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ABSTRACT

I describe the selection and initial characterization of 20 eclipsing binary stars that are suitable for calibration and testing of stellar
models and data analysis algorithms used by the PLATO mission and spectroscopic surveys. The binary stars selected are F-/G-
type dwarf stars with M-type dwarf companions that contribute less than 2 per cent of the flux at optical wavelengths. The light
curves typically show well-defined total eclipses with very little variability between the eclipses. [ have used near-infrared spectra
obtained by the APOGEE survey to measure the spectroscopic orbit for both stars in HD 22064. Combined with an analysis of the
TESS light curve, I derive the following masses and radii: M} = 1.35 £ 0.03Mg, M, = 0.58 £ 0.01Mg, R; = 1.554 + 0.014R,
R, = 0.595 &£ 0.008Ry. Using R; and the parallax from Gaia EDR3, I find that the primary star’s angular diameter is 6 =
0.1035 £ 0.0009 mas. The apparent bolometric flux of the primary star is Fep o = (7.51 £ 0.09) x 10~ ergcm™2s~!. Hence,
this F2V star has an effective temperature Tegr,; = 6763 K £ 39 K. HD 22064 is an ideal benchmark star that can be used for
‘end-to-end’ tests of the stellar parameters measured by large-scale spectroscopic surveys or stellar parameters derived from
asteroseismology with PLATO. The techniques described here for HD 22064 can be applied to the other eclipsing binaries in
the sample in order to create an all-sky network of such benchmark stars.

Key words: techniques: spectroscopic —binaries: eclipsing —stars: fundamental parameters—stars: individual: HD 22064 —

stars: solar-type.

1 INTRODUCTION

Apart from the Sun and a few nearby stars, detached eclipsing
binaries (DEBS) are our best source of fundamental data for normal
stars. Accurate, model-independent mass and radius measurements
with a precision of 0.5 per cent or better are now feasible, thanks to
the availability of space-based photometry and high-quality echelle
spectroscopy (Maxted et al. 2020). The advent of precise parallax
measurements from Gaia now also makes it possible to measure the
effective temperatures of both stars in an eclipsing binary to £50 K
or better directly from their angular diameters and bolometric fluxes
(Miller, Maxted & Smalley 2020). Well-studied DEBS typically have
flux ratios in the optical L,/L; ~ 1, i.e. they are SB2 systems at optical
wavelengths. This makes it straightforward to measure the radial
velocity for both stars. These DEBS are excellent benchmark stars
for testing stellar models but, in general, cannot be used for ‘end-
to-end’ tests of stellar spectroscopy pipelines designed to measure
the atmospheric parameters of single stars. It is sometimes possible
to obtain a spectrum for one star if the system shows total eclipses,
but scheduling these observations can be difficult, particularly for
long-period DEBS.

Echelle spectrographs operating in the near-infrared now make it
possible to make direct mass, radius, and effective temperature (7egr)
measurements for DEBS with optical flux ratios £ < 1 percent.
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This has been demonstrated for EBLM J0113+31 (Maxted et al.
2022). These systems are ideal benchmark stars for the PLATO stellar
spectroscopy and asteroseismology pipelines because they look like
single stars at optical wavelengths. However, the telescope time
required to measure model-independent mass, radius, and Teg for
systems with extreme flux ratios like EBLM J01134-31 is expensive
and difficult to obtain, e.g. a 4-sigma detection of the M-dwarf in
EBLM J0113+31 required 22 spectra obtained with a spectrograph
on a 3.6-m telescope. However, it is not necessary to go to such
extremes to create suitable benchmark stars. DEBS with flux ratios £
~ 1 per cent are much easier to characterize in detail, while the flux
from the M-dwarf will have a little effect on the stellar parameters
derived from spectroscopy at optical wavelengths (El-Badry et al.
2018). The secondary star in these DEBS can be characterized in
some detail, so it is feasible to remove the signal of the M-dwarf from
the combined spectrum of the binary, leaving a ‘clean’ spectrum of
the primary star suitable for detailed spectroscopic analysis. There is
certainly no impact from the M-dwarf on the asteroseismic signal
that will be measured for the primary star in these binaries by
PLATO mission (Rauer et al. 2014). This makes these DEBS ideal
candidates for testing the stellar models used by the PLATO mission,
and for validation of the stellar parameters that will be provided in
the PLATO mission data products (Gent et al. 2022).

I have therefore selected 20 DEBS with V = 9-12 and ¢ ~
1 per cent at optical wavelengths having light curves showing narrow,
total eclipses, and little or no variation between the eclipses due to
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star spot activity or tidal distortion of the primary star. This sample
of DEBS will substantially improve the coverage and quality of
benchmark FGK dwarf stars compared to existing benchmark stars
(Jofré et al. 2018). These DEBS are 5-10 magnitudes fainter than
the existing benchmark stars, which are typically naked-eye stars
like o Cen. This puts them in the same magnitude range as stars that
can are observed by large-scale spectroscopic surveys using standard
observing modes, i.e. these benchmark DEBS can be used for end-
to-end tests for all these instruments and data analysis pipelines,
enabling us to put the results from these surveys and the PLATO
pipeline onto a homogeneous effective temperature scale.

2 TARGET SELECTION

Targets have been selected from the Kepler eclipsing binary cata-
logue' (Kirk et al. 2016), the TESS eclipsing binary stars catalogue?
(Kruse et al. 2019; Justesen & Albrecht 2021; Maxted & Hutcheon
2018). In addition, I consulted various lists of interesting eclipsing
binaries I have generated over several years as a result of student
projects, inspection of light curves from the WASP survey (Pollacco
et al. 2006), citizen scientist projects,’ etc. Short period systems
(P < 4 days) were ignored to avoid the complications due to tidal
distortions of the stars and rapid rotation. Systems showing little or no
variation between the eclipses were preferred, although a few systems
showing variations in brightness &1 per cent due to star spots were se-
lected so that the sample includes a few stars showing moderate mag-
netic activity. All the systems selected show a total secondary eclipse
with a depth &1 per cent and narrow eclipses. Stars with early-type
primary stars (A-type stars or hotter), stars with bright companions
within a few arcseconds, binaries with a clear detection of third light
from an unresolved tertiary star in the light curve, and stars fainter
than G = 13 were not considered. The stars selected are listed in
Table 1 and their positions in the T —log g plane are shown in Fig. 1.

3 METHODS

3.1 Light curve analysis

The typical procedures I used to measure the properties of the selected
binary stars from their light curves are described in this subsection.
Variations in these procedures for individual systems are described in
Section 4. Note that I use the normal convention here for the analysis
of eclipsing binary stars of using the term ‘eclipse’ to refer to both
the primary (deeper) eclipse caused by the transit of the primary
star by the secondary star and the secondary eclipse caused by the
occultation of the cooler, smaller secondary star.

I used LIGHTKURVE* (Lightkurve Collaboration et al. 2018) to
search the Mikulski Archive for Space Telescopes® (MAST) for
light curves of each binary system observed by either the TESS
(Ricker et al. 2015), Kepler (Borucki et al. 2010) or K2 (Howell
et al. 2014) missions. For most of the stars analysed here, I used light
curves from the TESS mission observed with a cadence of 120s
and processed to produce PDC_SAPFLUX values by the TESS Science
Processing Operations Center (SPOC). The data were downloaded
from MAST using LIGHTKURVE and bad data rejected using the

Uhttp://keplerebs.villanova.edu/
Zhttp://tessEBs.villanova.edu
3http://www.planethunters.org
“https://docs.lightkurve.org/
Shttps://archive.stsci.edu/
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default bit mask. The depths and widths of the eclipses, and phase
of secondary eclipses in each light curve measured from these data
are given in Table 1. This information plus an initial estimate of
the orbital period and time of primary eclipse were used to identify
sections of the light curve containing complete eclipses plus some
data either side. These sections of light curve were divided by a
straight line fit by least-squares to the data either side of the eclipse,
and then exported in a format suitable for analysis using JKTEBOP®
(Southworth 2010).

The NDE light curve model (Nelson & Davis 1972) on which
JKTEBOP is based computes eclipses using the approximation that the
stars are spherical. None of the stars in this sample have an oblateness
larger than 0.0015, and the typical oblateness of the primary stars
is 0.00003, so this approximation is a very good one for these well-
detached binaries. Since the stars are very nearly spherical and we
have not used data between the eclipses, the ellipsoidal effect was
ignored in the analysis of the light curves. The reflection effect was
also ignored. Limb darkening was modelled using the power-2 law
recently implemented in JKTEBOP (Southworth 2023). The values of
Tesr, log g, and [Fe/H] for the primary star in Table 2 were used to
estimate the values of the parameters /; and 4, using interpolation
within the table from Maxted (2018). The effect of the assumed value
of h; for the primary star can be seen in the curvature of the light
curve at the bottom of the primary eclipse, so this parameter was
allowed to vary in the analysis the light curve. The effect of 4, is far
more subtle, so this parameter was fixed at the value obtained from
Maxted (2018). The assumed limb darkening of the secondary star
has a negligible effect on the light curve, so we used the fixed values
hy = 0.6 and h, = 0.4 for the secondary stars in all systems for both
TESS and Kepler photometry.

The parameters of the binary star model are as follows: the sum of
the stellar radii in units of the semi-major axis (fractional radii), r; +
r» = (R| + Ry)/a; the ratio of the stellar radii, k = R,/R;; the ratio of
the surface brightness at the centre of each stellar disc, Jy; the orbital
inclination, 7; the time of mid-primary eclipse, T; the orbital period,
P; esin (w) and ecos (w), where e is the orbital eccentricity and o
is the longitude of periastron for the primary star. Least-squares fits
obtained by varying all these parameters for each binary star are
shown in the supplementary online information that accompanies
this article.

The time of mid-eclipse for each primary eclipse observed by
TESS (including 600-s and 1800-s cadence data) was measured using
a similar method but using only the data covering each primary
eclipse, and with the values of P and J fixed at the values determined
from the fit to the whole light curve. For stars observed by the WASP
survey (Pollacco et al. 2006), I measured additional times of mid-
eclipse by fitting all the data from each observing season using the
same method as for the TESS photometry but with the values of r,
+ 12, k, and i fixed at the values measured from the analysis of TESS
light curve. The linear ephemerides for the time of primary eclipse
obtained from a least-squares fit to all these times of mid-eclipse
are given in Table 3. All the times of mid-primary eclipse used to
derive the ephemerides in this table on the BJDpp time-scale are
available in the supplementary online information that accompanies
this article. I also used a least-squares fit of a quadratic ephemeris
to check that there is no significant variation in the measured orbital
period for any of the selected binary stars.

The best-fitting parameters for each light curve are given in Table 4.
For these results, the orbital period was fixed at the value taken

Ohttp://www.astro.keele.ac.uk/jkt/codes/jktebop.html
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Table 1. Proposed benchmark eclipsing binary stars. Spectral types (Sp.) are taken from Simbad or estimated based on T from Table 2. Dy > and Wy o
are the depths and widths (in phase units) of the eclipses. The phase of the secondary eclipse relative to primary eclipse is given in the column ¢,. The
semi-amplitude of the primary star’s spectroscopic orbit, Ky, is taken from Gaia DR3 (Gaia Collaboration 2022) unless otherwise noted.

Name a (J2000.0) 6 (J2000.0) G [mag]  Sp. P [d] D 41 b2 Dy 143 K; [kms™']
HD 4875 00:50:39.98 —18:30:21.2  8.82 G3V 13.64 0.12 0.023  0.464 0.011 0.016 29.48 £ 0.18
HD 22064 03:33:27.57 +00:07:10.8  8.74 F2v 9.13 0.10 0.043 0445 0.017 0.016
CD-27 2812 06:12:59.66 —27:52:49.4  9.63 F9 7.84 0.10 0.034 0536 0.012 0.031 38.71 £0.21
CD-31 3271 06:24:48.93  —31:51:52.2  9.81 GO 5.61 0.19 0.030  0.500 0.015 0.030
TYC 8547-22-1 06:36:58.94 —58:27:36.6  9.96 GO 4.24 0.14 0.047  0.500 0.015 0.047 51.31 £0.40
TYC 8549-603-1 06:53:35.69 —58:43:55.3  12.31 G5 8.73 0.07 0.042 0492 0.012 0.034 47.89 +4.13
BD + 15 1661 07:47:39.71  +14:47:44.0 10.26 GO 28.14 0.08 0.012  0.300 0.005 0.011
TYC 3421-1132-1 08:17:47.26  +51:00:38.1  10.44 KO 20.54 0.09 0.010 0427 0.006 0.012
TYC 8176-503-1 09:44:23.57 —48:50:14.3  10.30 G3 11.39 0.07 0.020  0.500 0.005 0.020
EPIC 212822491 13:44:19.44  —04:49:39.0 11.04 Gl 14.32 0.17 0.021  0.500 0.019 0.021
EPIC 212801 667 13:51:58.39  —05:29:27.9 1191 G7 23.27 0.09 0.011  0.593 0.004 0.016
TYC 7284-224-1¢ 14:03:40.19  —32:33:27.2 11.96 G3 11.91 0.09 0.018  0.531 0.008 0.013 20.9367 £ 0.0065
HD 137267 15:28:53.45 —66:29:32.0  9.83 G2IV/V 13.08 0.04 0.015  0.661 0.003 0.012 19.99 £ 0.47
TYC 3890-1121-1 17:05:25.78  +55:43:28.1  11.87 G5 23.51 0.05 0.015 0334 0.003 0.013
TYC 3538-689-1 18:26:24.10  +51:16:03.1  11.38 F6 18.24 0.11 0.021 0255 0.017 0.015 37.63 £ 1.06
EPIC 213 843283 18:48:21.26  —28:06:37.4 1198 F7 11.22 0.18 0.024 0501 0.015 0.023
KOI-7303 19:27:44.72  +47:18:34.9  11.51 F9 13.68 0.19 0.012 0455 0.011 0.015 25.81 £0.67
KOI-7141° 19:51:51.87 +45:32:448 11.97 Fov 50.44 0.09 0.010  0.920 0.008 0.005 34.13 £0.24
TYC 9102-351-1 21:25:00.94 —60:21:31.4  11.72 F5 31.71 0.07 0.013  0.510 0.007 0.012 21.75+£0.73
EPIC 206288770 22:17:03.85 —08:24:47.0  12.39 F8 24.76 0.19 0.011  0.679 0.014 0.015
Notes. “K| from Martin et al. (2019).
bK| from this study — see Section 4.11.
0.3 Table 2. Primary star parameters from Gaia DR3 GSP-Phot Aeneas best
30 library using BP/RP spectra. Ag is the estimated extinction in the Gaia G
O 0.2 band. The metallicity is calibrated using the routines described in Andrae
3.8 1 @
et al. (2022).
— 4.0 ‘. v & e
' ° @ o 0.0 Name Tets log g [M/H] Ag Mass
§ a2 o o o K] [ems?] [mag]  [Mo]
2 b @ o -01
9 44 b HD 4875 5804 4.13 +0.17 0.001 1.02
o '® HD 22064 6670 410  -033  0.021 1.38
a6 o a8 CD—27 2812 6091 398  —0.18 0002 129
5 CD-31 3271 5861 4.34 —0.03 0.018 1.01
4.8 TYC 8547-22-1 5916 4.00 +0.28 0.001 1.13
. R o P Em TYC 8549-603-1 5903 3.94 —0.12 0.217 1.30
Tor [K] BD+15 1661 5941 4.21 +0.01 0.033 1.07
TYC 3421-1132-1 5285 4.44 +0.26 0.050 0.88
Figure 1. Primary stars in the 7 —log g plane. Points are colour-coded by TYC 8176-503-1 3392 4.21 +043 0.067 0.92
[M/H] as indicated in the scale bar. Stars from the Gaia FGK benchmark stars EPIC 212822491 2881 417 —045 0.002 1.07
. . . EPIC 212801 667 5555 4.33 —0.37 0.002 0.91
v2.1 catalogue with effective temperature errors <80 K are shown circled
. . Lo TYC 7284-224-1 5685 442 —0.14 0.082 0.99
and with error bars. Parameters for the benchmark star in the eclipsing binary HD 137267 5053 425 4005 0.052 1.09
EBLM J01134-31 (boxed) are from Maxted et al. (2022). Light blue lines are ’ ’ ’ ’
isochrones for solar composition at ages of 1, 5, and 10 Gyr from the MIST TYC 3890-1121-1 2628 417 —0.57 0.001 0.99
grid of stellar models (Choi et al. 2016; Dotter 2016). TYC 3538-689-1 6349 404 030 0.09 1.38
EPIC 213 843283 6229 4.17 —0.17 0.405 1.06
KOI-7303° 5510 4.51 —0.09 0.196 0.91
from Table 3 and, where possible, separate least-squares fits were KOL-7141¢ 6397 3.97 _042 0360 1.47
performed on independent sections of the light curve containing at TYC 9102-351-12P 6429 3.94 —0.34 0.041 1.35
least one primary and one secondary eclipse. The values in Table 4 EPIC 206288 770 6165 4.29 —042  0.206 1.08

are then the mean and standard error of the mean of the best-fitting
parameters from these independent data sets. In cases where fewer
than five independent data sets could be constructed from the TESS
light curves, the standard error estimates in Table 4 were estimated
using a Monte Carlo method with 1000 trials fitting synthetic data
generated from the best-fitting light curve model plus Gaussian noise
with the same standard deviation as the root-mean-square (rms) of
the residuals from the best fit to the real data (Task 8 in JKTEBOP).
For EPIC 212822491, EPIC 212801667, EPIC 213 843 283, and
EPIC 206288770, I analysed the light curve derived from images

Notes. *Parameters from GSP-Spec (Recio-Blanco et al. 2023).
YMass estimate from the TIC.
“No calibration possible for [M/H].

obtained by the K2 mission and corrected for instrumental effects
using the EVEREST algorithm (Luger et al. 2016).” The depths of
eclipses in the EVEREST light curves available from MAST can be

"https://luger.dev/everest/
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Table 3. Linear ephemerides for the time of primary eclipse on the BJDtpp
time-scale.

Star Ephemeris

HD 4875 2458738.61766(6)+13.635561(1) - E
HD 22064 2458578.1295(2)+9.134881(3) - E
CD—-27 2812 2458767.3708(1)+7.835742(2) - E
CD-31 3271 2458488.46869(2)+5.6204306(8) - E

TYC 8547-22-1
TYC 8549-603-1
BD+15 1661
TYC 3421-1132-1
TYC 8176-503-1

2458867.75062(2)+4.2418215(1) - E
2458630.0641(5)4-8.72983(1) - E
2459036.7160(2)+28.142049(6) - E
2459123.71243(9)+20.544620(3) - E
2458804.51727(5)+11.394232(2) - E

EPIC 212822491 2457942.63157(1)+14.3206436(4) - E
EPIC 212801 667 2457837.29167(4)+23.274645(2) - E
HD 137267 2458794.0346(1)+13.080733(7) - E

TYC 3890-1121-1
TYC 3538-689-1

2458965.1854(3)+23.514340(5) - E
2459197.49620(5)+-18.2416720(6) - E

EPIC 213 843283 2457302.30170(9)+11.22161(2) - E
KOI-7303 2455378.72159(1)413.6836900(2) - E
KOI-7141 2456798.7639(5)+50.44032(2) - E
TYC 9102-351-1 2457463.0202(6)4-31.71044(1) - E
EPIC 206 288 770 2457017.79623(5)+24.756465(3) - E

shallower than their true depths if the automatic procedure to identify
‘outliers’ does not flag these events, and so they are treated as noise
by the detrending algorithm. To avoid this problem, I computed
new light curves for these stars using functionality available in this
software to mask eclipses ‘by hand’ prior to applying the de-trending
algorithm. The integration time of 1800 s used for these light curves
was accounted for in the analysis with JKTEBOP using numerical
integration of the model over five points per observation.

3.2 Mass, radius, and effective temperature estimates

For binary systems where the semi-amplitude of the primary star’s
spectroscopic orbit (K;) is available, I have used the empirical
relation M, (T, [Fe/H], p,.) from Enoch et al. (2010) to make an
improved estimate of the primary star’s mass (M). The values of T
and [Fe/H] are taken from Table 2 assuming standard errors of 200 K
and 0.2 dex, respectively. The mean stellar density of the primary
star, p,, is determined directly from the value of R /a via Kepler’s
third law using the following equation:

3M, 3 a\’

7T R TGP+ (R) '

To estimate the mass ratio, ¢ = M,/M,, I used the mass function
with the mass estimates from Table 2. The masses derived from this
relation are assumed to have a standard error of 0.023 in log;o(M,),
in addition to any uncertainty inherited from the standard errors on
the input values. The radius of the primary star then follows directly
from the value of p, measured from the light curve. The mass of the
companion star can then be estimated from the mass function and
its radius from the radius ratio k = R,/R; measured from the light
curve.

The average surface brightness ratio, J = £/k*, where £ is
the flux ratio, provides a strong constraint on the ratio of the
effective temperatures, Tero/Terr, given some way to estimate the
surface brightness of a star as a function of effective temperature,
S(Ter). Note that Jy # J because limb darkening is stronger for
the M-dwarf than for the primary star. I used the spectral energy
distributions (SEDs) from Coelho et al. (2007) integrated over the
spectral response functions for the TESS and Kepler instruments to

MNRAS 522, 2683-2695 (2023)

determine polynomial relations for S(7.¢) and its inverse assuming
solar composition for both stars. With these relations, the measured
values of J and estimates of T, from Table 2, I was then able to
estimate the effective temperature of the companion star, Tes».

These mass, radius, and T, estimates are given in Table 5 and
plotted in Fig. 2. Also given in Table 5 is the surface gravity of the
companion, log g», which is independent of the assumed mass of the
primary star (Southworth et al. 2004).

4 NOTES ON INDIVIDUAL SYSTEMS

4.1 HD 4875

Analysis of the Hipparcos astrometry for this binary system and
comparison of the proper motion derived from Hipparcos astrometry
and Gaia astrometry shows that the proper motion is not constant
(Frankowski, Jancart & Jorissen 2007; Brandt 2021). Kervella et al.
(2019) interpret this proper motion anomaly as orbital motion due
to a companion with a mass ~40Mj,,. A companion of this mass is
very likely to be a brown dwarf or, perhaps, a very low-mass main-
sequence star. In either case, the contribution to the observed flux
distribution from this third object in the system will be completely
negligible, so this does not prevent the selection of this triple
system as a benchmark star. The astrometry and radial velocity
measurements of this target will be affected by the orbital reflex
motion of the binary due to this very low mass companion, so
these effects should be accounted for in a detailed analysis of this
binary system to derive the mass, radius, and effective temperature of
the primary and secondary stars. The astrometric solution provided
in Gaia DR3 does not account for the orbital motion induced
by the tertiary object and so the values of the renormalized unit
weight error, ruwe = 1.815, and the significance of excess noise in
the astrometry, astrometric_excess noise_sig = 54.12 are
larger than expected for a good fit to the data. Gaia data release DR43
will contain all the measurements used to derive astrometric solutions
and source classifications, so a complete analysis accounting for the
tertiary object using all available data can be done at that time to
derive a more accurate parallax for this star.

4.2 HD 22064

The secondary eclipse in the light curve of this eccentric binary is a
total eclipse but the primary is partial. This makes the results from
the light curve analysis more sensitive to systematic errors in the
depth of the primary eclipses than for other binaries in this sample
that have better-defined primary eclipses. An initial analysis of the
TESS PDCSAP_FLUX photometry suggested that there is significant
third-light in this system. However, this is almost certainly a spurious
result caused by systematic errors in the primary eclipse depth caused
by the ‘pre-search data conditioning’ (PDC de-trending) because the
value of ecos (w) obtained from this fit is inconsistent with the value
measured from the spectroscopic orbit described in Section 5. For
the results quoted here, I have used the SAP_FLUX values provided
by the TESS SPOC. A small correction was applied to the fluxes in
this light curve for the contamination of the photometric aperture by
nearby stars using the values of CROWDSAP = 0.993 provided in the
metadata with the light curve. Fitting this light curve with third light
(€3) as a free parameter shows that this value is consistent with the
assumption £3 = 0. There is very good agreement between the values

Shttps://www.cosmos.esa.int/web/gaia/release
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Table 4. Best-fitting parameters from the fits to TESS (T) or Kepler (K) light curves of selected benchmark eclipsing binaries. The value in the column
£ is the flux ratio in the band noted in the second column. Figures in parentheses are the standard error on the final digit of the preceding value. Where
multiple subsets of the light curve have been used to estimate the standard error on the parameters, the number of subsets used is given in the column Nj.

Name Band Jo r+nr k=ryr hy i[°] ecos esin w 4 Nie

HD 4875 T 0.1100(5) 0.0619(1) 0.3212(3) 0.794(4) 89.026(7) —0.05588(3) —0.173(1)  0.00967(4)

HD 22064 T 0.123(3) 0.0940(3) 0.383(6) 0.858(7) 87.82(2) —0.0732(1) —0.5320(7) 0.01471(8) 5

CD-27 2812 T 0.1469(8) 0.1102(4) 0.3087(3) 0.822(6) 87.23(3) 0.05768(6) 0.059(3) 0.01168(5)

CD-31 3271 T 0.100(1) 0.0986(5) 0.414(7) 0.81(2) 89.4(2) =0.0 =0.0 0.0145(5) 6

TYC 8547-22-1 T 0.1130(3) 0.1631(1) 0.354(1) 0.796(2) 86.20(2) =0.0 =0.0 0.0134(1) 102

TYC 8549-603-1 T 0.24(1) 0.131(2) 0.2526(5) 0.854(6) 88.1(1) —0.0110(2) —0.144(8) 0.0126(7) 5

BD+15 1661 T 0.092(1) 0.0396(2) 0.2503(3) 0.798(3) 89.38(2)  —0.31886(6) —0.018(4)  0.00490(6)

TYC 3421-1132-1 T 0.0809(9) 0.0351(2) 0.2750(5) 0.763(4) 89.85(5)  —0.11492(6)  0.092(3) 0.00534(6)

TYC 8176-503-1 T 0.084(2) 0.0647(2) 0.2593(5) 0.829(7) 88.95(3) =0.0 =0.0 0.00471(8)

EPIC 212822491 K 0.1335(5)  0.06710(3)  0.4011(4) 0.757(2) 88.462(3) =0.0 =0.0 0.01885(6) 9

EPIC 212801 667 K 0.0452(3) 0.0386(1) 0.2672(2) 0.748(2) 89.60(2) 0.1424(1) 0.234(3) 0.00285(2)

TYC 7284-224-1 T 0.089(4) 0.0497(3) 0.292(1) 0.78(1) 89.62(8) 0.0468(2)  —0.0979(4)  0.0065(3)

HD 137267 T 0.068(3) 0.0527(9) 0.226(4) =0.8 88.12(6) 0.2517(8) —0.19(2)  0.00296(8)

TYC 3890-1121-1 T 0.104(3) 0.0468(2) 0.2029(4) 0.802(5) 89.25(3)  —0.26413(7) —0.015(4) 0.0036(1) 17

TYC 3538-689-1 T 0.207(3) 0.06450(9) 0.331(5) 0.84(1) 88.43(3) —0.3860(5) —0.218(5) 0.0188(5) 6

EPIC 213 843283 K 0.0917(6) 0.073(1) 0.3941(7) 0.776(6) 89.40(3) 0.01(1) —0.003(2)  0.01301(7) 6

KOI-7303 K 0.0775(2)  0.04514(9) 0.390(2) 0.729(6) 89.74(4)  —0.06978(1)  0.0999(9) 0.0106(1) 19

KOI-7141 K 0.1015(3)  0.03481(2) 0.29187(8) 0.803(2) 88.434(2) 0.6676(1)  —0.4073(3) 0.00771(3) 25

TYC 9102-351-1 T 0.126(4) 0.0423(6) 0.236(1) 0.80(2) 89.11(5) 0.0165(1) —0.03(1) 0.0065(2)

EPIC 206288 770 K 0.0852(2)  0.04119(7)  0.4089(3) 0.763(2) 89.292(6)  0.27976(9) 0.207(2) 0.01355(4)
Table 5. Mass and radius estimates for stars in eclipsing binaries with Kj measurements from Gaia DR3.
Star M;[Mg] Ri[Ro] M>[Mg] Ry [Mgp] Tetr2 [K] log(p1/po)  loggz [ems™2]
HD 4875 1.06 £ 0.08 1.29 £0.03 0.42 £0.02 0.41 £0.01 3316 £ 77 —0.299 +0.004 4.835 £ 0.003
HD 22064* 1.26 £+ 0.09 1.52 +0.03 0.55 £ 0.02 0.58 4+ 0.02 3687 + 84 —0.449 £ 0.004 4.649 £0.013
CD-27 2812 1.19 £ 0.08 1.66 £ 0.04 0.51 £0.02 0.51 £0.01 3627 + 87 —0.593 £ 0.006 4.725 £+ 0.004
TYC 8547-22-1 1.15 £ 0.08 1.59 £+ 0.04 0.56 £+ 0.02 0.56 £+ 0.01 3450 + 83 —0.542 £ 0.005 4.685 +£ 0.005
TYC 8549-603-1 1.32 £0.09 2.38 £0.08 0.74 £ 0.09 0.60 £ 0.02 3959 £ 121  —1.011+£0.023 4.750 & 0.037
TYC 3421-1132-1 0.93 +0.07 0.92 +0.02 0.23 +£0.01 0.25 +£0.01 2983 + 63 0.083 +0.006  5.008 + 0.010
TYC 8176-503-1 1.03 £0.07 1.21 £0.03 0.29 £ 0.01 0.31 £0.01 3077 + 66 —0.227 £0.005 4.916 £ 0.005
TYC 7284-224-1 0.99 + 0.07 0.91 +£0.02 0.26 £+ 0.01 0.26 £ 0.01 3152+ 72 0.120 + 0.008  5.003 % 0.006
HD 137267 1.03 £0.07 1.09 £0.03 0.25 £0.01 0.25 +0.01 3083 + 58 —0.098 +0.021 5.048 +0.023
TYC 3538-689-1 1.25 +£0.09 1.74 £ 0.04 0.64 £+ 0.03 0.57 +£0.02 4041 £97 —0.630 £ 0.008 4.719 £0.018
KOI-7303 0.86 + 0.06 0.82 +0.02 0.32 +0.02 0.32 +0.01 3256 +70 0.183 £0.007  4.928 £ 0.013
KOI-7141 1.29 £ 0.09 1.89 £+ 0.04 0.55 £ 0.02 0.55 £ 0.01 3902 + 90 —0.725 £ 0.004 4.695 £ 0.003
TYC 9102-351-1 1.27 £0.09 1.73 £0.05 0.47 £0.03 0.41 £0.01 3724 £+ 88 —0.613 £0.019 4.882 £+ 0.019

Note. K from fit to radial velocities measured from APOGEE spectra.

of ecos (w) from our adopted light curve solution derived with £3 =
0 and the fit to the radial velocities described in Section 5.

4.3 CD-31 3271

There is a clear signal in the light curve between the eclipses due
to star spots on the primary star with a peak-to-peak amplitude up
2 percent and a period of about 5.0 days. I included third light (¢3)
as a free parameter in the light curve analysis as an approximate way
to account for the unocculted star spots and faculae. The best-fitting
values of ¢3 vary from —0.14 to 0.05.

4.4 TYC 8547-22-1

This star has been observed in 25 TESS sectors at 120 s cadence and
the orbital period is 4.24 days, so there are more than 250 primary
eclipses in the TESS light curve. There is a clear signal in the light
curve between the eclipses due to star spots on the primary star with
an amplitude of about 0.5 per cent and a period of about 4.16 days.

As for CD—31 3271, £5 was included as a free parameter in the light
curve analysis. The mean and standard error of these values are £3 =
—0.05 £ 0.08. No resolved companions were detected in speckle
observations of this star by Ziegler et al. (2021) down to a contrast
ratio of 3.05 magnitudes at 0.15 arcsec in the I band.

4.5 TYC 3421-1132-1

The secondary eclipses of this eccentric binary system were identified
as candidate exoplanet transits by the TESS mission, so this star also
has a designation as a TESS object of interest — TOI-1711. Follow-
up observations have established that this star is an SB1 binary
system, so the star is now correctly flagged as a ‘false positive’ on the
Exoplanet Follow-up Observing Program (ExoFOP) website.’ As a
result of these follow-up observations, high-quality spectra at optical
wavelengths are available for this star, and high-contrast imaging has

“https://exofop.ipac.caltech.edu/tess/
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Figure 2. Properties of the primary stars (upper panels) and secondary stars (lower panels) inferred from the light curve analysis and K values for the selected
binary star systems (blue points with error bars). Red and green points show the properties of primary and secondary stars, respectively, for DEBS taken from
DEBcat (Southworth 2015). Grey lines are isochrones for solar composition at ages of 1 and 10 Gyr from the MIST grid of stellar models (Choi et al. 2016;

Dotter 2016).

ruled out the presence of resolved faint companions or background
stars down to a contrast ratio of 4.3 magnitudes in the z band at 1
arcsec separation. This star was also identified as an SB1 binary by
Chontos et al. (2022). One of the two primary eclipses in the TESS
light curve occurs near a gap in the data. This has not been handled
well by the PDC de-trending, so I have used the SAP_FLUX data for
this analysis.

4.6 TYC 8176-503-1

No reliable times of mid-primary eclipse are available from the
WASP survey, so we supplemented the times of mid-eclipse from
TESS with a single measurement based on a fit to the combined
V-band data available from the All Sky Automated Survey (ASAS)
survey (Pojmanski 1997)' with the parameters r; + ra, k, i, and
Jo fixed to best-fitting values from a preliminary fit to the TESS
light curve. The primary eclipse is clearly asymmetric, perhaps due
to the companion crossing a star spot on the primary during the
transit. There light curve between the eclipses does show variability
on a time-scale of about 8 days with a peak-to-peak amplitude of
about 1 per cent. I did not include third light in the analysis of this

1Ohttp://www.astrouw.edu.pl/asas/
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light curve because the value obtained has a large uncertainty and is
consistent with £3 = 0.

4.7 EPIC 212822491

The sixth data release (DR6) of the Radial Velocity Experiment
(RAVE) (Steinmetz et al. 2020) includes estimates of T, log g and
[Fe/H] obtained using a few different techniques to analyse the single
spectrum observed by this survey. These values agree reasonably well
with the values in Table 2.

4.8 TYC 7284-224-1

Monitoring of the radial velocity by the Binaries Escorted By
Orbiting Planets (BEBOP) survey (Martin et al. 2019) over a baseline
of approximately 3 years shows that the systematic velocity of this
binary (EBLM J1403—32) varied by no more than 12ms~' per
year during this time. This makes it very unlikely that there is an
unresolved companion star to this eclipsing binary. We have used the
values of e and w from this study to set Gaussian priors on the values
of ecos (w) and esin (w) for the analysis of the TESS light curve.
von Boetticher et al. (2019) have analysed this star using data from
the Swiss Euler 1.2-m telescope. The masses and radii they obtained
agree quite well with the values in Table 5 despite the poor coverage
of the transit in their light curve. The second data release of the
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Table 6. Barycentric radial velocity of KOI-7141 measured from spectra
obtained with the FIES spectrograph. Teyp is the exposure time.

BIDtpp V; [kms~!/s] Texp [s] Phase
24584553513 —2.05 1380 0.843
2458461.3414 50.35 1800 0.961
2458458.2982 10.11 1380 0.901
2457909.5511 25.20 1380 0.022
2458437.3163 0.48 1380 0.485
2458426.3350 6.23 1380 0.267
2458459.2987 33.22 1380 0.921
2457907.6436 36.56 1380 0.984

GALactic Archaeology with HERMES (GALAH) survey (Buder
et al. 2018) includes the following estimates for this star: T =
5658 + 50K, log g = 4.40 £ 0.1, [Fe/H] = —0.19 £ 0.06, [a/Fe] =
0.10 £ 0.02.

4.9 HD 137267

This is a similar case to HD 22064, in that the primary eclipse is
partial despite the secondary eclipse being total. It is not possible to
make a reliable measurement of the limb-darkening parameter /, for
the primary star in this case, so we fixed this parameter at the value
obtained from Maxted (2018).

4.10 KOI-7303

This star has been previously identified as an eclipsing binary using
data from the Kepler mission (Kirk et al. 2016; Zhang et al. 2019).
The results in Table 4 are from the analysis of the Kepler data using
the 60-s cadence PDCSAP_FLUX light curves. The light curve between
the eclipses shows variations due to star spots with a period of about
21 days and a peak-to-peak amplitude of up to 2 per cent. I included
third light (¢3) as a free parameter in the light curve analysis for KOI-
7303 as an approximate way to account for unocculted star spots and
faculae. The best-fitting values of ¢3 vary from —0.19 to 0.04.

4.11 KOI-7141

This star has been previously identified as an eclipsing binary
using data from the Kepler mission (Kirk et al. 2016; Zhang et al.
2019). The Kepler PDCSAP_FLUX light curves are clearly affected
by problems with the de-trending around the secondary eclipses, so
I have used the SAP_FLUX light curves for this analysis. A small
correction was applied to the fluxes in this light curve for the
contamination of the photometric aperture by nearby stars using
the value of CROWDSAP = 0.997 provided in the metadata with the
light curve.

There are eight spectra of KOI-7141 obtained with the FIES
spectrograph available in the 2.56-m Nordic Optical Telescope data
archive. The resolving power of the spectrograph in the mode used
for these observations is R = 67 000. I used iSpec (Blanco-Cuaresma
et al. 2014) to measure the radial velocity of the primary star using
cross-correlation of the spectra against a numerical mask based on
the solar spectrum over the wavelength range 400—650 nm. These
radial velocities are given in Table 6. The value of K, reported in
Table 1 comes from an unweighted least-squares fit of a Keplerian
orbit to these radial velocity measurements with the values of e =
0.7821, w = 328.61 fixed at the values derived from the fit to the
light curve and 7y and P fixed at the values in Table 3. The fit is
shown in Fig. 3. The rms of the residuals for this fit is 0.3 km s~!.

HD 22064 2689

60 4
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40 4

304

Vr [km/s]
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104

-0.2 0.0 0.2 0.4 0.6
Orbital phase

Figure 3. Spectroscopic orbit fit the radial velocities of KOI-7141 measured
from spectra obtained with the FIES spectrograph.

5 HD 22064

There are six high-resolution (R &~ 22 500) near-infrared (1514 —
1694nm) spectra of this star obtained as part of the Apache
Point Observatory Galactic Evolution Experiment (APOGEE) survey
(Jonsson et al. 2020) available from the Sloan Digital Sky Survey data
archive.!' These spectra were obtained on various dates distributed
evenly around the spectroscopic orbit. The signal from the M-
dwarf companion can be clearly detected in these spectra using the
technique described below. This has enabled me to measure accurate,
model-independent masses and radii for the stars in this binary, and
to directly measure the effective temperature of the primary star.

5.1 Mass and radius measurements

I used iSpec (Blanco-Cuaresma et al. 2014) to compute the cross-
correlation function (CCF) of each APOGEE spectrum against a
template spectrum. I used the library of high-resolution synthetic
spectra from Husser et al. (2013) to compute (by linear interpolation)
a template assuming 7. = 4000 K, log g = 4.65, and solar compo-
sition. The CCFs are dominated by the signal from the primary star.
To remove the signal from the primary star, I shifted the CCFs onto a
common velocity scale with the dip from the primary star at V, = 0,
computed the mean of these shifted CCFs, and then subtracted this
mean CCF from each of the original CCFs. The resulting ‘residual
CCFs’ are shown in Fig. 4, together with the Gaussian profile fit by
least-squares that I used to measure the radial velocity of the M-dwarf
star. This technique gives reliable radial velocity measurements in
the five cases where the peaks of the two stars in the CCFs are
well separated. The radial velocity of the M-dwarf measured for the
one spectrum obtained near conjunction is clearly wrong, so I have
removed it from my analysis. For the radial velocity of the primary
star, I used the heliocentric radial velocities given in the metadata
provided with each spectrum. These radial velocities and the radial
velocity of the M-dwarf companion measured relative to them from
the residual CCFs are given in Table 7. The spectroscopic orbits
measured from these radial velocities are given in Table 8 and are
shown in Fig. 5. The priors on ecos (w) and esin (w) are derived from
the least-squares fit to the light curve described in Section 4.2 and
shown in Fig. 6. The masses and radii of both stars derived from
the parameters obtained from the analysis of the light curve and the
spectroscopic orbit are given in Table 9.

https://www.sdss.org/
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Figure 4. Residual CCFs computed from APOGEE spectra of HD 22 064
after subtracting the signal from the primary star. The red cross shows the
radial velocity of the M-dwarf star measured with the Gaussian profile fit by
least-squares shown by the green line.

Table 7. Heliocentric radial velocities of the stars in the binary system HD
22 064 measured from APOGEE spectra.
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Figure 5. Spectroscopic orbit fits to the radial velocities of HD 22064
measured from APOGEE spectra.
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Figure 6. TESS light curve of HD 22064 and residuals from the best fit
shown offset vertically in each panel. The width of the two panels in phase
units are equal so that the relative widths of the two eclipses can be seen
directly.

Table 9. Mass, radius, effective temperature, and derived parameters for the
stars in HD 22064. N.B. Tef, 1 and Tef, 2 are subject to additional systematic
uncertainty of 10 K and 8 K, respectively.

Table 8. Spectroscopic orbit fit to radial velocities of HD 22 064 measured
from APOGEE spectra. Ty is the time of primary eclipse and o1, are the
standard deviations of the residuals for each star.

Parameter Value

Fixed parameters

Ty 2458578.1295 BJD1pB
P 9.134881 d
Priors

esinw —0.5320 + 0.0007

ecos w —0.0732 + 0.0001

Free parameters

vi 14.87 + 0.12 kms~!
K 44.98 + 0.34 kms™!
va 14.24 + 0.45 kms~!
K> 105.0 + 1.1 km s~
esinw —0.5320 + 0.0007

ecos @ —0.0732 + 0.0001

Fit statistics

o1 0.43 kms™!
ny 6

o) 1.32 km s~
ny 5

Derived parameters

e 0.5370 + 0.0007

o 26217+ 0.02

MNRAS 522, 2683-2695 (2023)

Parameter Value Error

My /MY 1.345 +0.031 [2.3 %)
My ) MY 0.576 +0.010 [1.8 %]
Ry /RN 1.554 +0.014 [0.9 %]
Ry/RY 0.595 +0.008 [1.4 %)
Teir. 1 [K] 6763 +39 [0.6 %]
Tetr, 2 [K] 3700 +315 [8.5 %]
o1/pN 0.359 +0.006 [1.6 %]
02/Py 2.74 +0.10 [3.6 %]
log g1 [cgs] 4.184 +0.006

log g2 [cgs] 4.65 +0.01

log Ly/LY 0.658 +0.006

log Lo/ LN —1.176 +0.012

[M/H] —0.05 +0.15

[Si/Fe] +0.3 +0.15

[Mg/Fe] +0.3 +0.15

5.2 Direct measurement of the stellar effective temperature

The effective temperature for a star with Rosseland radius R and total
luminosity L is defined by the equation

L =47 R*osp T,

where ogp is the Stefan—Boltzmann constant. For a binary star at
distance d, i.e. with parallax @ = 1/d, the flux corrected for extinction
observed at the top of Earth’s atmosphere is

OsB

Joo = fo1+ foo= e [07TS + 65Tk 5] s

€202 ABIN 20 U0 159NB Aq L2062 L/€89Z/2/22S/2I01E/SEIUW/ W09 dNO01WapED.//:Sd)ly WOl papeojumod


art/stad1112_f4.eps
art/stad1112_f5.eps
art/stad1112_f6.eps

where 0, = 2R, @ is the angular diameter of star 1, and similarly
for star 2. All the quantities are known or can be measured for
HD 22064 provided we can accurately integrate the observed flux
distributions for the two stars independently. This is possible because
photometry of the combined flux from both stars is available from
ultraviolet to mid-infrared wavelengths, and the flux ratio has been
measured from the TESS light curve. Although we have no direct
measurement of the flux ratio at infrared wavelengths, we can make a
reasonable estimate for the small contribution of the M-dwarf to the
measured total infrared flux using empirical colour— 7 relations.
The M-dwarf contributes less than 1.5 percent to the total flux, so
it is not necessary to make a very accurate estimate of the M-dwarf
flux distribution in order to derive an accurate value of T for the
primary star.

The photometry used in this analysis is given in Table 10. The
NUV and FUV magnitudes are taken from GALEX data release
GR7 (Bianchi, Shiao & Thilker 2017) with a correction to the [UE
flux scale based on the results from Camarota & Holberg (2014). We
assume that the flux from the M-dwarf at ultraviolet wavelengths is
negligible. The Gaia photometry is from Gaia data release EDR3. J,
H, and Ks magnitudes are from the 2MASS survey (Skrutskie et al.
2006). Unfortunately, the 2MASS observations were obtained during
a primary eclipse. I subtracted 0.1 magnitudes from the catalogued
2MASS J, H, and Ks magnitudes to account for this and assumed
a standard error of 0.05 magnitudes for these corrected magnitudes.
WISE magnitudes are from the All-Sky Release Catalog (Cutri &
et al. 2012) with corrections to Vega magnitudes made as recom-
mended by Jarrett et al. (2011). Photometry in the PanSTARRS-1
photometry system is taken from Tonry et al. (2018). Details of
the zero-points and response functions used to calculate synthetic
photometry from an assumed SED in Miller et al. (2020). Tycho Bt
and Vt magnitudes are taken from Hgg et al. (2000). Zero-points and
photonic passbands for these magnitudes are taken from Bessell &
Murphy (2012). Analysis of Stromgren photometry for HD 22 064
by Perry & Christodoulou (1996) shows that the reddening towards
this star is very low, so I have used a Gaussian prior E(B — V) =
0.00 £ 0.01 in my analysis.

To establish colour— T relations suitable for dwarf stars with
3400K < T < 4200 K, we use a robust linear fit to the stars listed
in table 5 of Mann et al. (2015) within this T,y range. Photometry
for these stars is taken from the TESS input catalogue. To estimate
a suitable standard error for a Gaussian prior based on this fit, we
use 1.25x the mean absolute deviation of the residuals from the fit.
Colour — T relations suitable for the primary star were calculated in
a similar way based on stars selected from the Geneva—Copenhagen
survey (Holmberg, Nordstrom & Andersen 2009; Casagrande et al.
2011) with 6500K < T < 7000K, E(B — V) < 0.01 and 3.5 <
log g < 4.5. The results are given in Table 11.

The method we have developed to measure 7. for eclipsing binary
stars is described fully in Miller et al. (2020). Briefly, we use EMCEE
(Foreman-Mackey et al. 2013) to sample the posterior probability
distribution (PPD) P(®|D) o P(D|®)P(®) for the model parameters
® with prior P(®) given the data, D (observed apparent magnitudes
and flux ratios). The model parameters are

O = (Tetr.1, T2, 01, 02, BB — V), Ocxi, 07, €11 -5 o1y -1 ) -

The prior P(®) is calculated using the angular diameters 6, and 6,
derived from the radii R, and R, and the parallax @, the priors on the
flux ratio at infrared wavelengths based on the colour — 7 relations
in Table 11, and the Gaussian prior on the reddening described above.
The hyperparameters o . and oy account for additional uncertainties
in the synthetic magnitudes and flux ratio, respectively, due to errors
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in zero-points, inaccurate response functions, stellar variability, etc.
The parallax is taken from Gaia EDR3 with corrections to the zero-
point from Flynn et al. (2022).

To calculate the synthetic photometry for a given value of Teg, we
used a model SED multiplied by a distortion function, A(A). The
distortion function is a linear superposition of Legendre polynomials
in log wavelength. The coefficients of the distortion function for star
1 are ¢y, 1, ¢1,2, - .., and similarly for star 2. The distorted SED for
each star is normalized so that the total apparent flux prior to applying
reddening is osp6*T%; /4. These distorted SEDs provide a convenient
function that we can integrate to calculate synthetic photometry that
has realistic stellar absorption features, and where the overall shape
can be adjusted to match the observed magnitudes from ultraviolet
to infrared wavelengths, i.e. the effective temperatures we derive are
based on the integrated stellar flux and the star’s angular diameter,
not SED fitting.

For this analysis, we use model SEDs computed from BT-
Settl model atmospheres (Allard et al. 2013) obtained from the
Spanish Virtual Observatory.'> We use linear interpolation to obtain
areference SED for the primary star appropriate for 7o, | = 6750 K,
log g1 = 4.18, [Fe/H] = 0.0, and [«/Fe] = 0.0. For the reference SED
for the M dwarf companion, we assume T, ; = 4000K, log g, =
4.65, and the same composition. A similar analysis assuming the
value of [Fe/H] from Table 1 gave a poor fit to the observations
and an estimate of Te » that is far too low for a star with a mass
~0.5Mg. We experimented with distortion functions with one, two,
or three coefficients per star and found the results to be very similar
in all cases. The results presented here use one distortion coefficient
per star because there is no improvement in the quality of the fit
if we use a larger number of coefficients. The predicted apparent
magnitudes including their uncertainties from errors in the zero-
points for each photometric system are compared to the observed
apparent magnitudes in Table 9. The spectral energy distributions
of the stars are shown in Fig. 7. The effective temperatures derived
are given in Table 9. The random errors quoted in Table 9 do not
allow for the systematic error due to the uncertainty in the absolute
calibration of the CALSPEC flux scale (Bohlin, Gordon & Tremblay
2014). This additional systematic error is 10 K for the primary star
and 8 K for the M-dwarf companion.

5.3 Analysis of the APOGEE spectrum

I used synthetic SEDs from Husser et al. (2013) to estimate the mean
flux ratio in the APOGEE spectral range assuming that the flux ratio
in the TESS bandpass is {1 = 0.0147, T 1 = 6800K, log g, =4.2,
Tetr,» = 3800K, logg, = 4.65, and solar composition. The mean
flux ratio in the APOGEE band is then estimated to be £ ApoGgeg ~
0.044 with an appreciable slope of about 0.00005nm~'. Jénsson
et al. (2020) report [Fe/H] = —0.12 from their analysis of five co-
added APOGEE spectra. They did not account for the dilution of the
spectral lines from the primary star by the M-dwarf. This is likely
to lead to a slight underestimate of the surface chemical abundances
estimated from the analysis of this spectrum, which suggests that the
metallicity of HD 22 064 is approximately solar.

I have re-analysed the APOGEE spectra of HD 22064 after
removing the contribution from the M-dwarf companion. To estimate
the contribution of the M-dwarf to APOGEE spectrum, I subtracted
the template used to compute the CCFs for a range of trial flux ratios
and then measured the depth of the peak in the residual CCFs by

2http://svo2.cab.inta-csic.es/theory/newov2/index.php?models = bt-settl
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Table 10. Observed apparent magnitudes for HD 22064 and predicted values based on our synthetic photometry. The predicted
magnitudes are shown with error estimates from the uncertainty on the zero-points for each photometric system. The pivot wavelength
for each band pass is shown in the column headed Aivor. The magnitudes of the primary star alone corrected for the contribution to the
total flux from the M-dwarf are shown in the column headed m;. The flux ratio in each band is shown in the final column.

Band Apivot [nm] Observed Computed 0O-C my £ [%]
FUV 1535 17.237 £0.391 17.721 £0.134 —0.484 +0.413 17.237 £0.391 0.00
NUV 2301 12.733 £ 1.222 12.523 £0.154 +0.210 £ 1.232 12.733 £ 1.222 0.00
u 3493 10.125 £ 0.006 10.176 £ 0.200 —0.051 +0.200 10.125 £ 0.006 0.05
v 3836 9.674 £ 0.008 9.670 £ 0.100 +0.004 £ 0.100 9.675 £ 0.008 0.08
BT 4190 9.291 + 0.020 9.332 £ 0.040 —0.041 +0.045 9.293 + 0.020 0.16
BP 5110 8.951 + 0.003 8.952 + 0.003 —0.001 £ 0.004 8.956 + 0.003 0.46
VT 5300 8.860 + 0.016 8.889 + 0.040 —0.029 +0.043 8.865 + 0.016 0.44
G 6218 8.752 + 0.003 8.747 + 0.003 +0.005 £ 0.004 8.762 + 0.003 0.90
RP 7769 8.401 + 0.004 8.403 + 0.004 —0.002 + 0.005 8.418 + 0.004 1.55
J 12406 8.072 + 0.104 8.023 + 0.005 +0.049 £ 0.104 8.111 £ 0.104 3.54
H 16494 7.906 £ 0.104 7.861 £ 0.005 +0.045 £ 0.104 7.965 £ 0.104 5.26
Ks 21638 7.825 £0.104 7.809 £ 0.005 +0.016 £ 0.104 7.889 £ 0.104 5.69
Wi 33682 7.750 £ 0.024 7.787 £ 0.002 —0.037 +0.024 7.813 £ 0.024 5.68
w2 46179 7.789 £ 0.019 7.788 £ 0.002 +0.001 £ 0.019 7.854 £0.019 5.85
w3 120731 7.804 £ 0.019 7.790 £ 0.002 +0.014 £0.019 7.868 £ 0.020 5.74
W4 221942 8.205 + 0.232 7.826 £ 0.002 +0.379 £ 0.232 8.286 + 0.232 7.22

Table 11. Colour—T. relations used to establish Gaussian priors on the flux
ratio at infrared wavelengths for HD 22064. The dependent variables are
X1 = Tefr1 —6.75kK and X = Tor 2 — 4.0kK.

Colour Primary Secondary

v-J 0.777 — 0.3865 X1 £0.016 2.799 — 0.0015 X» £0.107
V—-H 0.928 — 0.5152 X1 £0.018 3.466 — 0.0014 X, £0.111
V—Ks 0.989 — 0.5276 X1 £0.016 3.662 — 0.0015 X, £0.131
V-W1 1.031 — 0.5437 X; £0.025 3.686 — 0.0015 X, £0.105
V-W2 1.046 — 0.5173 X £0.039 3.732 — 0.0018 X, +0.120
V-W3 0.990 — 0.5221 X £ 0.021 3.699 — 0.0018 X, £0.121
V-W4 1.046 — 0.4618 X £ 0.050 3.795 — 0.0017 X, £ 0.131

Flux [107%? ergs cm~2 s71 4-1]

Flux [ergs cm 2571 A1)

200 400 800 1600 3200
Wavelength [nm]

Figure 7. The SED of HD 22064. The observed fluxes are plotted with open
circles and the predicted fluxes for the mean of the PPD integrated over the
response functions shown in grey are plotted with filled symbols. The SED
predicted by the mean of the PPD is plotted in dark blue and light blue
shows the SEDs produced from 100 random samples from the PPD. The
contribution to the total SED from the M dwarf is shown in orange. The W3
and W4 mid-infrared bands also used in the analysis are not shown here. The
TESS photometric band is shown in dark red.
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fitting a Gaussian profile at the radial velocity expected based on the
spectroscopic orbit fit, and with the width fixed at the mean value
measured from the fit to the uncorrected residual CCFs. The slope
in the flux ratio estimated above was accounted for before the scaled
template spectrum was subtracted from the observed spectra. I also
found that broadening the spectral lines in the template assuming
a projected rotational velocity vysini &~ 15 km s~! was needed to
accurately remove the signal of the M-dwarf from the residual CCFs.
From these results, I estimate that the actual flux ratio in the APOGEE
bandpass is €apocee = 0.0404 £ 0.0018, which agrees well with my
estimate based on the synthetic SEDs from Husser et al. (2013).
The APOGEE spectrum of the primary star after removal of the M-
dwarf spectrum from the combined spectra assuming this flux ratio
is shown in Fig. 8. These data are provided in the supplementary
online information that accompanies this article.

For the analysis of this primary star spectrum, I used the SPECTRUM
spectral synthesis code (Gray & Corbally 1994) with the atomic line
data for the APOGEE spectral range and the MARCS model stellar
atmosphere structure data provided with iSpec (Blanco-Cuaresma
et al. 2014). The assumed solar chemical composition is taken from
Grevesse, Asplund & Sauval (2007). Broad spectral features such as
absorption lines due to hydrogen are badly affected by the processing
steps leading to the production of the observed spectrum shown
in Fig. 8. This makes it difficult to directly compare synthesized
stellar spectra to the observed spectrum. Instead, I compute the ratio
of the observed spectrum to the synthesized spectrum, and then
used a smoothed version of this ratio as a model for the systematic
errors in the broad spectral features in the observed spectrum. This
enabled me to compute a ‘reconstructed spectrum’ by multiplying
the observed primary star spectrum by the smoothed version of the
ratio. The smoothing is done using a Savitzky—Golay filter with a
width of 2.9 nm so that the equivalent widths of narrow absorption
lines are negligibly affected. Note that the cores of the hydrogen
Brackett absorption lines are not accurately reconstructed by this
method. The assumed effective temperature and surface gravity were
fixed at the values T.x = 6750K and logg = 4.18. Rotational
broadening v,sini = 25.5kms' was estimated by measuring the
width of the CCF of the observed spectrum against the spectrum of
the Sun, and calibrating the relation between v,y sini and CCF width
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Figure 8. The APOGEE spectrum of the primary star in HD 22 064 after
removal of the M-dwarf spectrum from the combined spectra. From top to
bottom: ratio of the observed spectrum to the best-fitting model spectrum and a
smoothed version of this ratio, both offset by +0.25 units; observed spectrum
of the primary star corrected for the flux from the M-dwarf companion offset
by 0.15 units; reconstructed spectrum of the primary star and the best-fitting
model spectrum.

using synthetic spectra. I then computed x2 for the model spectrum
compared to the reconstructed spectrum assuming a range of [Fe/H]
values and scaled solar abundances. I found that the quality of the
fit judged by the eye was better if I increased the abundances of Mg
and Si by +0.3 dex relative to scaled solar abundances. Repeating
the analysis with these enhanced Mg and Si abundances, I found that
the best-fitting metallicity occurs for [M/H] = —0.03. Based on the
results from independent analyses of APOGEE spectra by Jonsson
etal. (2018), we assume an accuracy of 0.15 dex for these abundance
estimates. The best-fitting model spectrum and reconstructed primary
star spectrum are shown in Fig. 8. These data are also provided in
the supplementary online information that accompanies this article.

5.4 Discussion

The location of HD 22064 in the mass—radius plane and
Hertzsprung—Russell diagrams compared to isochrones from MESA
Isochrones and Stellar Tracks (MIST, Choi et al. 2016) is shown
in Fig. 9. The properties of the primary star are well matched by
isochrones for an age of about 2 Gyr. The M-dwarf companion
is larger and cooler than predicted by stellar models for star of
its mass at this age. This is also seen for other low-mass stars in
eclipsing binaries. This persistent discrepancy between models and
observations for the properties of low-mass stars is known as the
radius inflation problem (Casagrande, Flynn & Bessell 2008; Spada
et al. 2013; Kesseli et al. 2018; Sebastian et al. 2023).

6 CONCLUSIONS

I have identified and characterized a sample of 20 eclipsing binary
stars with flux ratios at optical wavelengths &1 per cent. These will

HD 22064
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Figure 9. HD 22064 in the mass-radius plane and Hertzsprung—Russell
diagrams compared to isochrones for ages of 1.8 0.3 Gyr assuming [Fe/H] =
0.0 from MIST (green dashed line). Pale blue points are data for stars in DEBS
from DEBCat (Southworth 2015).

be excellent benchmark stars for large-scale spectroscopic surveys
and for the PLATO mission once they have been fully characterized
using high-resolution spectroscopy at near-infrared wavelengths
to measure the radial velocity of their M-dwarf companions. I
have used archival near-infrared spectroscopy for HD 22064 to
demonstrate the feasibility of such follow-up observations, and to
show that a precision of 50K or better is possible for direct 7es
measurements of such eclipsing binaries using archival photometry
and Gaia parallax measurements. The analysis methods used for this
binary also demonstrate the feasibility of effectively removing the
signal of the M-dwarf from the combined spectrum of the binary,
leaving a clean spectrum of the primary star suitable for detailed
spectroscopic analysis. This sample of stars will also be useful for
better understanding of the radius inflation problem for low-mass
stars.
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