements.

The metallicity of both components is substantially sub-
solar and both have lithium enhancement. The secondary rotates
synchronously, while the primary rotates slightly slower. The
spectral type given by Houk & Swift (1999) is G2/3V and differs
from our estimate, FOV+F7V, based on effective temperatures
and surface gravities. On the other hand, Hardegree-Ullman
et al. (2020) give F5V based on LAMOST spectra, in a better
agreement with our result.

6. Discussion
6.1. The components of new systems versus the SBCRs

We compared photometric properties of the eclipsing binary
components from this work with a number of SBCRs. We chose
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Fig. 4. The eclipsing binary components against surface brightness-colour calibrations. The components of the ten eclipsing binaries in this work
are shown by blue (primary) or red (secondary) circles. Left: V-band surface brightness versus (V—K) colour relation. Right: Gaia Ggp band

surface brightness versus (Ggp—K) colour relation.

a relation between the surface brightness in the V-band and
the (V—K) colour and the Ggp band and (Ggp—K) colour.
We use K magnitudes in the 2MASS system (Skrutskie et al.
2006). The light ratios of the components in Johnson V and
2MASS K bands were extrapolated from our WD models and
used to obtain individual intrinsic magnitudes. We used SBCR
calibrations provided by Kervella et al. (2004) and Graczyk et al.
(2021).

An inspection of the positions of the components against the
SBCR offers an immediate indication about any peculiarities;
for example, stars significantly above the mean SBCR are, in
most cases, unrecognised multiple stellar systems or they may
have an incorrect value for third light. On the other hand, a posi-
tion significantly below the SBCR may point to problems with
adopted magnitudes; for instance, in the case where a magnitude
has been calculated based on observations taken during eclipse
without any correction for the light diminution. Another possi-
bility is that the parallax is biased towards a value larger than the
correct one would be. Also, systems with a large reddening due
to interstellar extinction could be shifted away from the SBCR if
the reddening is not correctly accounted for.

The surface brightness parameter, Sy, was calculated for our
stars using Eq. (5) from Hindsley & Bell (1989):

SV =5 log OLD + V(), (5)

where V) is the intrinsic magnitude of a star in the V band
and 6 p is the limb-darkened angular diameter expressed in
milliarcseconds. The angular diameters were calculated using:

6up = 9.301 X 107 R @6aia/EDR3» (6)

where R is the stellar radius expressed in nominal solar radii R,
(Prsa et al. 2016).

For nine systems, 2MASS magnitudes were taken outside
the eclipses, but in the case of VZ PsA we had to correct it
for light loss by —0.037 mag in the K-band. We adopted paral-
laxes from Gaia Data Release 3 (Gaia Collaboration 2016, 2023)
listed in Table 1. We did corrections to parallaxes according to
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Lindegren et al. (2021a,b) due to the zero-point shift. From the
sample two systems, CG Scl and TYC266-718-1, have the Gaia
renormalised unit weight error (RUWE parameter)* greater than
1.4. Figure 4 shows the positions of the eclipsing binary com-
ponents in the surface brightness-colour diagrams. Practically
all components lie very close to the SBCR derived from other
eclipsing binary stars (Graczyk et al. 2021) or from the stellar
angular diameters measured by interferometry (Kervella et al.
2004) and the largest offsets are 20.

6.2. Comparison of geometric and eclipsing-binary distances

One of the main reasons for improving the SBCR calibra-
tions is to utilize the SBCRs in precise distance measurements
using the eclipsing binary (EB) method. The method relies on
Eq. (6): knowing the absolute radii R, of the components and
their angular diameters 6; » resulting from the SBCR, one can
easily derive a distance. The precision of the method is well
established, however, its accuracy and the presence of possible
systematic effects is not yet fully discussed.

The EB method was used before to verify the zero-point shift
of the Gaia parallaxes both in the ‘classical’ way, by means of
bolometric flux scaling (Stassun & Torres 2016, 2021), and with
the use of SBCRs (Graczyk et al. 2019). Both approaches show
near perfect agreement between distances derived from Gaia par-
allaxes and those inferred from the EB method. However, the
accuracy of the ’classical’ approach is limited by the bias on the
effective temperature determination, because whatever method
is employed it introduces its own unspecified systematic uncer-
tainty on the derived temperatures. On the other hand, the SBCR
approach is limited mostly by the systematic uncertainty of cali-
brations of SBCRs — in that case an approximate measure of the
systematic is the rms of the calibration itself.

Nearby EBs within 200 pc are the best for testing the SBCR
approach because of typically low interstellar extiction. How-
ever, the geometric distances of EBs inferred from Gaia are

4 https://gea.esac.esa.int/archive/documentation/GDR2/
Gaia_archive/chap_datamodel/sec_dm_main_tables/ssec_
dm_ruwe.html
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Fig. 5. Comparison of distances derived from astrometry and the SBCR for 10 eclipsing binary stars. The SBCR used are Left: Graczyk et al.
(2021) and Right: Kervella et al. (2004) and they result is a very good agreement of both distances in terms of the mean and the rms of residuals.
For the giant-hosting TZ For (a green circle) the relation by Pietrzysiski et al. (2019) was used.

not only affected by the zero-point uncertainty but also by the
photocenter movements and by unresolved tertiary companions
(Stassun & Torres 2021). The EB photocenter movements cor-
relate very well with the RUWE parameter and obviously on
average the closer is the EB the larger the photocenter move-
ment. Because the Gaia DR3 data reduction does not take the
photocenter movements into account, the parallaxes of nearby
EBs a contain small and hard-to-specify amount of systematics.
Another way to test the EB method is to compare the SBCR
distances against distances based on the orbital (or dynamical)
parallaxes provided by astrometric, eclipsing binary stars
resolved by optical/near-infrared interferometry. From a number
of such systems observed during the last decade we selected 10
EBs which had secure near-infrared magnitudes and determined
their precise physical parameters. Our team analyzed five such
systems by determining visual semimajor orbital axes using
VLT/PIONIER for TZ For (Gallenne et al. 2016, 2018), Al Phe,
AL Dor, KW Hya, NN Del (Gallenne et al. 2019) and for
two more EBs using VLT/GRAVITY: V963 Cen and LL Aqr
(Gallenne et al. 2023). We augmented the sample with three
systems from the literature: V923 Sco observed by using VLTI
(Pribulla et al. 2018), V1022 Cas and V1143 Cyg observed by
using CHARA Array (Lester et al. 2019a,b). The precision of
orbital parallaxes of these ten systems is well below 1%.
Additional physical data for all ten systems are taken from
Albrecht et al. (2007), Andersen & Vaz (1984), Andersen et al.
(1987, 1991), Graczyk et al. (2016, 2021, 2022), Maxted et al.
(2020), Southworth (2021), and Sybilski et al. (2018). The
V-band magnitudes were collected from SIMBAD database

and infrared K-band magnitudes were taken from the 2MASS
catalog.

Almost all components of selected EBs are main sequence
stars or sub-giants with the exception of the cooler component in
TZ For. We employed the SBCR calibrated on the (V—K) colour
for main sequence dwarfs. We used the calibration derived from
interferometric angular diameters (Kervella et al. 2004) and from
eclipsing binary stars (Graczyk et al. 2021). Figure 5 shows a
comparison of distances from the SBCR calibrations with dis-
tances calculated from precise orbital parallaxes. The agreement
between both distances is remarkably good, the residuals are
consistent with measurement errors, judging from the reduced
X2, and no significant systematic deviations can be noticed. We
carried out comparisons utilising also (V—J) and (B—K) colours
and in both cases we obtained similar results to those based on
the (V—K) colour.

New precise SBCR calibrations based on eclipsing binary
stars are envisioned in a following paper. We plan to extend a
sample of EBs that will be useful for the calibration, both by
using the literature data and an analysis of a final sample of EBs
based on data from our spectroscopic follow-up with HARPS.

Data availability

The full Table C.3 is available at the CDS via anonymous ftp to
cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/694/A65
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Appendix A: Comparison with previous studies
A.1. TYC 6511-1799-1

The ASAS data of TYC 6511-1799-1 was used by Shivvers et al.
(2014) to derive the orbital period and eccentricity. The eccen-
tricity they calculated is 0.32+0.07 which is much less than our
value, probably because the groundbased ASAS photometry is
sparse and obviously inferior to TESS.

A deeper analysis was presented by Ratajczak et al. (2021).
They used TESS short-cadence data from Sector 6 and radial
velocities from spectra obtained with the ESO FEROS and the
CTIO CHIRON spectrographs, so basically very similar data
as ours. A comparison of the orbital and the physical param-
eters (their Table 4 and 5) shows very good agreement with
our results. However, it must be noted that the parameters we
derived, especially masses and radii, are almost an order of mag-
nitude more precise. It should be mentioned is that Ratajczak
et al. (2021) defined the secondary minimum as the primary one,
so the names of components are reversed.

A.2. TYC 266-718-1 = EPIC 201648133

The K2 light curve from Campaign 01 was analysed by Maxted
& Hutcheon (2018) who derived a set of photometric and radia-
tive parameters. The fractional radii r; ; and the geometry of the
orbit (e, w, i) are consistent to within 20~ with our values, which
is reassuring, as we based our final solution on the TESS light
curve. The parameters which we derived from K2 data alone are
fully consistent (to within 107) with those reported by Maxted &
Hutcheon (2018), for example the third light and the flux ratio.
The temperatures from their SED analysis are also consistent
with our adopted temperatures (Table 4) to within 1o

More recently Hoyman & Cakirli (2020) also analysed the
K2 data, but supported by HARPS spectra from the ESO archive.
They derived radial velocities and presented a full model of the
system. However, the analysis and the solution they presented
had a number of peculiarities. 1) Model radial velocity curves
presented in their Fig. 2 correspond to a much higher orbital
eccentricity, of about e ~ 0.4, than what is observed in the sys-
tem, i.e. e ~ 0.05. For such a small e the radial velocity curve
looks a sinusoid, regardless what the value of w is — compare
with our Fig. B.3. Strangely, they reported in their Table 2 the
low and correct value of ¢ =0.052(17), which is inconsistent with
their Fig. 2. 2) The radial velocities they derived and presented
in Table A.1 are inexplicably very different from the values we
derive. The shifts amount to 20-40 km s~!, depending on the
spectroscopic epoch and on the component. Subsequently, they
derive model parameters which are inconsistent with ours, most
notably the mass ratio. 3) The high 7, /7 temperature ratio they
derive from ISPEC analysis is obviously in large tension with
both K2 and TESS light curves (i.e. primary and secondary
eclipse have similar depth), but also with our results from the
atmospheric analysis of the decomposed HARPS spectra. 4)
Errors on parameters reported by Hoyman & Cakirli (2020) are
suspiciously large taking into acccount the superb quality of the
K2 and the HARPS data. In summary: it was impossible to make
any reasonable comparison with the results obtained by Hoyman
& Cakarli (2020).

A.3. HD 149946 = EPIC 202674012

The system is well investigated thanks to K2 data and the spec-
troscopic follow-up by Helminiak et al. (2018). A comparison
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with the previously published reports is presented in Table A.1.
The model parameters reported by Maxted & Hutcheon (2018)
and Helminiak et al. (2021) are fully consistent with those from
our best model. Especially the agreement with results obtained
by Hetminiak et al. (2021) is striking, taking into account the
small uncertainties reported. The only significant difference is
between the orbital inclination, which is most probably a result
of the inclusion of the TESS light curve in our analysis. Also
we obtain slightly larger errors on stellar radii to accommo-
date the difference in the fractional radii obtained when K2 and
TESS data are solved separately. Again, the analysis presented
by Hoyman & Cakirli (2020) has some oddities like in a case
of TYC 266-718-1. For example in their Table A.l, they present
radial velocity determinations from HARPS spectra, but only for
the primary component. Strangely, the RVs for the secondary
are not listed despite the fact that absorption lines of the sec-
ondary are easy to identify in the HARPS spectra. In general,
the agreement of their results with ours is poor.

A.4. HD 219869 = EPIC 246024234

The system was previously analysed by Hetminiak et al. (2021)
who used the K2 photometry supplemented with 12 FEROS and
three HARPS spectra. Like in the case of HD 149946, we find
very good consistency with their results. Most parameters from
their Table 3 are within 10~ agreement with our parameters listed
in Tables C.4 and 5. However, there are some larger differences:
the orbital inclination i differs by 20", most probably because
we included TESS data in the analysis. The largest difference
of 40~ appears in the primary’s effective temperature: Hetminiak
et al. (2021) report a low temperature similar to the secondary’s
temperature, however the relative depth of eclipses in both the
K2 and TESS light curves, as well as our atmospheric analy-
sis of decomposed spectra indicate clearly that the primary is
significantly hotter than the secondary.
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Table A.1. Comparison of our results for HD 149946 with literature values.

Dataset Maxted & Hutcheon (2018) Hoyman & Cakirli (2020) Hetminiak et al. (2021) This work
Photometry K2 K2 K2 K2+TESS
Velocimetry ) 4 FEROS 6 HARPS + H18 10 HARPS + H18 15 HARPS
Parameter

P (d) 23.30962(5) 23.309637(9) 23.309595(35) 23.309700(3)
q=My/M, 0.78(5) 0.831(18) 0.8033(12) 0.8049(11)
e 0.027(2) 0.004(1) 0.026(2) 0.0263(8)
w () 259.7(6) 263.1(1.4) 259(1) 259.3(2)
i(°) 88.65(1) 88.6(17) 88.668(14) 88.588(11)
Ki (kms™) 45.3(2.4) 45.8(3) 45.44(3) 45.444(30)
K> (kms™) 57.8(2.6) 55.1(7) 56.56(7) 56.457(70)
My (My) 1.48(16) 1.35(5) 1.421(4) 1.4157(37)
M, (M) 1.16(13) 1.12(6) 1.141(2) 1.1396(21)
R; (Rp) 2.18(7) 1.63(5) 2.157(6) 2.174(11)
R, (Ro) 1.22(4) 1.18(5) 1.224(4) 1.2314(61)
T (K) 6250(285) 6550(120) 6630(83) 6455(130)
T e (K) 6150(285) 6275(260) 6586(380) 6392(192)

Notes. Values marked with the bold font are parameters consistent with results of the present work to within 0.5¢0, while values different by more
than 30 are marked with the italic font.
@Number of spectra used. H18 is a reference to velocimetry from Hetminiak et al. (2018)

Appendix B: Figures
Appendix C: Tables
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Fig. B.1. O—C diagrams for all eccentric systems in our sample. Primary minima are marked with darker circles.
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Fig. B.2. Best WD model fits to the photometry of the ten eclipsing binary stars in our sample and their residuals. Coloured points: observations,
black line: synthetic light curve.
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Table C.1. Photometric observations used for the light curve analysis in the present study.

ID TESS TESS Source ™ No. of Points  Spots  Detrending
Sector Cadence (s) total used (mag)
CG Scl 02 120 SPOC 18300 1898  0.017 yes
29 600 QLP 3572 299  0.027 yes
69 200 FFI 9273 907 0.019 yes
HD 27476 30 120 SPOC 18567 1994  0.003 no
32 120 SPOC 17977 2264  0.003 no
AW Col 06 120 SPOC 14691 1004  0.005 yes
33 120 SPOC 12955 1188  0.005 yes
TYC 6511-1799-1 06 120 SPOC 14691 2575 - no
BD+17 1832 44 600 TESS-SPOC 3260 574 <0.002 yes
72 200 FFI 9267 1639  0.003 yes
TYC 266-718-1 45 600 FFI 3397 251  <0.002 yes
HD 149946 39 600 FFI 3864 412 0.004 yes
VZ PsA 01 120 SPOC 18279 1137 <0.003 no
28 120 SPOC 17285 2409 <0.003 no
HD 219869 42 120 SPOC 17367 2117 <0.003 yes
70 200 FFI 10716 1520 0.004 yes
Kepler K2 K2 Source N. of Points Spots  Detrending
Campaign cadence (s) total used (mag)
BD+17 1832 05 1800 EVEREST 3320 552 0.003 no
18 1800 EVEREST 2138 338 0.002 no
TYC 266-718-1 01 1800 EVEREST 3202 459 <0.001 yes
HD 149946 02 1800 EVEREST 3355 440 <0.001 yes
HD 159246 11a 1800 EVEREST 943 459 - yes
11b 1800 EVEREST 1988 968 - yes
HD 219869 12 1800 EVEREST 3379 516 0.005 yes

Notes. “Source: SPOC — the TESS Science Processing Operations Center (Jenkins et al. 2016), TESS-SPOC — the TESS Science Processing
Operations Center Full-Frame Images products (Caldwell et al. 2020), QLP — MIT’s Quick Look Pipeline Full-Frame Images (Huang et al.
2020), FFI - lightcurve from Full-Frame Images processed by the lightkurve python package (Lightkurve Collaboration 2018), EVEREST — EPIC
Variability Extraction and Removal for Exoplanet Science Targets (Luger et al. 2016).

Table C.2. Spectroscopic observations with HARPS.

ID Number of spectra Start End Range of S/N
CG Scl 14 2017 December 10 2021 October 26 8-175
HD 27476 14 2020 November 11 2021 October 25 17 -96
AW Col 13 2020 November 11 2021 October 24 17 - 135
TYC 6511-1799-1 9 2020 November 11 2021 October 23 8 -27
BD+17 1832 11 2018 April 24 2021 January 21 13 -39
TYC 266-718-1 14 2017 June 10 2021 June 10 15-65
HD 149946 15 2018 January 28 2021 August 14 13-62
HD 159246 12 2018 April 25 2021 October 21 11 -40
VZ PsA 12 2020 November 11 2021 October 26 18 — 190
HD 219869 15 2017 December 10 2021 October 25 14 -74

Table C.3. RV measurements for eclipsing binary stars. The full data
are available at the CDS.

Object BJD RV, RV, err RV, RV, err
-2450000 (kms™)

CG Scl  8097.54218 10.736  0.017 -47.925  0.101

CG Scl  8139.52231 34.513 0.017 -78.369  0.100

CG Scl  8140.52815 30.960 0.017 -73.790  0.098

CG Scl  8141.52627 14239  0.017 -52.489  0.098

CG Scl  9164.63361  18.621 0.018 -57.796  0.106
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