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ABSTRACT

BEBOP-3 is detached eclipsing binary star that shows total eclipses of a faint M dwarf every 13.2 d by a ninth-magnitude FO V
star. High-precision radial velocity measurements have recently shown that this binary star is orbited by a planet with an orbital
period &~ 550 d. The extensive spectroscopy used to detect this circumbinary planet has also been used to directly measure
the masses of the stars in the eclipsing binary. We have used light curves from the TESS mission combined with these mass
measurements to directly measure the following radii and surface gravities for the stars in this system: R; = 1.386 = 0.010Rg,
log g1 =4.190 £ 0.004, R, = 0.274 £ 0.002 R, and log g» = 4.979 £ 0.002. We describe an improved version of our method
to measure the effective temperatures (7.¢) of stars in binary systems directly from their angular diameters and bolometric fluxes.
We measure Tor; = 6065 K 44K and Tegr» = 3191 K £ 40 K for the stars in BEBOP-3 using this method. BEBOP-3 can be
added to our growing sample of stars that can be used test the accuracy of spectroscopic and photometric methods to estimate
T.ir and log g for solar-type stars.

Key words: techniques: spectroscopic —binaries: eclipsing — stars: fundamental parameters —stars: individual: BD 479 230 -

stars: solar-type.

1 INTRODUCTION

J. Tayar et al. (2022) have estimated the current level of realistic
uncertainties on the fundamental parameter estimates for F-/G-/K-
type main-sequence, subgiant, and lower giant branch stars that
rely on empirical relations and stellar models. They conclude that
effective temperatures (7. ) estimates for these stars have a minimum
uncertainty ~ 2.4 per cent. This uncertainty in T,¢ and other sources
of uncertainty, e.g. systematic errors in stellar models, lead to
uncertainties 2 5 percent in mass estimates for planet host stars
and 2> 20 percent in their ages. This current level of uncertainty
in the ages of planet host stars is at least twice the limit of
410 percent on the accuracy of in the ages of planet host stars
that is a requirement of the European Space Agency PLATO mission
(PLAnetary Transits and Oscillations of stars, H. Rauer et al. 2025).
Both J. Tayar et al. and H. Rauer et al. point to double-lined detached
eclipsing binary stars as a promising source of fundamental data
that can be used to improve this situation. Accurate T,y estimates
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are also essential to obtain accurate abundance measurements from
the analysis of stellar spectra. P. Jofré, U. Heiter & C. Soubiran
(2019), in their review of the accuracy and precision of ‘industrial
scale’ stellar abundance measurements from large spectroscopic
surveys, note that that it is not unusual to see differences of 200-
300K in Ty estimates for FGK-type stars obtained from different
methods.

BEBOP-3 (BD + 79 230) is an FOV star with an M-dwarf
companion star that transits the primary star once every 13.2 d.
The eclipses were found in ground-based photometry by the KELT
survey (Kilo-degree Extremely Little Telescope; J. Pepper et al.
2007). Radial velocity (RV) measurements showed that the transiting
companion is too massive to be an exoplanet and so it was flagged
as ‘false-positive’ (K. A. Collins et al. 2018). Many of these
eclipsing binaries with a low-mass companion (‘EBLM’ systems)
have been identified by surveys for transiting exoplanets. Follow-
up observations of these systems has become an active topic of
research in its own right with implications for our understanding of
the properties of very low mass stars, the formation and dynamical
evolution of binary stars, circumbinary planets, etc. (P. F. L. Maxted,
A.H. M. J. Triaud & D. V. Martin 2023).
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BEBOP-3 was selected for follow-up with extensive high-
precision RV measurements by the BEBOP project (Binaries Es-
corted By Orbiting Planets; D. V. Martin et al. 2019), resulting in
the discovery of a circumbinary planet with a mass of ~ 0.56 My,
that orbits this eclipsing binary in an orbit with a period P, &~ 550d
and an eccentricity of e =~ 0.25 (T. A. Baycroft et al. 2025). These
RV measurements also hint at the presence of a second planet
with an orbital period ~1400d. Although the M-dwarf companion
contributes less than 0.5 per cent of the flux at optical wavelengths,
T. A. Baycroft et al. were able to measure the semi-amplitude of its
spectroscopic orbit using over 120 spectra obtained with the SOPHIE
spectrograph (Spectrographe pour 1’Observation des Phénomenes
des Intérieurs stellaires et des Exoplanetes) mounted on the 1.93-
m telescope at the Observatoire de Haute-Provence (S. Perruchot
et al. 2008). This measurement combined with the spectroscopic
orbit of the FOV primary star leads directly to the following
mass measurements for both stars: M; = 1.083 +0.026My; and
M, = 0.2615 £ 0.0039 Mg,

In this study, we combine the masses of the two stars measured
by T. A. Baycroft et al. (2025) with an analysis of the TESS light
curve to obtain precise and accurate radius measurements for the
FOV primary and M-type secondary star in BEBOP-3. We then
use the parallax of the system from Gaia DR3 (Gaia Collaboration
2016,2023) combined with flux measurements at optical and infrared
wavelengths to measure directly the effective temperature (7es) of
the FO V star. The use of Gaia DR3 parallaxes to directly measure 7es¢
for stars in eclipsing binary systems was first described and applied
to the bright FOV 4 KOIV system Al Phe by N. J. Miller, P. F. L.
Maxted & B. Smalley (2020). It has subsequently been applied to
several other eclipsing binary systems, including the circumbinary
planet system BEBOP-1 (EBLM J0608—59; P. F. L. Maxted et al.
2024). Several improvements to our methodology for measuring 7.s
that have been used for this study of BEBOP-3 are described in
Section 2.3. These direct, accurate, and precise measurement of T
for a moderately bright stars (V ~ 11) where the flux contribution
from their M-dwarf companions is negligible makes these EBLM
systems ideal benchmark stars that can be used to test the accuracy
of T. and log g estimates for solar-type stars published by large
spectroscopic surveys.

2 ANALYSIS

2.1 Mass and radius measurements

The study of BEBOP-3 by T. A. Baycroft et al. focuses on the
discovery of a circumbinary planet and the direct mass measurements
for the stars in this eclipsing binary system. They do not include
radius measurements based on the stellar masses combined with the
analysis of the light curve in their results because these were not
needed for their study. We do require accurate and precise radius
estimates with robust error estimates for our analysis, so we describe
that calculation here.

BEBOP-3 has been observed at 120-s cadence by TESS (G. R.
Ricker et al. 2015) in 10 sectors over 3 yr. We have analysed
this light curve using JKTEBOP! (J. Southworth 2010) assuming a
power-2 limb-darkening law implemented in JKTEBOP in terms of
the parameters &; and A, (J. Southworth 2023). The details of this
analysis are very similar to those described in P. F. L. Maxted et al.
(2024).

Thttp://www.astro.keele.ac.uk/jkt/codes/jktebop.html
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Figure 1. Photometry obtained from TESS images of BEBOP-3 as a function
of orbital phase plotted with the best-fitting light-curve model. The residuals
from the best-fitting model are shown offset vertically above the light-curve

data.
The value for the contamination of the photometric aperture pro-

vided in the meta data for the SPOC (Science Processing Operations
Center) light curves is 0.3 per cent so we assume £3 = 0.003 &= 0.001
as a prior in the fit. We also included priors on the values of e sin(w) =
—0.06212 £ 0.0.00005 and e cos(w) = 0.01194 &£ 0.00006 based on
the spectroscopic orbit of the primary star from T. A. Baycroft et al.
(2025). The TESS light-curve data and best-fitting models for each
subset are shown in Fig. 1 and the best-fitting light-curve parameters
are given in Table 1.

The best-fitting parameters from these Monte Carlo simulations of
the TESS light curve have then been combined with a random sam-
ple of K| = 19.364 +0.001 kms~! and K, = 80.22 + 0.74kms~!
values from a normal distribution based on the observed values with
their standard errors from T. A. Baycroft et al. (2025) to infer the
mass and radius of the stars with robust standard error estimates in
nominal solar units (E. E. Mamajek et al. 2015) given in Table 2.

2.2 Reddening estimate

To estimate the reddening towards BEBOP-3 we use the recently
updated calibration of E(B—V) versus the equivalent width of the
interstellar Na1D lines by P. F. L. Maxted (2025). This is an improved
version of the calibration by U. Munari & T. Zwitter (1997) To
measure EW(Na1D;) and EW(Na1D,), we applied the same method
described in P. F. L. Maxted et al. (2024) to 61 of the spectra obtain
with the SOPHIE spectrograph observed through an airmass < 1.4
and at times of low humidity. There are no interstellar absorption Na1
lines visible in this high signal-to-noise spectrum with an equivalent
width greater than about 10mA. Based on this analysis and the
observed scatter in E(B—V) values for other stars with little on no
interstellar Na1 absorption from P. F. L. Maxted (2025), we decided
use a Gaussian prior E(B—V)= 0 £ 0.014 in our analysis, excluding
negative values of E(B—V). A useful by-product of this analysis is
a high signal-to-noise spectrum of the primary star (S/N ~ 900 at
500 nm). This spectrum is available from the corresponding author’s
website? and in the Supporting Information that accompanies this
article.

2.3 Effective temperature measurements

2.3.1 Overview of our method

The method we have developed to measure the effective temperature
of stars in eclipsing binary systems is described in detail in N. J.
Miller et al. (2020). This method is not straightforward and will be
unfamiliar to most readers, so we give here an overview that we

Zhttps://www.astro.keele.ac.uk/pflm/Benchmark DEBS/
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Table 1. Light-curve model parameters and derived quantities from a least-squares fit to the TESS light curve of

BEBOP-3.
Parameter Value Note
BIDtpB To 2459590.437745 £ 0.000025 Time of mid-transit

P 13.2176621 £ 0.0000006

(R1 + Ry)/a 0.06393 £ 0.00009
k=Ry/R; 0.19799 £ 0.00015
Jo 0.06981 =+ 0.00048
hy 0.802 £ 0.002

i 88274 £ 0201

43 0.003 & 0.001

e cos(w) 0.011946 % 0.000033
e sin(w) —0.062121 £ 0.000051
Lr 0.00253 £ 0.00002
e 0.063259 £ 0.000051
J 0.06449 £ 0.00044
rr=Ri/a 0.053370 % 0.000071
r = Ry/a 0.010567 = 0.000019

Orbital period in days
Sum of the radii/semimajor axis of the binary orbit

Surface brightness ratio at the centre of the stellar discs
Primary star limb-darkening parameter

Orbital inclination

Third light. Constrained by a prior

Constrained by a prior

Constrained by a prior

Flux ratio in TESS band

Orbital eccentricity

Average surface surface brightness ratio = £7 /k?
Fractional stellar radius, star 1

Fractional stellar radius, star 2

Table 2. Fundamental parameters of the stars in BEBOP-3. The metallicity
[Fe/H] is taken from T. A. Baycroft et al. (2025). Note that the estimates of
log(Tefr,2) and log(L,) are strongly dependent on the use of semi-empirical
colour—Tes relations and so may subject to some additional systematic error
— see Section 3.

Parameter Value Error Per cent
My /MY 1.084 +0.026 [2.4]
M/ MY 0.262 + 0.004 [1.5]
My /M, 0.2414 +0.0022 [0.9]
Ri/RY 1.386 +0.010 [0.8]
Ry/RY 0.274 + 0.002 [0.8]
log(Tefr, 1 /K) 3.7828 +0.0026 [0.6]
log(Tett 2/K) 3.5039 +0.0044 [1.0]
p1/py 0.407 +0.002 [0.5]
02/0% 12.66 +0.12 [0.9]
log g1 [cgs] 4.1895 + 0.0041 [1.0]
log g2 [cgs] 4.9790 + 0.0016 [0.]
log Li/LN 0.3701 +0.0061 [2.0]
log Ly /LN —2.152 +0.021 [4.8]
[Fe/H] —0.02 +0.10

hope will help the reader to understand our motivation for doing the
calculation in this way.

The starting point for our calculation is the definition of effective
temperature, T.;. For a star with Rosseland radius R and total
luminosity L, T.g is defined by the equation

Tur = (L/(47 R2osp)) """, )

where ogg is the Stefan—-Boltzmann constant.> Our aim is to estimate
Tetr1 and Tir o, the effective temperature of the two stars in an
eclipsing binary system, in a way that accounts for all known sources
of uncertainty. One of the main uses for these direct measurements
of T is to test the accuracy of methods based on stellar model
atmospheres to estimate T so, to avoid a circular argument, we also
want the results of our method to be insensitive to systematic errors in

3Note that this definition says nothing about the spectrum of the light emitted
by the star, i.e. Tefr is the effective temperature of a star whether or not it
emits light as a blackbody.

these models, e.g. missing opacity data leading to an underestimate of
the line blanketing at ultraviolet wavelengths, the impact of magnetic
fields on the temperature structure of the atmosphere, 3D effects due
to turbulence and convection that are not captured accurately in 1D
models, etc.

We use a Bayesian method to analyse the available data, D. The
posterior probability distribution (PPD) to obtain these data given
some model with parameters @ = (Tes,1, Tet2, - .. ) is P(O|D)
P(D|®)P(0®), where P(®) is the prior probability distribution for
the model parameters, ®. We use EMCEE (D. Foreman-Mackey et al.
2013) to generate a large sample of points drawn from the PPD,
P(©|D). We can then compute our best estimates for Tg,; and Tegr
from the mean values of these quantities in this sample with standard
errors computed from the sample standard deviations.

The data D are the apparent magnitudes, photometric colour
indices, and flux ratios measured at one or more wavelengths for
a binary star system To calculate the the likelihood £ = P(D|®),
we need to estimate the apparent spectral energy distributions (SEDs)
of the two stars, F; ; and F; », so that we can integrate F; | + F; 2
over the wavelength response function of the instruments used to
measure the apparent magnitudes and colours of the binary, and
also integrate F; »/F; 1 over the wavelength response function of
the instruments used for each observed flux ratio measurement. To
calculate F; ; for star i (i = 1, 2), we assume that the shape of the
star’s intrinsic (unreddened) SED is given by the normalized function
_fk,,-, ie. fooo fk,,-d)n = 1. For a given estimate of T, ;, equation (1)
leads to

1 -
Fri = 1058 607 T fri Ass (2)

where A} is the extinction due to interstellar absorption as a function
of wavelength and 6; = 2R;/d is the angular diameter of star i.
The extinction A, is calculated from an assumed value of the
reddening, E(B — V), using a model for the extinction as a function
of wavelength, so E(B — V) is one of the nuisance parameters in the
vector of model parameters, ®. We include an estimate of E(B — V)
in the prior, P(®) because this improves the accuracy of the T | and
T.r » measurements we obtain. The angular diameters 6, and 6, are
also included in ©® and their observed values with their covariance is
included in the prior P(@®) so that we can account for the uncertainties
in Ry, R,, and the parallax w = 1/d.

MNRAS 544, 4611-4620 (2025)
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For the normalized functions that describe the shape of the intrinsic
stellar SEDs, we assume f},,« =N; f,{'fl-AA,,-, where f}"; is a model
SED computed from a grid of stellar model atmospheres, N; is
a constant defined such that fooo fidh =1, and A; is a smooth
function that allows us to account for inaccuracies in the model SEDs.
We use this approach so that f; ; contain realistic stellar absorption
features, e.g. Balmer lines, but their overall shape is determined
by the observations. The polynomial coefficients ¢; 1, ¢; 2, ... that
describe the smooth function A; are also nuisance parameters that
are included in the vector of model parameters, ®.

It is normally the case that we do not have direct measurements of
the flux ratio across the full range of ultraviolet, optical, and infrared
wavelengths. Indeed, we only have direct measurement of the flux
ratio in the TESS bandpass for BEBOP-3. This can lead the SEDs
for the two stars being unrealistic if we do not put any constraints
the ‘distortion functions’ A; and A,. To constrain A; and A,, we
assume that the colours of the two stars in the binary are similar to
the colours of other stars with the same effective temperature. These
‘flux ratio priors’ are computed by calculating the flux ratio in the
Gaia Gyp band from F; »/F; 1, and then using the using empirical
colour-T,¢ relations for the colours (NUV — Ggp), (Ggp — Ggp),
(Ggrp —J), etc., applied to each star to infer the flux ratios at other
wavelengths. These empirical flux ratio estimates with their standard
error estimates can then be included in the calculation of P(®|D).
We chose the Grp band as the reference wavelength for these colour—
T.i relations because it is very similar to the TESS photometric band,
and we often have very precise flux ratio measurements for eclipsing
binary stars based on the TESS light curve.

To calculate the likelihood, £ = P(D|®), we assume that the
observed magnitudes, colours, and flux ratios have independent
Gaussian errors. We also account for the standard error in photo-
metric zero-points that are used during our synthetic photometry
calculations to convert fluxes to magnitudes or colours. We find
that we get typically get reduced chi-squared values x> > 1 for
the fits to the observed data if we use the standard errors provided
with the catalogue photometry and measured flux ratios. This may
be due to underestimated errors on the photometry, underestimated
errors on the photometric zero-points, inaccurate instrument response
functions, intrinsic variability of the stars, etc. To account for this
additional uncertainty, i.e. to achieve Xf ~ 1, we add additional
variance 0,72, to the quoted variance of the observed magnitudes,
and similarly for the variance of the observed colours (acz) and the
variance of the observed flux ratios (orz). These parameters of our
noise model also are included in the ©.

2.3.2 Updated methodology

The main improvement that we have made to our methodology is to
compute a new set of tabulated empirical colour—T¢ relations. These
are described in Appendix A. This avoids the need to compute a new
set of polynomial colour—7, relation for each star, as we have done
in previous studies. The standard deviation of the flux ratio prior at
a given wavelength is set by the root mean square of the residuals
for the stars used to calibrate the colour—7,¢ relation. This has been
pre-computed and stored with the tabulated empirical colour—T.s
relations.

We have moved all the information needed to compute synthetic
magnitudes out of the code itself and into a separate photometric
database file. A new PYTHON script CALSPEC.PY is now provided
with the software that will download the filter response functions
from the Spanish Virtual Observatory (SVO) filter profile service

MNRAS 544, 4611-4620 (2025)

Table 3. Effective temperature measurements from published studies using
our method compared to results from this work using our updated methodol-
ogy. All values are in Kelvin. The standard error estimates given here are the
sum of random and the systematic errors.

Star Published This work Notes

Al Phe A 6199 + 34 6259 + 42 [Fe/H]~ —0.14

Al Phe B 5094 £+ 26 5112+29 N. J. Miller et al. (2020)
CPD—54 810 A 6462 + 56 6462 + 49 [Fe/H]~ 0.0
CPD—-54810B 6331 £56 6333 +83 N.J. Miller et al. (2022)
EBLM J0113 + 31 A 6124 £ 50 6146 + 56 [Fe/H]= —0.31

EBLM JO113 + 31 B 3375 +£47 3311 +47 P. F. L. Maxted et al. (2022)
HD 22064 A 6763 + 49 6711 £ 62 [Fe/H]= —0.05

HD 22064 B 3700 + 324 3486 £ 79 P. F. L. Maxted (2023)
TOI-1338 A 6031 + 46 6054 + 68 [Fe/H]= 0.01

TOI-1338 B 32204135 3327 + 40 P. F. L. Maxted et al. (2024)

(C. Rodrigo et al. 2024)* and spectra of flux standard stars from the
CALSPEC database (R. C. Bohlin et al. 2025).> These data are then
used with observed magnitudes of the CALSPEC flux standard stars
provided by the user to determine the photometric zero-points and
other information needed to populate the photometric database file.
This makes it much easier to include photometry from a wide variety
of sources. We have found that moving all the information relevant
to each star into a single input data file makes the software easier to
use, particularly since the code itself can now be used to generate this
file including photometry downloaded automatically from a variety
of sources. We have also added priors for oy, o, and o, of the form

Le*@x/a.\' o, > 0’

— oy
Plo) = {0' o, <0,
where the widths ¢, etc., are specified by the user in a configuration
file. In previous applications of our method, we used improper priors
where we only required these hyperparameters to be positive.

The new version of the code also includes a calculation of the
systematic errors in T, log L, and dereddened apparent flux Fy ; =
Fi./ A, for each star due to the uncertainty in the absolute calibration
of the CALSPEC flux scale (R. C. Bohlin, K. D. Gordon & P. E.
Tremblay 2014). The details and results of the analysis are now stored
in detail in a single output file that can be processed using PYTHON
scripts provided with the software to produce diagnostic plots and
output tables in LaTeX format. The software is open-source and
can be downloaded from github.com/nmiller95/teb. The results for
BEBOP-3 presented here were computed with version v2025.08.26
of the software. To test this updated version of our method, we
repeated the analysis of five systems previous analysed using the
same method implemented with older versions of our software. We
re-calculated the prior on E(B—V) using the new calibrations for
E(B—YV) as a function of EW(Na 1 D;) and EW(D,) from P. F. L.
Maxted (2025) for all stars except HD 22064. These half-Gaussian
priors have a standard deviation of about 0.014, which is larger than
the standard deviations used in the original studies. For HD 22064,
we used the same prior on E(B—V) based on Stromgren photometry
as P. F. L. Maxted (2023). We did not include the FUV magnitude
in our analysis for any of these stars because the observed values are
all outside the magnitude range of the stars we used to calibrate the
zero-point of the flux scale in this band. For Al Phe, we used Gaia
DR3 photometry rather than the Gaia DR2 photometry used in the
original study. Otherwise, the observed magnitudes and flux ratios

“https://svo2.cab.inta-csic.es/theory/fps/
Shttps://www.stsci.edu/hst/instrumentation/reference- data- for-calibration-
and-tools/astronomical-catalogs/calspec
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Table 4. Observed magnitudes, colours, and flux ratios for BEBOP-3 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 Apivor- The estimated apparent magnitudes for each star are shown given in the columns headed m and headed m;. The flux ratio in each band is shown
in the final column.

Band Apivot (nm) Observed Computed 0O-C mi my £ (per cent)
NUV 230.1 14.560 £ 1.000 14.050 £ 0.094 +0.510 £ 1.004 14.050 £ 0.094 30.607 £ 0.094 0.00
Bt 421.2 9.895 £ 0.023 9.923 £0.014 —0.028 £ 0.027 9.923 £0.014 20.108 £0.014 0.01
Ggp 511.0 9.392 + 0.003 9.387 £ 0.006 +0.004 £ 0.007 9.388 £ 0.006 18.215 £ 0.006 0.03
Vr 533.5 9.320 £ 0.017 9.294 +0.014 +0.026 £ 0.022 9.294 +0.014 18.174 £0.014 0.03
G 621.8 9.108 £ 0.003 9.106 + 0.008 +0.002 + 0.008 9.107 £ 0.008 16.566 £ 0.008 0.10
GRrp 776.9 8.656 + 0.004 8.655 + 0.004 +0.002 £ 0.006 8.657 + 0.004 15.333 £ 0.004 0.21
J 1240.6 8.157 £ 0.023 8.150 £ 0.015 +0.007 £ 0.028 8.158 £ 0.015 13.550 £ 0.015 0.70
H 1649.0 7.934 £ 0.040 7.897 £0.019 +0.037 £ 0.044 7.906 £ 0.019 13.032 £0.019 0.89
Ks 2162.9 7.860 £ 0.017 7.827 £ 0.030 +0.033 £ 0.035 7.839 £ 0.030 12.771 £ 0.030 1.06
w1 3389.7 7.805 £ 0.028 7.783 £ 0.036 +0.022 £ 0.046 7.798 £ 0.036 12.496 £+ 0.036 1.32
w2 4640.6 7.840 £ 0.019 7.807 £ 0.059 40.033 £ 0.062 7.825 £ 0.059 12.269 £ 0.059 1.67
w3 12567.5 7.814 £ 0.017 7.787 £ 0.053 +0.027 £ 0.056 7.803 £ 0.053 12.333 £ 0.053 1.54
Flux ratios (per cent)

TESS 788.0 0.253 £ 0.002 0.250 +0.003 £ 0.002

are the same as those used in the original studies. There is only one
direct flux ratio measurement for HD 22064 and TOI-1338 so we
set the width of the exponential prior on o; to «; = 0.005. For the
other stars, we set this prior width to o, = 0.1 so that value of o, is
mostly determined by the scatter of the measured flux ratios around
the best-fitting model. Similarly, we set the width of the prior for
om to o, = 0.1. For Al Phe, which is the only system for which
photometric colours are included in the analysis, we set o = 0.1 for
the prior on o.

The results are summarized in Table 3. The agreement between the
published results and our new methodology is excellent, and there
is a noticeable improvement in the precision of the results for faint
M-dwarf companions based on a single flux ratio measurements.
Note that the results for these stars that have a single measurement
of the flux ratio <1 percent in the TESS band of are highly
dependent on the assumed flux ratio priors computed from the
assumed colour—T.¢ relations because they emit most of their flux at
near-infrared wavelengths. The T, measurements for these stars
may be subject to additional systematic error that is difficult to
quantify. We discuss this point further in Section 3. The slight
increase in T, for both stars in Al Phe is mainly due to the less
stringent prior on E(B—V). This results in Table 3 demonstrate that
our method is robust against the details of how it is implemented in
software.

2.3.3 Results for BEBOP-3

The photometry used in this analysis is given in Table 4. The Gaia
photometry is from Gaia data release DR3 (Gaia Collaboration 2016,
2023). J, H, and Ks magnitudes are from the 2MASS survey (M.
F. Skrutskie et al. 2006). WISE W1, W2, and W3 magnitudes (E.
L. Wright et al. 2010; A. Mainzer et al. 2011) are from the All-
Sky Release Catalog.® By and Vy magnitudes are taken from the
Tycho-2 catalogue (E. Hgg et al. 2000). The parallax is taken from
Gaia DR3 with corrections to the zero-point from C. Flynn et al.
(2022).

Ohttps://wise2.ipac.caltech.edu/docs/release/allwise/

We use model SEDs interpolated from a grid of synthetic spectra
obtained from the SVO’ computed with BT-Settl model atmospheres
(F. Allard et al. 2013) assuming 7. = 6050K, logg = 4.19 for
the primary star and T = 3100K, log g = 4.98 for the M-dwarf,
and [Fe/H] = —0.02 for both stars. We found that using values
of Ty for the reference SED of the M-dwarf that differ by 100 K
or more from 3100 K cannot reproduce the measured flux ratio in
the TESS band, ¢1. We also noticed that the walkers in the EMCEE
sampler do not convergence to a well-defined solution if we use a
reference SED for a T value that does not produce a good fit to the
observed value of £1. We found that six distortion coefficients were
needed to produce a model that gives a close match to the observed
value of ¢r. The value of T,y varied by less than 10K between
all these different models, i.e. the value of T ; that we measure is
insensitive to the details of how we model the contribution of the
M-dwarf companion. This is not surprising given that the F9 V star
contributes more than 99.5 per cent of the total flux in this binary
system. In contrast, we only have one direct measurement of the
properties of the M-dwarf (the flux ratio in the TESS band) and the
results for this faint companion are strongly dependence on the flux
ratio priors and reference SED used. For that reason, we caution
that the values of T, and log L, we have derived here may be
subject to additional systematic error. We discuss this point further in
Section 3.

The predicted apparent magnitudes are compared to the observed
apparent magnitudes in Table 4 and are shown in Fig. 2. The
systemic errors given in Table 4 account for the uncertainty in
the CALSPEC flux scale using the data provided in the file WDco-
var_002.fits from the CALSPEC web site (R. C. Bohlin et al.
2014).

The PPD for the model parameters from our analysis to measure
the stellar effective temperatures is summarized in Table 5 and the
SED is plotted in Fig. 2. The pairwise joint distributions and sample
histograms for some parameters of interest are shown in Fig. 3.
It can be seen that the distributions of Ti; and T, are slightly
asymmetric. If we take the 15.9- and 84.1-percentile points around
the median values as asymmetric error estimates we obtain Tof | =
60611"2‘8 K and T = 31871’;% K. This asymmetry arises from the
dependence of these T estimates on the reddening estimate, E(B —

7http://svo2.cab.inta-csic.es/theory/newov2/index.php?models = bt-sett]
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Figure 2. Upper panel: the SED of BEBOP-3. The best-fitting SED is plotted
as a line and the mean SED =*10 is plotted as a filled region. The observed
fluxes are plotted as points with error bars and predicted fluxes for the best-
fitting SED integrated over the response functions shown are plotted with
open circles. The SEDs of the two stars are also plotted but are barely
distinguishable at this scale. Lower panel: same as the upper panel, but
with fluxes plotted on a logarithmic scale. The response function of the TESS
instrument is also plotted here.

Table 5. Results from our analysis to measure the effective temperatures for
both stars in BEBOP-3. The output parameter values are calculated using
the mean and standard error of the PPD sampled using EMCEE. Note that
the results for stars 2 are very dependent on the flux ratio priors calculated
from our assumed colour—Tes relations, and so may be subject to additional
systematic error.

Parameter Value
Priors

01 (mas) 0.10940 £ 0.00085
6, (mas) 0.02166 + 0.00017
E(B-V) 0.000 £ 0.014
Om 0.1
or 0.005
Model parameters

Tegr,1 (K) 6065 = 35 (rnd) &9 (sys)
Tetr 2 (K) 3191 £ 31 (rnd) £9 (sys)
01 (mas) 0.1095 £+ 0.0010
6, (mas) 0.02167 + 0.00020
E(B-V) 0.003 £ 0.004
Om 0.010 £0.012
oy 0.002 £ 0.003
1,1 —0.001 +£0.129
2.1 0.011 £ 0.140
c12 0.116 £0.193
€22 —0.029 +0.164
€1,3 0.049 £0.176
2.3 0.080 £+ 0.164
cl.4 —0.042 +£0.142
2.4 0.107 £ 0.165
c1.5 0.097 £0.094
2.5 —0.007 £ 0.130
cl6 —0.080 +0.112
.6 0.037 £0.121

Derived parameters

Fo.1 (1078 ergem™2571)
F@,Z(IO"O ergem 257 1)
log(L1/Lo)

log(L2/Lo)

0.5402 £ 0.0072 (rnd) £0.0033 (sys)
0.1623 £+ 0.0067 (rnd) £0.0009 (sys)
0.3701 £ 0.0061 (rnd) £0.0026 (sys)

—2.152 +0.018 (rnd) £0.003 (sys)
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Figure 3. Pairwise joint distributions and sample histograms for some
parameters of interest from our analysis of BEBOP-3 plotted using CORNER
(D. Foreman-Mackey 2016).

V), which naturally has an asymmetric distribution because this
quantity cannot be negative. T, iS more sensitive to the assumed
value of E(B — V) than T » because more of the primary star’s flux
is emitted at blue wavelengths. The full output from our analysis is
available available in the Supporting Information that accompanies
this article.

3 DISCUSSION

Fig. 4 shows the properties of the stars in BEBOP-3 compared to
other stars in detached eclipsing binary systems and a selection of
isochrones from stellar models. To estimate the age of BEBOP-3
we analysed the properties of primary star using BAGEMASS (P. F. L.
Maxted, A. M. Serenelli & J. Southworth 2015). The details of this
analysis are the same as described in P. F. L. Maxted et al. (2024).
Isochrones for the same age and initial metal abundance from the
Dartmouth stellar evolution database (DSEP, A. Dotter et al. 2008)
and the MESA Isochrones & Stellar Tracks (MIST, J. Choi et al.
2016) are also shown in Fig. 4.

Fig. 4 shows the long-standing ‘radius inflation’ problem, whereby
the radii of low-mass stars tend to be underpredicted by stellar
models (F. Spada et al. 2013). This is not the case for BEBOP-3 B
or the other M-dwarfs from Table 1 that are highlighted in Fig. 4.
These M-dwarfs have the advantage of being in long-period binary
systems, unlike the majority of M-dwarf stars with accurate mass
and radius measurements which tend to be found in binaries with an
orbital period of a few days or less. These stars in short-period binary
systems are forced by tidal interactions with their companions to
rotate synchronously with their orbits, i.e. more rapidly than s typical
for single M-dwarfs and M-type planet host stars (A. McQuillan,
S. Aigrain & T. Mazeh 2013; M. Brady et al. 2023; S. E. Jones
et al. 2024). These results are broadly consistent with the idea that
the radius inflation problem is related to the generation of magnetic
fields by rotation in low-mass stars (D. J. Mullan & J. MacDonald
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Figure 4. Upper panel: primary component of BEBOP-3 in the mass—
radius plane (diamond with error bars). Middle panel: secondary component
of BEBOP-3 in the mass-radius plane (diamond with error bars). Lower
panel: both components of BEBOP-3 in the Hertzsprung—Russell diagram
(diamonds with error bars). The points on the isochrones corresponding
to the observed mass of BEBOP-3B are marked with * + ° symbols.
All panels show isochrones for an age of 5.9 Gyr assuming [Fe/H] = 0.0
from BAGEMASS (red solid line), DSEP (blue dotted line), and MIST
(green dashed line). Cyan error bars show stars in eclipsing binary sys-
tems taken from DEBCat (J. Southworth 2015). The values of Tef and
log L /L for the three M-dwarf companions in eclipsing binaries in Table 3
have been used here. These stars are circled in the middle and lower
panels.

2001; G. A. Feiden & B. Chaboyer 2014; G. Somers & K. G. Stassun
2017).

Although the three very low mass stars highlighted in Fig. 4,
including BEBOP-3 B, show good agreement with the stellar models
shown, there are offsets of about 100 K that appear to be significant
if we do not take account of the additional systematic error that may
be present due to the strong dependence of these 7. » measurements
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on the assumed colour—T relations. This offsets may be related to
the difference in [Fe/H] for these stars estimated from the analysis of
the primary star spectrum in these systems (Table 5). However, these
[Fe/H] estimates have been measured using a variety of different
techniques and so are subject to systematic errors. To properly test
the accuracy of isochrones for M-dwarfs, we need accurate T o
measurements based on observations of the eclipse depth at near-
infrared wavelengths, i.e. around the peak of the M-dwarf’s SED,
combined with consistent estimates for [Fe/H] from the host star
spectrum.

4 CONCLUSION

BEBOP-3 adds to a small but growing sample of eclipsing binaries
for which we have directly measured the effective temperature (7.¢)
and surface gravity (log g) of a solar-type star with a much fainter
M-dwarf companion. These systems can be used to test the accuracy
of methods used to estimate T and log g using spectroscopic
and/or photometric methods, e.g. the results provided in catalogues
produced by large spectroscopic surveys. The software we have used
to implement our method has been updated so that it is now much
easier to use. We find that our effective temperature measurements
for stars in eclipsing binaries we have made using this method are
not sensitive to the details of the way that our method is implemented
in software, i.e. the results we obtain here are consistent with
our analysis using the previous versions of our software shown in
Table 3 despite the substantial changes to the software described in
Section 2.3.2.
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APPENDIX A: NEW EMPIRICAL
COLOUR-EFFECTIVE TEMPERATURE
RELATIONS

We have used two samples of stars selected from the GALAH
survey (Galactic Archaeology with HERMES (High Efficiency and
Resolution Multi Element Spectrograph); S. Buder et al. 2021) and
the CARMENES survey (Calar Alto high-Resolution search for M
dwarfs with Exoearths; A. Quirrenbach et al. 2014) to calibrate
empirical colour—effective temperature relations for A- to K-type
stars and M-type stars, respectively. The sample of stars observed by
the GALAH survey is the same as that described in L. Casagrande
et al. (2021) and the sample of M-dwarf stars observed by the
CARMENES survey is the same as that described in C. Cifuentes
et al. (2020). For the GALAH survey, we applied to the following
selection criteria to obtain a sample of dwarf stars with low reddening
and with reliable measurements:

(i) ebv < 0.1;

(i) galah_flag_sp = 0;

(>iii) dr3_phot_proc_mode = 0;

@iv) —0.08 < dr3_phot_bp_rp_excess_factor_corr < 0.2;
(v) galah_logg > 3.5.

The exact definitions of these quantities are given in L. Casagrande
et al. (2021).
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Figure Al. Empirical colour—effective temperature (7fr) relations late-type stars. The mean and sample standard deviation in each Tefr bin are shown as a solid
point with an error bar. These have been calculated from the points in the same T bin plotted using dots.

We used the Vizier ‘X-Match’ service® to obtain photometric
measurements at ultraviolet and near-infrared wavelengths for the
stars in the two samples the following surveys: GALEX (FUV and
NUYV; L. Bianchi, B. Shiao & D. Thilker 2017); 2MASS (Two Micron
All Sky Survey; J, H, Ks; T. H. Jarrett et al. 2011); and AIIWISE
(W1, W2, and W3; E. L. Wright et al. 2010; A. Mainzer et al. 2011).
For the GALAH sample, we used the de-reddened photometry in
the Gaia Ggp and Ggp bands included with the catalogue from L.
Casagrande et al. (2021). For the CARMENES sample, we used
the Vizier ‘X-Match’ service to obtain photometry for each star in
the Gaia Ggp and Ggp bands from the Gaia DR3 catalogue (Gaia
Collaboration 2016, 2023). We assume that the reddening for these
nearby M-dwarfs is negligible.

We removed blended sources from the samples used to compute
the colour-T,; relations in the AIWISE W1, W2, and W3 bands
by excluding stars that have more than one source listed in the
2MASS catalogue within 12.2, 12.8, or 13.0 arcsec, respectively, of
the AIIWISE source position. These exclusion limits were selected
because they are equal to the resolution of the instrument at these
wavelengths.® We did not include the AIIWISE W4 band in these

8http://cdsxmatch.u-strasbg.fr/
https://wise2.ipac.caltech.edu/docs/release/prelim/

empirical colour-T¢ relations because there is a clear discontinuity
between the relations defined by the GALAH and CARMENES sam-
ples. This may be because of the large photometric apertures used to
measure the flux in the W4 band (up to 49.5 arcsec) or contamination
of the photometry by dust emission at this wavelength. '

The distribution of stars in the (FUV — NUV) — (Ggp — Ggrp)
colour—colour diagram shows a ‘tail” of stars that are red at optical
wavelengths and blue at ultraviolet wavelengths. We assume that
these are blended sources, e.g. binary systems with a hot white
dwarf or hot subdwarf component. We exclude these stars from the
sample used to compute the colour—T. relations in the GALEX
NUV and FUV bands by rejecting stars with (FUV — NUV) <
6.5 x (Gpp — Grp)

The effective temperatures estimates for the M-dwarfs in the
CARMENES sample are quoted to the nearest 100K, so we use
subsamples of stars within each 100 K bin to compute a mean colour
and standard error estimate in 27 bins from 2500 to 4700 K. Outlier
values more than five times the median absolute deviation from the
median value in each bin were excluded from the calculation of the
mean and sample standard deviation in each bin for each colour.
For the GALAH sample, we used used the effective temperature

10https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec_4b.html
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estimated using the infrared flux method (Teff_irfm) to assign stored separately and the user has the option to choose which relation
each star to one of 53 bins of width 50 K from 3800 to 9000 K. There to use in the range from 3800 to 4700 K where these tabulations
are more data per T, bin for this sample so outlier values more than overlap.

10 times the median absolute deviation from the median value in

each bin were excluded from the calculation of the mean and sample

standard deviation in each bin for each colour. This paper has been typeset from a TEX/IATEX file prepared by the author.
The empirical relations derived are shown in Fig. A1. The tabulated

colour—T relations for the CARMENES and GALAH have been

© The Author(s) 2025.
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 544, 4611-4620 (2025)

920z Asenuer oz uo Jasn jeyley siuuaq Aq 6Z6S0E8/ 1L L9Y/¥/iS/e1onie/seiuw/woo dnooiwspese//:sdny woll papeojumod


https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 ANALYSIS
	3 DISCUSSION
	4 CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION
	APPENDIX A: NEW EMPIRICAL COLOUREFFECTIVE TEMPERATURE RELATIONS

