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A B S T R A C T 

Eclipsing binaries are important benchmark objects to test and calibrate stellar structure and evolution models. This is especially 

true for binaries with a fully conv ectiv e M-dwarf component for which direct measurements of these stars’ masses and radii 
are difficult using other techniques. Within the potential of M-dwarfs to be exoplanet host stars, the accuracy of theoretical 
predictions of their radius and ef fecti ve temperature as a function of their mass is an active topic of discussion. Not only the 
parameters of transiting exoplanets but also the success of future atmospheric characterization relies on accurate theoretical 
predictions. We present the analysis of five eclipsing binaries with low-mass stellar companions out of a subsample of 23, for 
which we obtained ultra-high-precision light curves using the CHEOPS satellite. The observation of their primary and secondary 

eclipses are combined with spectroscopic measurements to precisely model the primary parameters and derive the M-dwarfs 
mass, radius, surface gravity, and ef fecti ve temperature estimates using the PYCHEOPS data analysis software. Combining these 
results to the same set of parameters derived from TESS light curves, we find very good agreement (better than 1 per cent for 
radius and better than 0.2 per cent for surface gravity). We also analyse the importance of precise orbits from radial velocity 

measurements and find them to be crucial to derive M-dwarf radii in a regime below 5 per cent accuracy. These results add five 
valuable data points to the mass–radius diagram of fully conv ectiv e M-dwarfs. 

Key words: techniques: photometric – techniques: spectroscopic – binaries: eclipsing – stars: fundamental parameters – stars: 
low-mass. 
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.  I N T RO D U C T I O N  

ow-mass main-sequence stars of M-type (M-dwarfs) have been in
he spotlight of recent exoplanet surveys (Nutzman & Charbonneau
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enbach et al. 2019 ; Donati et al. 2020 ). This development has two
ain reasons. First their low masses, and radii, compared to F, G, and
 stars make it easier to detect small planets and planetary systems

omposed of mini Neptunes down to Earth-sized planets by means
f radial velocity (RV) and transit methods (e.g. Gillon et al. 2016 ;
 ̈unther et al. 2019 ; Zechmeister et al. 2019 ). Thus, more Earth-sized
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lanets have been found in the habitable zone of M-dwarfs than 
or solar-type stars (e.g. Dressing & Charbonneau 2013 ). Second, 

-dwarfs have low luminosities and, thus offer the first possible 
indow to study transiting rocky planets in their habitable zone and 
irectly analyse their atmospheres with high-precision instruments 
ike the James Webb Space telescope (Kaltenegger & Traub 2009 ; 

orley et al. 2017 ). 
Such studies depend crucially on the knowledge of the parameters 

f M-dwarf planets which in turn are derived from the mass and
adius of the host M-dwarf. Up to now our understanding on the mass
nd radius distribution of low-mass stars which are fully conv ectiv e
 M � < 0 . 35 M �, Chabrier & Baraffe 1997 ) is rather poorly explored
ompared to more massive stars. This is mainly due to the relative
aintness of these stars. 1 Especially the lack of a large sample of M-
warfs with directly measured mass and radius make it difficult to 
alibrate stellar evolution models which are typically used to estimate 
he properties of planet host stars like for example the Exeter/Lyon 

odels (Baraffe et al. 2015 ) or the Dartmouth models (Dotter et al.
008 ). 
Studies of M-stars with available radii and masses have revealed 

hat their stellar radii for a given mass are apparently inflated by a
ew per cent, compared to estimates from models (e.g. Casagrande, 
lynn & Bessell 2008 ; Torres, Andersen & Gim ́enez 2010 ; Spada
t al. 2013 ; Kesseli et al. 2018 ). 

Several possible explanations have been discussed, like stellar 
agnetic activity (Mullan & MacDonald 2001 ; Chabrier, Gallardo & 

araffe 2007 ), or a bias due to binarity (Ribas 2006 ; Morales et al.
009 ). Also, metallicity effects seem to play a role (Berger et al.
006 ; von Boetticher et al. 2019 ). Thus, a representative sample of
ow-mass M-dwarfs with accurately measured mass, radius, and also 
etallicity is crucial to understand how these different effects enter 

nto this radius inflation problem. 
The eclipsing binaries with low mass (EBLM) project (Triaud 

t al. 2013 ) is focusing on a large sample with hundreds of eclipsing
inaries of F, G, & K-type stars, orbited by late-type M-dwarf
ompanions. These binaries have been detected from the WASP 

urv e y (Pollacco et al. 2006 ). Using a large RV follow-up campaign
f these stars, Triaud et al. ( 2017 ) derived accurate orbits of many
f these systems thus being able to measure fundamental parameters 
ike precise mass and radius of the low-mass M-dwarfs. The binary 
onfiguration with a solar-type star allows us to measure accurately 
he metallicity of the solar-type star. Assuming an equal metallicity 
f both components, we can constrain the metallicity of the M-
warf. Thus, EBLM targets are ideal candidates to populate the mass
egime of fully convective M-dwarfs with masses below 0 . 35 M �
nd to establish an empirical mass–radius–metallicity relationship 
or these stars. Early results from sub samples indicate that models 
an be matched quite well, when taking accurate measurements of 
he metallicity of the M-dwarf into account (Gill et al. 2019 ; von
oetticher et al. 2019 ). Every low-mass M-dwarf with accurately 
easured mass, radius, and metallicity will help to tighten the 

onstraints on the source of the radius inflation problem and in return
ill allow us in future to constrain precise parameters of planet host

tars. 
CHEOPS (Benz et al. 2021 ) is a S-class mission of the European

pace Agency, which has been launched on the 2019 December 18. 
ts primary mission is to perform ultra-high-precision photometry of 
right exoplanet host stars. We have started an ‘Ancillary Science’ 
 E.g. the planet host star TRAPPIST-1, a M7.5 ultra-cool dwarf in 12-pc 
istance has a visual magnitude of only 18.8 mag. 

T

2

rogramme on a selection of 23 EBLM targets, to obtain precise
easurements of primary and secondary eclipses, which allow us 

o (i) derive the size of both components and (ii) to measure the
-dwarf ef fecti ve temperature from the surface brightness ratios. 
dditionally, we use light curves, obtained by the TESS survey 

Ricker et al. 2015 ), which co v ers the Northern and Southern
emispheres with observing periods of about 1 month per pointing 
sector). TESS cameras have a three times smaller aperture compared 
o CHEOPS , leading to a lower accuracy for eclipse events in TESS
ata. Nevertheless, the long coverage of photometric data allows 
s to gather multiple eclipses of our targets and thus impro v e and
ompare orbital parameters, as well as to optimize our analysis of
HEOPS observations. 
The three EBLM binaries, analysed in our CHEOPS programme 

BLM J1741 + 31, EBLM J1934 −42, and EBLM J2046 + 06 have
hown that M-dwarfs with precisely measured radii and metallicities 
pen up the possibility to disentangle the effect of metallicity from
if ferent ef fects on the radius inflation problem for lo w-mass M-
w arfs (Sw ayne et al. 2021 , hereafter SW21 ). 
In this paper, we present the analysis of five EBLM binaries with

ully conv ectiv e M-dwarfs companions, observ ed in our CHEOPS
rogramme and compare them to the analysis of TESS observations. 

.  O B S E RVAT I O N S  A N D  M E T H O D S  

rimary and secondary eclipses for all our five eclipsing binaries were
bserved with CHEOPS between 2020 November and 2021 January 
s part of CHEOPS Guaranteed Time Observation programme (ID- 
37). We obtained one primary eclipse and, depending on the depth
f the secondary eclipse, one to three secondary eclipse observations 
n order to obtain sufficient signal-to-noise ratio (SNR) to measure 
oth eclipses. Table 1 gives an overview of the CHEOPS observations 
nd data extraction. All data were reduced by the CHEOPS data
eduction pipeline v13.1 (Hoyer et al. 2020 ), which performs an
perture photometry of the target star, taking contamination in the 
eld as well as instrumental effects like the rotation of the satellite

nto account. The pipeline offers light curves for different aperture 
izes. For our analysis, we selected the aperture size with minimal
edian absolute deviation of the point-to-point difference in the light 

urve. The resulting aperture radii are listed as R ap in Table 1 . The
bservations were interrupted due to the low-Earth-orbit of CHEOPS 
y Earth occultations, as well as crossings of the South Atlantic
nomaly. We derive the time spent on target as the fraction of valid
bservations compared to the total observation interval. 
The TESS surv e y co v ered all of our targets with 2-min cadence

ata made available by TESS Guest Investigator (GI) programmes. 
BLM J0239 −20 (TIC64108432) has been observed in sectors 
 and 31 under GI programmes G011278 and G03216. EBLM
0540 −17 (TIC46627823) has been observed in sectors 6 and 32
nder GI programmes G011278, G03216, and G03251. EBLM 

0546 −18 (TIC93334206) has been observed in sectors 32 and 33
nder GI programme G03216. EBLM J0719 + 25 (TIC458377744) 
as recently been observed in sectors 44, 45, and 46 under GI
rogramme G04157, and EBLM J2359 + 44 (TIC177644756) has 
een observed in sector 17 under GI programmes G022253 and 
022156. Data reduction and light-curve extraction were done by 

he TESS Science Processing Operations Center Pipeline (Jenkins 
t al. 2016 ) and were downloaded via the Mikulski Archive for Space
elescopes. 2 For our analysis, we used Pre-search Data Conditioned 
MNRAS 519, 3546–3563 (2023) 
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Table 1. CHEOPS observations and data extraction for our targets. Effic. is the fraction of the observation that resulted in valid (usable) data and R ap 

the aperture radius used to extract the light curves. 

Eclipse Target Start date Duration T exp Effic. File key R ap 

Event (UTC) (h) (s) (per cent) (pixels) 

Primary EBLM J0239 −20 2020-11-01T15:43 8.80 60 86.2 CH PR100037 TG012001 V0200 25 
Secondary 2020-11-05T20:30 7.99 60 93.2 CH PR100037 TG011901 V0200 25 
Secondary 2020-11-19T17:24 9.02 60 70.4 CH PR100037 TG011902 V0200 25 

Primary EBLM J0540 −17 2020-12-07T08:39 10.04 60 68.4 CH PR100037 TG012601 V0200 17.5 
Secondary 2021-01-21T09:39 10.75 60 54.1 CH PR100037 TG012502 V0200 17.5 
Secondary 2020-12-04T08:13 10.62 60 66.5 CH PR100037 TG012501 V0200 17.5 
Secondary 2021-01-27T09:20 10.49 60 50.0 CH PR100037 TG012503 V0200 17.5 

Primary EBLM J0546 −18 2020-11-30T22:27 8.67 60 67.5 CH PR100037 TG012801 V0200 25 
Secondary 2020-12-31T05:35 8.77 60 66.3 CH PR100037 TG012701 V0200 25 
Secondary 2021-01-09T19:50 8.05 60 64.0 CH PR100037 TG012702 V0200 25 

Primary EBLM J0719 + 25 2020-12-10T07:03 8.80 60 52.8 CH PR100037 TG013001 V0200 22.5 
Secondary 2021-02-03T20:54 8.69 60 57.7 CH PR100037 TG017301 V0200 22.5 
Secondary a 2020-12-21T12:03 8.50 60 60.2 CH PR100037 TG012901 V0200 22.5 

Secondary EBLM J2359 + 44 2020-11-11T08:59 8.89 60 58.3 CH PR100037 TG016301 V0200 26.5 
Primary 2020-11-28T13:07 15.67 60 51.4 CH PR100037 TG016401 V0200 26.5 

Note. 
a For this observation the secondary eclipse of EBLM J0719 + 25 has been missed, thus we cannot use this data set for parameter determination of the 
binary. 
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imple Aperture Photometry flux data and bitmask 175 to exclude
ata flagged with severe quality issues (Tenenbaum & Jenkins
018 ). 
For EBLM J2359 + 44 two RV measurements have been pub-

ished by Poleski et al. ( 2010 ) that confirmed it to be a binary
tar. Full time series RV observations of EBLM J0719 + 25 and
BLM J2359 + 44 have been taken with the SOPHIE high-resolution
chelle spectrograph (Perruchot et al. 2008 ), mounted on the 1.93-m
elescope at the Observatoire de Haute-Pro v ence in France as part
f the Binaries Escorted By Orbiting Planets surv e y to search for
ircumbinary planets (Martin et al. 2019 ). For EBLM J0719 + 25,
ight SOPHIE spectra have been obtained between 2018 November
nd 2019 October in high-resolution mode ( R = 75 000). For EBLM
2359 + 44, 15 SOPHIE spectra have been obtained between 2018
o v ember and 2020 September in high-resolution mode ( R = 75 000)

s well as in high-efficiency (HE) mode ( R = 40 000). The HE mode
llows an about 2.5 times higher throughput compared to the high-
esolution mode. The spectra have an average SNR of about 30
ith a typical exposure time of 1800 s. To allow the removal of

he background contamination from the Moon, all observations were
aken with one fibre on target and one on the sky. The spectra were
educed using the SOPHIE data reduction software (Baranne et al.
996 ) and RVs were measured by cross-correlation with a G2 mask
Courcol et al. 2015 ) for which we achieved a typical precision of
0 m s −1 for our spectra. All RV measurements are listed in the
ppendix Tables B1 and B2 . We submitted a target list of 40 EBLM

ystems from Triaud et al. ( 2017 ) as a priority 4 proposal to be
bserved with high-resolution spectrograph (Crause et al. 2014 ) of
he Southern African Large Telescope (SALT) in medium resolution
 R ≈ 37 000). In total, 30 of them were observed between the
017 May 19 and August 7, including EBLM J0239 −20. These
bservations were made in long-slit mode with an exposure time-
caling as a function of magnitude to ensure a SNR ≥ 100. Data
ere reduced and processed using standard pipelines (Craig et al.
015 ; Crawford 2015 ) to produce two spectra for each observation
370–550 and 550–890 nm) as a result of the dual-beam nature of
he spectrograph. 
NRAS 519, 3546–3563 (2023) 
.  ANALYSI S  

or data analysis, we followed the methods, described in SW21 .
oth TESS and CHEOPS light curves were modelled using the
power2 transit model, which applies a power-2 limb darkening

aw (Maxted & Gill 2019 ). We use it as binary star model including
rimary and secondary eclipses which is implemented in the python
oftware PYCHEOPS 3 (Maxted et al. 2021 ). The parameters of the
inary star model are the orbital period P , the mid-time of the primary
clipse T 0 , the primary and secondary eclipse depths D and L, the im-
act parameter b , the parameters f c = 

√ 

e cos( ω) and f s = 

√ 

e sin( ω),
hich parametrize the eccentricity e and the longitude of periastron
, the limb darkening parameters h 1 and h 2 (Maxted 2018 ), and W,
hich becomes the width of the eclipse for e = 0 and is defined
y the stellar radii, impact parameter, and the semimajor axis a (see
axted et al. 2021 for details). We used Gaussian priors for f c , f s .

hese priors were derived from RV measurements of the systems.
rbital parameters from RV measurements for EBLM J0239 −20,
BLM J0540 −17, and EBLM J0546 −18 have been published in
riaud et al. ( 2017 ). Their eccentricities are reported to be consistent

o zero, thus we set those priors to zero for all three systems. For
BLM J0719 + 25 and EBLM J2359 + 44, we used the binary star
ython code ellc (Maxted 2016 ), to model the RV from SOPHIE
easurements as well as the two measurements from Poleski et al.

 2010 ) for EBLM J2359 + 44. We sampled the posterior probability
istribution (PPD) of our model parameters f c , f s , and the semi-
mplitude K , using the Markov chain Monte Carlo (MCMC) code
MCEE (F oreman-Macke y et al. 2013 ) to take the RV-jitter of the
ata into account by weighting the fit by the log-likelihood function.
or this we used the period from our TESS fit (see Section 3.1 ) as
xed prior and did not need to fit any additional trend to the data. The
esulting orbital parameters, as well as the mass function f ( m ) (see
quation 6 in Triaud et al. 2017 ) are listed in Table 2 . The resulting
riors for f c , f s are listed in Table 3 . The errors represent the one
igma error of the resulting PPD. 

https://github.com/pmaxted/pycheops
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Table 2. Stellar and orbital parameters of the primary stars. Coordinates are in J2000. 

EBLM J0239 −20 EBLM J0540 −17 EBLM J0546 −18 EBLM J0719 + 25 EBLM J2359 + 44 

Name TYC 5862-1683-1 TYC 5921-745-1 TIC 93334206 TYC1913-0843-1 TYC3245-0077-1 
RA 02 39 29.29 05 40 43.58 05 46 04.81 07 19 14.26 23 59 29.74 
Dec. −20 02 24.0 −17 32 44.8 −18 17 54.6 + 25 25 30.8 + 44 40 31.2 
G (mag) 10.57 11.42 12.01 11.15 10.46 
Sp. type G0 G0 G0 G0 F8 
T eff, 1 (K) a 5758 ± 100 6290 ± 77 6180 ± 80 6026 ± 67 6799 ± 83 
log g 1 (cgs) c 4.053 ± 0.016 4.058 ± 0.017 4.100 ± 0.034 4.239 ± 0.022 4.068 ± 0.010 
[Fe / H] a 0.27 ± 0.12 −0.04 ± 0.05 −0.45 ± 0.08 0.04 ± 0.05 0.12 ± 0.05 
R 1 (R �) c 1.587 ± 0.039 1.636 ± 0.040 1.509 ± 0.064 1.305 ± 0.038 1.711 ± 0.033 
M 1 (M �) c 1.037 ± 0.060 1.120 ± 0.062 1.051 ± 0.059 1.078 ± 0.059 1.253 ± 0.070 

Orbital parameters: 
K(km s −1 ) 21.316 ± 0 . 036 d 16.199 ± 0 . 010 d 26.15 ± 0 . 10 d 15.02 ± 0 . 04 b 23.62 ± 0 . 08 b 

e < 0 . 0032 d 0 . 00029 ± 0 . 00057 d < 0 . 015 d 0.0730 ± 0 . 0045 b 0.4773 ± 0 . 0010 b 

ω(deg) – −164 ± 10 d – −155 . 8 ± 5 . 4 b −94 . 290 ± 0 . 060 b 

f( m ) (10 −3 M �) 2.788 ± 0 . 014 d 2.6444 ± 0 . 0096 d 2.1332 ± 0 . 0023 d 2.597 ± 0 . 021 b 10.53 ± 0 . 11 b 

Notes. 
a From spectral analysis. 
b From RV analysis. 
c From light-curve modelling. 
d From Triaud et al. ( 2017 ). 

Table 3. Priors on f c = 

√ 

e cos ω and f s = 

√ 

e sin ω used in the analysis 
of the CHEOPS and TESS light curves based on the spectroscopic orbits for 
each binary system. 

Target f c f s 

EBLM J0239 −20 0.0 0.0 
EBLM J0540 −17 0.0 0.0 
EBLM J0546 −18 0.0 0.0 
EBLM J0719 + 25 −0.247 ± 0.013 −0.111 ± 0.023 
EBLM J2359 + 44 −0.0517 ± 0.0007 −0.6889 ± 0.0007 
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.1 TESS light-cur v e analysis 

nly segments of the TESS light curve within one eclipse duration of
he time of mid-eclipse were used in this analysis. To remo v e trends
n the light curve, we divided these segments by a linear polynomial
odel fitted to the data either side of the eclipse. Unlike SW21 , we

referred this method o v er the use of a Gaussian process in order to
ecurely preserve the transit shape of the faint secondary eclipses. 

To model the light curve, we first determined the initial orbital 
arameters using a least-squares fit and then sampled the PPD of
ur transit model using EMCEE . We placed normal priors on the
rbital parameters f c , f s , as listed in Table 3 as well as on the white
oise, using the residual rms of the least-squares fit. The resulting
arameters from the TESS light curves are detailed in Tables 4 , 5 , and
 . These represent the median of the PPD as well as the standard
rrors from the 15.9 and 84.1 per cent percentile-points of the PPD.
e show the resulting fits of all targets in the Appendix, Figs D1,
2 and D3 . 

.2 CHEOPS light-cur v e analysis 

HEOPS light curves were analysed in two steps. First, we analysed 
very visit separately to derive initial model parameters (see Table 1 
or an o v erview of all visits). As described in detail in SW21 ,
nstrumental effects like roll angle, contamination, and background 
evel can be represented using linear correlation parameters or for 
oll angle φ, sin( φ) , cos( φ) , sin(2 φ), etc., which were iteratively
elected. 4 The PPD of all model and decorellation parameters were 
ampled simultaneously using EMCEE . We used the same Gaussian 
riors for f c , and f s as for the TESS data and since we obtained single-
clipse events, we fixed our transit model to accurately measured 
rbital period P , from the TESS light-curve fit. For secondary
clipses, we used priors on the parameters D , W , and b , as derived
rom the primary eclipse of each target. 

In a second step, we were using a single MCMC to perform a
multivisit’ analysis including all visits for a specific target. We 
sed the same priors as for the individual analysis as well as the
esults as input parameters and used the function multivisit of 
YCHEOPS to sample the joint PPD with EMCEE . Hereby we used

he implicit decorrelation method for instrumental trends as described 
n Maxted et al. ( 2021 ), keeping the number of harmonic terms to
ts default ( N roll = 3). The resulting parameters from the CHEOPS
ight curves are detailed in Tables 4 , 5 , and 6 . These represent the
edian of the PPD as well as the standard errors from the 15.9 and

4.1 per cent percentile-points of the PPD. We show the resulting
ts of all targets in the Appendix, Figs E1 , E2 , and E3 and in
able A1 the resulting decorrelation parameters from the multivisit 
nalysis. 

.3 Stellar parameters 

e used co-added high-resolution spectra to derive the stellar 
arameters of the primary components ( T eff and [Fe/H]). For EBLM
0540 −17, we used co-added CORALIE spectra, obtained by Triaud 
t al. ( 2017 ) and available from the European Southern Observatory
ESO) science archive facility 5 and co-added SOPHIE spectra for 
BLM J0719 + 25 and EBLM J2359 + 44. The stellar parameters for

hese three targets were derived using the equi v alent width method
ollowing the same methodology, model atmospheres, and line list as 
escribed in Sousa ( 2014 ) and Santos et al. ( 2013 ). In here, we applied
he ARES code (Sousa et al. 2015 ), as well as the MOOG radiative
MNRAS 519, 3546–3563 (2023) 
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Table 4. The derived parameters for EBLM J0239-20 and EBLM J0540-17 using CHEOPS and TESS light-curve fits with eclipse depths 
being in the rele v ant instrumental bandpass. 

EBLM J0239 −20 EBLM J0540 −17 
CHEOPS TESS CHEOPS TESS 

Model parameters 
T 0 (BJD) 2163.70805 ± 0.00015 1413.46145 ± 0.00012 2209.12086 ± 0.00021 1470.51285 ± 0.00030 
P (d) 2 . 778691 (fixed) 2.778691 ± 0.000001 6.004940 (fixed) 6 . 004940 ± 0 . 000003 
D 0.01679 ± 0.00019 0.016716 ± 0.000092 0.01404 ± 0.00021 0.01381 ± 0.00018 
W 0.05268 ± 0.00037 0.05286 ± 0.00015 0.03818 ± 0.00019 0.03827 ± 0.00018 
b 0.654 ± 0.014 0.6428 ± 0.0092 0.167 ± 0.105 0.253 ± 0.089 
f c 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 
f s 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 
L (3 . 68 ± 0 . 45) × 10 −4 (7 . 30 ± 0 . 42) × 10 −4 (3 . 66 ± 0 . 53) × 10 −4 (6 . 61 ± 0 . 78) × 10 −4 

h 1 0.766 ± 0.020 0.836 ± 0.011 0.767 ± 0.015 0.811 ± 0.013 
h 2 0.47 ± 0.22 0.59 ± 0.20 0.54 ± 0.18 0.47 ± 0.21 

Derived parameters 
R 2 / R 1 0.12957 ± 0.00073 0.12929 ± 0.00035 0.11850 ± 0.00087 0.11752 ± 0.00075 
R 1 /a 0.1797 ± 0.0027 0.1788 ± 0.0015 0.1084 ± 0.0018 0.1105 ± 0.0023 
R 2 /a 0.02288 ± 0.00042 0.02289 ± 0.00024 0.01265 ± 0.00028 0.01264 ± 0.00034 
i( ◦) 83.25 ± 0.24 83.40 ± 0.15 88.96 ± 0.67 88.40 ± 0.59 
e 0.0 0.0 0.0 0.0 
ω( ◦) – – – –

Absolute parameters 
a (AU) 0.04106 ± 0.00076 0.04107 ± 0.00076 0.0703 ± 0.0012 0.0703 ± 0.0012 
R 2 (R �) 0.2056 ± 0.0052 0.2041 ± 0.0044 0.1939 ± 0.0050 0.1959 ± 0.0056 
M 2 (M �) 0.1597 ± 0.0059 0.1597 ± 0.0059 0.1633 ± 0.0058 0.1634 ± 0.0058 
log g 2 (cgs) 5.015 ± 0.014 5.0214 ± 0.0076 5.075 ± 0.015 5.066 ± 0.019 
T eff, 2 (K) 3027 ± 88 2982 ± 71 3220 ± 70 3143 ± 66 

Table 5. The derived parameters for EBLM J0546 −18 and EBLM J0719 + 25 using CHEOPS and TESS light-curve fits with eclipse depths 
being in the rele v ant instrumental bandpass. 

EBLM J0546 −18 EBLM J0719 + 25 
CHEOPS TESS CHEOPS TESS 

Model parameters 
T 0 (BJD) 2203.71457 ± 0.00027 2174.98660 ± 0.00032 2216.39007 ± 0.00024 2559.38262 ± 0.00019 
P (d) 3.191919 (fixed) 3 . 191919 ± 0 . 000034 7.456295 (fixed) 7.456295 ± 0.000045 
D 0.0239 ± 0.0018 0.02328 ± 0.00081 0.02145 ± 0.00051 0.02092 ± 0.00017 
W 0.0415 ± 0.0016 0.04020 ± 0.00047 0.02491 ± 0.00029 0.02456 ± 0.00018 
b 0.777 ± 0.040 0.824 ± 0.013 0.498 ± 0.033 0.520 ± 0.016 
f c 0.0 (fixed) 0.0 (fixed) −0.2589 ± 0.0069 −0.2588 ± 0.0053 
f s 0.0 (fixed) 0.0 (fixed) −0.116 ± 0.023 −0.139 ± 0.022 
L (11 . 0 ± 1 . 3) × 10 −4 (17 . 6 ± 1 . 2) × 10 −4 (6 . 4 ± 1 . 2) × 10 −4 (9 . 32 ± 0 . 65) × 10 −4 

h 1 0.44 ± 0.14 a 0.719 ± 0.100 0.731 ± 0.020 0.813 ± 0.013 
h 2 0.31 ± 0.14 0.37 ± 0.24 0.24 ± 0.24 0.56 ± 0.19 

Derived parameters 
R 2 / R 1 0.1546 ± 0.0059 0.1526 ± 0.0027 0.1465 ± 0.0018 0.144625 ± 0.000593 
R 1 /a 0.1533 ± 0.0057 0.1569 ± 0.0026 0.0757 ± 0.0017 0.076857 ± 0.001019 
R 2 /a 0.0223 ± 0.0014 0.02361 ± 0.00034 0.01076 ± 0.00033 0.010941 ± 0.000176 
i( ◦) 83.17 ± 0.54 82.58 ± 0.22 87.84 ± 0.19 87.711 ± 0.100 
e 0.0 0.0 0.0807 ± 0.0041 0.086242 ± 0.003542 
ω( ◦) – – −155.9 ± 4.6 −151.8 ± 4.3 

Absolute parameters 
a (AU) 0.04587 ± 0.00080 0.04586 ± 0.00080 0.0802 ± 0.0014 0.0801 ± 0.0014 
R 2 (R �) 0.233 ± 0.013 0.2356 ± 0.0072 0.1912 ± 0.0060 0.1915 ± 0.0044 
M 2 (M �) 0.2129 ± 0.0075 0.2131 ± 0.0075 0.1584 ± 0.0056 0.1583 ± 0.0056 
log g 2 (cgs) 5.029 ± 0.047 5.020 ± 0.021 5.075 ± 0.023 5.073 ± 0.012 
T eff, 2 (K) 3409 ± 111 3332 ± 90 3208 ± 89 3063 ± 40 

Note. 
a The limb darkening parameters are not well constrained from CHEOPS data for EBLM J0546 −18 (see discussion in Section 4.2.1 .). 
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Table 6. The derived parameters for EBLM J2359 + 44 using CHEOPS and 
TESS light-curve fits with eclipse depths being in the rele v ant instrumental 
bandpass. 

EBLM J2359 + 44 
CHEOPS TESS 

Model parameters 
T 0 (BJD) 1977.85239 ± 0.00015 1773.4230 ± 0.0027 
P (d) 11.3627 (fixed) 11 . 3627 ± 0 . 0027 
D 0.02997 ± 0.00016 0.03015 ± 0.00023 
W 0.025946 ± 0.000091 0.02611 ± 0.00017 
b 0.096 ± 0.024 0.141 ± 0.033 
f c −0.05175 ± 0.00032 −0.05242 ± 0.00053 
f s −0.68888 ± 0.00071 −0.68906 ± 0.00072 
L (8 . 91 ± 0 . 63) × 10 −4 (20 . 21 ± 0 . 98) × 10 −4 

h 1 0.7754 ± 0.0043 0.8393 ± 0.0093 
h 2 0.61 ± 0.13 0.60 ± 0.19 

Derived parameters 
R 2 / R 1 0.17311 ± 0.00045 0.17363 ± 0.00067 
R 1 /a 0.06971 ± 0.00033 0.07040 ± 0.00066 
R 2 /a 0.011990 ± 0.000077 0.01207 ± 0.00015 
i( ◦) 89.619 ± 0.098 89.43 ± 0.14 
e 0.47724 ± 0.00098 0.47755 ± 0.00099 
ω( ◦) −94.30 ± 0.027 −94.350 ± 0.044 

Absolute parameters 
a (AU) 0.1144 ± 0.0020 0.1144 ± 0.0020 
R 2 (R �) 0.2963 ± 0.0058 0.3001 ± 0.0064 
M 2 (M �) 0.293 ± 0.010 0.293 ± 0.010 
log g 2 (cgs) 4.9602 ± 0.0049 4.9490 ± 0.0089 
T eff, 2 (K) 3465 ± 46 3513 ± 41 
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ransfer code (Sneden et al. 2012 ), assuming ionization and excitation 
quilibrium of iron lines. For EBLM J0546 −18, we used co-added 
ORALIE spectra and applied a wavelet decomposition method 
here we compare the coefficients from a wavelet decomposition 

o those from a grid of model spectra. Those model spectra were
ynthesized using the code SPECTRUM (Gray & Corbally 1994 ), 

ARCS model atmospheres (Gustafsson et al. 2008 ), as well as
he atomic line list version 5 of the Gaia ESO surv e y (Heiter et al.
015 ). The method is detailed in Gill, Maxted & Smalley ( 2018 )
nd has been found to deliver robust measurements for ef fecti ve
emperature and metallicity for spectra with relati vely lo w SNR
SNR � 40). For EBLM J0239 −20, we used the SALT spectra and
odelled the stellar fundamental parameters using the software SME 6 

Spectroscopy Made Easy; Valenti & Piskuno v 1996 ; Piskuno v &
alenti 2017 ) that computes synthetic spectra with atomic and 
olecular line data from VALD 7 (Ryabchikova et al. 2015 ) which 

re compared to the observations. We chose the stellar atmosphere 
rid Atlas12 (Kurucz 2013 ) and modelled T eff , log g 1 , abundances
nd v sin i one parameter at a time. Due to the high rotational velocity
v sin i = 31 ± 4 km s −1 ), the uncertainties in log g 1 derived from the
ine wings of the Ca I triplet around 6200 Å is with 0 . 2 dex relatively
igh. We thus rely on the light-curve modelling to derive the surface
ravity of our targets. 
Similarly to SW21 , we derived the system parameters using the 

unction massradius in PYCHEOPS . As explained in Maxted et al. 
 2021 ), this function applies a Monte Carlo approach to derive basic
ystem parameters like the primaries mean stellar density, the mass 
nd radius of the M-dwarf, using the PPD of our CHEOPS light-curve
 ht tp://www.st sci.edu/ ∼valenti/sme.html 
 ht tp://vald.ast ro.uu.se 

W  

o  

M

t. It additionally uses the primaries mass and radius, as well as the
rbital parameters which were not sampled in the PPD-like period, 
nd eccentricity as input and derives the surface gravity log g 2 of the
-dwarf using the R V semi-amplitudes. W e used this function to op-

imize the global system parameters in a two-stage iterative process. 
In the first step, we used the primaries mass and radius estimates

vailable from the TESS input catalogue v8 (Stassun et al. 2019 )
s initial parameters. The deri v ation of these estimates is based on
n empirical relation including photometric ef fecti ve temperature 
stimates for stars with well-measured Gaia distances. We used 
he same priors for period and eccentricity that we used for our
HEOPS fit, as well as the semi-amplitudes from RV measurements. 
or EBLM J0239 −20, EBLM J0540 −17, and EBLM J0546 −18, we
ave used the published semi-amplitudes (Triaud et al. 2017 ). For
BLM J0719 + 25 and EBLM J2359 + 44, we use the results from
ur orbital fit (see Table 2 ). 
In a second iteration, we made use of the massradius function

gain in order to find the best-fitting parameters of the primary mass
nd radius from our light-curve fit. We used the relation of Enoch et al.
 2010 ) (equation 4), to derive a mass sample for the primary star. This
ample is based on the stellar density samples obtained from the first
teration and created similar sized samples for T eff and [Fe/H] based
n our spectroscopic stellar parameters. We then added a normal 
istributed scatter of 0.023 to account for the resulting scatter for this
elation found by Enoch et al. ( 2010 ). We derived a radius sample us-
ng this mass sample as well as the density sample. We used the mass
nd radius samples to re-run the massradius function to derive 
he final stellar parameters of the primary and M-dwarf components. 

e finally derived the surface gravity log g 1 from the stellar density,
irectly measured from the light-curve fit of our CHEOPS data, as
ell as the primaries mass derived from the previous step. 
We derived the effective temperature T eff, 2 of the M-dwarf com- 

anion using the surface brightness ratio L/ D , derived from the
ight-curve fit of primary and secondary eclipses. Similar to SW21 ,
e derived the integrated surface brightness in the CHEOPS and 
ESS passbands of the primary star, using the spectral parameters 
 eff, 2 , log g 1 , and [Fe/H] using PHOENIX model atmospheres with
o alpha-element enhancement (Husser et al. 2013 ) and sampled a
arge set of surface temperatures o v er the known parameters, L / D ,
og g , and [Fe/H] (assuming similar metallicity for both companions)
o derive the effective temperature. 

The light contribution from the primary star reflected to the M-
warf can be expressed by A g ( R 2 / a ) 2 , where A g is the geometric
lbedo and R 2 /a is the radius of the M-dwarfs in units of the semi-
ajor axis, which we directly measure from our model. With a typical

lbedo of A g ∼ 0 . 1 (Marley et al. 1999 ), the light contribution for our
argets is very small and thus negligible. Nevertheless, for the two
hortest period binaries in our sample, EBLM J0239 −20 and EBLM
0546 −18 the light contribution might cause an underestimation of 
he secondary eclipse depth on the one sigma level and thus an
nderestimation of T eff, 2 in the order of 1 per cent for both CHEOPS
nd TESS passbands. Thus, we increased the relative uncertainties 
or T eff, 2 for EBLM J0239 −20 and EBLM J0546 −18 by 1 per cent
n order to account for the unknown uncertainty of A g . 

All parameters of the primary stars are listed in Table 2 , all param-
ters for the M-dwarf companions are listed in Tables 4 , 5 , and 6 . 

.  DI SCUSSI ON  

e hav e deriv ed the stellar parameters for both companions for all
f our targets thanks to high-precision CHEOPS light curv es. F or the
-dwarfs, we derive accurate radii with an average uncertainty of 
MNRAS 519, 3546–3563 (2023) 
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 . 2 ± 1 . 3 per cent and the surface gravity with an average uncertainty
f 0 . 4 ± 0 . 3 per cent . This precision for the surface gravity of M-
warfs is better then, or hardly reached with state-of-the-art high-
esolution spectroscopic measurements of field M-dwarfs (e.g. Marfil
t al. 2021 ; Olander, Heiter & Kochukhov 2021 ). 

.1 RV priors 

e used priors obtained from the RV orbital parameters eccentricity
 e ) and longitude of periastron ( ω) to fit our CHEOPS and TESS
ight curves. Only EBLM J0719 + 25 and EBLM J2359 + 44 have
ccentricities significantly larger than zero, the others we have fixed
o zero eccentricity. We analysed the effect of imposing RV priors on
he CHEOPS parameter fit by repeating it with f c and f s kept as free
arameters. Two of our binaries with previously fixed eccentricities,
esulted in eccentricities consistent to zero with EBLM J0239 −20 ( e
 0.028 ± 0.058) and EBLM J0546 −18 ( e = 0.0005 ± 0.0007). For
BLM J0540 −17 and EBLM J0719 + 25, this fit resulted in a longer
CMC chain, which finally ended with a less uniformly defined

PD for W , which was strongly correlated to f c and f s . This led to up
o 5 per cent o v erestimated radii for the M-dwarfs. Except for these
wo stars, the derived model parameters did not deviate more than
 σ from the parameters listed in Tables 4 , 5 , and 6 . Nevertheless,
e found that for the orbital parameters all resulting uncertainties
ere about one order of magnitude larger then obtained from the
 V fitting alone. W e conclude that even for high-precision CHEOPS

ight curves, (i) RV measurements are essential to derive precise radii
or low-mass eclipsing binaries and (ii) our analysis method does not
llow constraining the orbital eccentricity from the light curves better
han from RV measurements. 

.2 Comparison to TESS 

or all targets, we compared our results from TESS light-curve fitting
ith the CHEOPS results. Both instruments comprise different pass-
ands with the TESS having an redder ef fecti v e wav elength of 745.6
m compared to CHEOPS with 581.1 nm. 8 In this, we do not compare
he limb darkening parameters and absolute eclipse depths, since
hese depend on the instrumental passband. The secondary eclipses
re thus 1.5–2.5 times deeper in TESS , compared to CHEOPS . We
nd a good agreement on the derived radius ratio, inclination, and
elative primary radii R 1 / a ( < 1 per cent). As discussed in the previous
ection, using RV priors is essential to derive precise radii for the M-
warfs. We find that keeping f c and f s as free parameters results in 3–
 per cent smaller radii for TESS light curves (for EBLM J0540 −17
nd EBLM J0719 + 25), compared to CHEOPS . Using similar RV
riors (see Section 3.1 ), we find that the derived radii and surface
ravity for the M-dwarfs agree well for all targets (on average within
.9 and 0.15 per cent, respectively) between TESS and CHEOPS .
e find that the uncertainties of the derived parameters from TESS

ight curves are of a similar order, compared to CHEOPS results.
ESS is in fa v our, for relatively bright secondary companions with
eep secondary eclipse and for targets with short orbital periods
nd thus, many eclipses covered during the monitoring. We find
hat the ef fecti ve temperature of the M-dwarfs, derived from TESS
ight curves is in agreement with our CHEOPS value for EBLM
2359 + 44, but about 2–4 per cent cooler for our other targets. We
ncluded the result from SW21 for EBLM J1934 −42 to analyse for
NRAS 519, 3546–3563 (2023) 

 Filter profiles and ef fecti v e wav elengths can be accessed using the VSO 

ilter Profile Service. 

m  

s  

a  

e  
ny systematic difference between the effective temperature of the
-dwarf, derived with TESS relative to CHEOPS . We modelled

 constant difference between two instruments using EMCEE to
ake the RV-jitter of the ef fecti ve temperatures of both TESS and
HEOPS into account by weighting the fit by the log-likelihood

unction. The offset from our sample of six stars results in a slightly
ower (1 . 11 ± 0 . 99 per cent ) temperature for TESS light curves with
 remaining jitter of 0.0076 per cent. 

The small discrepancy in T eff, 2 might be caused by an underesti-
ation of the secondary eclipse depth ( L ). In Section 3.3 , we have

iscussed that reflected light might lead to an underestimated depth of
he secondary eclipse. Nevertheless, this effect affects both passbands
f CHEOPS and TESS in a comparable level and only for the shortest
eriod binaries in our sample. Thus, reflection cannot explain this
iscrepanc y. Possible e xplanations might be uncertainties introduced
y the stellar model we used to derive the temperature from the
urface brightness, or stellar activity of the primary star, linked to
tellar spots which are not accounted for in the eclipse model, we
ave used. 

.2.1 Limb darkening parameters 

or our CHEOPS and TESS fits, we kept the limb darkening param-
ters h 1 and h 2 free. To compare our results, we derived expected
imb darkening parameters for EBLM J0239 −20, EBLM J0540 −17,
BLM J0546 −18, and EBLM J0719 + 25 by interpolating the tables

or the TESS bandpass and Kepler passband (for CHEOPS data,
espectively) published in Maxted ( 2018 ) using the stellar parameters
 eff, 1 , log g 1 , and [Fe / H] as listed in Table 2 , and applying an offset
 h 1 + 0 . 01 and h 2 − 0 . 045; Maxted 2018 ). This method did not
onverge for the hottest star in our sample EBLM J2359 + 44 since its
f fecti v e temperature e xceeds the tabulated temperature range. Thus,
e used the other four targets for this comparison. The expected limb
arkening parameters are listed in Table C1 . We find that h 1 agrees on
verage well with differences of a few per cent, while we find larger
iscrepancies for h 2 in the order of several 10 per cent similarly in
he CHEOPS and TESS data sets. This finding, as well as the derived
ncertainties follow the trend from Maxted ( 2018 ; fig 4), for h 2 to be
bout one order of magnitude less constrained than h 1 . We find some
ases of larger uncertainties in CHEOPS light-curve fits. In the case
f EBLM J0546 −18 we derived about 31 per cent uncertainty for
 1 and the derived parameter differs more than 70 per cent from the
xpectations. This is not surprising, given the large impact parameter
hich does not allow constraining the limb darkening parameters for

his star. We have repeated the CHEOPS and TESS fits for these four
argets, using the expected limb darkening parameters as priors, but
ound that introducing these priors will neither impro v e the fit, nor
as it any significant impact on the derived M-dwarf parameters. We,
hus, present in Table 5 the derived parameters without priors for h 1 
nd h 2 , noting that the corresponding values are less well constrained
ith CHEOPS compared to TESS . 

.3 Mass–radius diagram 

he main goal of the CHEOPS programme is to build a well-defined
ass–radius diagram for stars below the fully conv ectiv e boundary.

n Fig. 1 , we show our five targets together with the theoretical
ass relation from MIST (MESA Isochrones & Stellar Tracks)

tellar models for 1-Gyr stars of solar metallicity ([Fe/H] = 0.0)
s well as for slightly more metal-rich stars ([Fe/H] = 0.25) (Paxton
t al. 2011 ; Choi et al. 2016 ; Dotter 2016 ). Similarly to SW21 , we
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Figure 1. Left-hand panel: Mass–radius diagram for low-mass stars. Triangles: Single-lined eclipsing binaries, with CHEOPS programme targets highlighted in 
red and blue. Grey and cyan squares: Single stars and double-lined binaries from literature with measured mass, radius, and ef fecti ve temperature. The zoom-in 
section highlights the MIST model tracks for [Fe/H] = 0, grey line, and [Fe/H] = 0.25, grey dotted line. Right-hand panel: Mass-ef fecti ve temperature diagram 

of the same data set compared to same MIST models. 

c
f
s  

e  

c  

e  

E  

f
2  

e
a
t  

m  

fi  

s  

o
E  

m  

c
F  

r  

p
s
t
p  

S
t
t
f  

p

a
d
t
p  

s  

c
a
t  

f
p

c  

d  

o  

t  

C  

r
a
a  

i  

r
t
o  

r  

l  

p
t  

e  

o  

e

3  

t  

a  

t

5

W  

o
p  

h
s
p  

a  

a  

p
t
s  

f
m
e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/3/3546/6696393 by C
harité - M

ed. Bibliothek user on 11 Septem
ber 2023
ompiled a comparison sample of precisely measured low-mass stars 
rom literature, classified in single stars, double-lined binaries, and 
ingle-lined binaries (Carter et al. 2011 ; Nefs et al. 2013 ; Gillen
t al. 2017 ; Parsons et al. 2018 ; Smith et al. 2021 ; SW21 ). We
ompared the radii with both the MIST and the Exeter/Lyon (Baraffe
t al. 2015 ) models for solar metallicity. The M-dwarf radius for
BLM J0239 −20 is 11 . 0 ± 2 . 6 per cent (12 . 5 ± 2 . 6 per cent ) larger

or the MIST (and Exeter/Lyon) model, the others are on average 
 . 6 ± 1 . 3 per cent (3 . 5 ± 1 . 3 per cent ) larger compared to both mod-
ls. Despite most of our targets being within the uncertainties in 
greement with the theoretical radii, we observe that they follow the 
rend of very low-mass stars to be slightly larger than predicted by

odels. In Fig. 1 , we also show the ef fecti ve temperature of our
ve M-dwarfs, the result from SW21 , as well as the same literature
ample. Our target’s ef fecti ve temperatures follo w the o v erall trend
f low-mass stars. We note that EBLM J0239 −20, similarly to 
BLM J1934 −42 (blue triangle from SW21 ) have a slightly higher
etallicity ([M / H] > 0 . 2). Both stars are slightly larger and cooler,

ompared to models for stars with solar metallicity. As shown in 
ig. 1 , this trend is predicted by the MIST models for more metal-
ich stars. Ho we ver, also in this case, both stars are slightly larger than
redicted by models for higher metallicity stars. Fig. 1 shows three 
ingle-lined stars from literature with measured M-dwarf ef fecti ve 
emperatures being outliers of more than 500 K compared to model 
redictions. These are KIC 1571511B (Ofir et al. 2012 ) as well as
AO 106989 and HD 24465 (Chaturvedi et al. 2018 ). Populating 

he low-mass main sequence with M-dwarfs having precise ef fecti ve 
emperature measurements will help us to constrain possible trends 
or low-mass dwarfs. This is one of the main goals of our CHEOPS
rogramme. 
Magnetic activity of the primary star, like spot crossing is not 

ccounted for in our eclipse model, thus, can affect the size 
eterminations of the M-dwarfs. We used the TESS light curves 
o search for variability linked to magnetic activity, like rotational 
attern and flares. No flares have been found in the TESS data
et. EBLM J0239 −20 shows a variable modulation of 2–3 per cent
lose to the orbital period, most probably linked to stellar activity 
ligned with the rotational period of the G-dwarf. All our other 
argets show no or small variability of less than 1 per cent. Since we
ound a good agreement between the M-dwarf radii in the different 
assbands of TESS and CHEOPS , we conclude that stellar activity 
an only have a minor ( < 1 per cent ) effect on the derived M-
warf radius for the five stars, analysed in this work. Depending
n the actual contrast between the primary star and the M-dwarf
he contribution of the M-dwarf is between 300 and 1200 ppm in
HEOPS data. From this, we can exclude large flares with exceed

elative intensities of 25–100 per cent compared to the M-dwarfs 
verage brightness. M-dwarfs with such flaring activity exist but 
ccount only for about 10 per cent of the flaring M-dwarfs found
n TESS (G ̈unther et al. 2020 ). We can assume that the M-dwarf
otation period is synchronized with the orbital period, since the 
idal synchronization time-scale for EBLM systems is about 1 Gyr 
r less (Barker 2020 ). Thus the M-dwarfs are expected to be fast
otators ( P � 10 d), which are expected to sho w enhanced acti vity
evels (e.g. Morales et al. 2010 ; Wright et al. 2018 ). Activity-induced
hotometric variations, observed for field M-dwarfs are typically in 
he order of 1 per cent of the M-dwarfs average brightness (Medina
t al. 2020 ). This results in an expected photometric variability in the
rder of 10 ppm for active M-dwarfs which is below the detection
fficiency in our data. 

Reflected light from the primary star (see discussion in Section 
.3 ) can cause an underestimated radius of the M-dwarfs. We note
hat this effect is negligible for the five binaries analysed in this work,
s it would result in a relative underestimation of about 100 ppm of
he M-dwarfs radius for the shortest period binaries in our sample. 

.  SUMMARY  

ithin the framework of our EBLM project, we initiated a CHEOPS
bserving programme of 23 low-mass stars to measure precise stellar 
arameters as well as ef fecti ve temperatures. In this paper, we
ave analysed high-precision CHEOPS light curves of primary and 
econdary eclipses for five eclipsing binaries with low-mass com- 
anions. Using the qpower2 transit model, of PYCHEOPS , we find
n average uncertainty of 3 . 2 ± 1 . 3 per cent for the M-dwarfs radius
nd 0 . 4 ± 0 . 3 per cent for the M-dw arfs surf ace gravity. Thus, using
recision light curves allowed us to overcome the larger uncertainties 
o derive stellar parameters typically involved with high-resolution 
pectroscopy. We hav e deriv ed the M-dwarfs ef fecti ve temperature
rom the contrast between primary and secondary eclipses and the 
etallicity from spectroscopic analysis of the primary star, assuming 

qual metallicities of both components. 
MNRAS 519, 3546–3563 (2023) 
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This allows us to compare the M-dwarfs parameters to theoretical
tructural models, like the MIST models. We find that all our M-
warfs are on a verage larger, b ut agree within the uncertainty with
he model predictions. This is also true for low-mass M-dwarfs with
nhanced metallicity, which follow the predicted trend of having a
arger radius as well as a cooler ef fecti ve temperature. Up to now,
he stellar models, as well as our transit model do not include
tellar activity. We have analysed TESS light curves for all our
ve targets and find a good (better than 1 per cent) agreement on

he M-dwarf radius in the different passband of both instruments.
iven the absence of strong activity indicated variability and flare

ctivity as well as this good agreement, we conclude that stellar
ctivity does not play a strong role in the derived uncertainties
or our five stars. This result is of particular importance for more
ctive stars on our CHEOPS programme, where activity-induced
hanges in parameters between the TESS and CHEOPS passbands
ight need to be accounted for. We have analysed the dependence

f derived M-dwarf parameters with priors used in the fit. We find
hat limb darkening parameters as well as orbital parameters like the
ccentricity and the argument of periastron are not well constrained
rom our model fit. Nevertheless, we find that, other than the limb
arkening coefficients, precise orbital parameters, obtained from
V observations are crucial to derive M-dwarf radii better than
 per cent. 
Together with SW21 , we increased the sample to eight low-
ass stars, with precise measured radii from CHEOPS data. Due

o the fact that the F,G,K-type primary companions are single-lined
inaries, that allow high-precision orbital characterization as well as
he determination of precise stellar parameters like metallicity, this
urv e y, once completed, will allow us to empirically shed light on
he radius inflation problem for very low-mass stars. 
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PPENDIX  A :  D E C O R R E L AT I O N  PA R A M E T E R S

Table A1. Decorrelation parameters fitted from CHEOPS multivi
are: image background level (dfdbg), PSF centroid position (dfdx

Target Eclipse dfdbg 
(10 −3 ) (1

EBLM J0239 −20 Primary –
Secondary 1 . 57 ± 0 . 90 
Secondary 1 . 21 ± 0 . 23 

EBLM J0540 −17 Primary 1 . 20 ± 0 . 82 7 . 33
Secondary 0 . 71 ± 0 . 77 
Secondary –
Secondary – 5 . 95

EBLM J0546 −18 Primary 4 . 80 ± 0 . 87 
Secondary –
Secondary 2 . 85 ± 0 . 66 11 . 3

EBLM J0719 + 25 Primary –
Secondary 1 . 22 ± 0 . 93 
Secondary –

EBLM J2359 + 44 Secondary 0 . 83 ± 0 . 40 
Primary 0 . 83 ± 0 . 26 

PPENDIX  B:  RV  MEASUREMENTS  

Table B1. RV measurements for EBLM J07

BJD - 2400000 
RV 

(km s −1 ) 

58436.57258 − 5 .9492 
58438.59676 12 .5703 
58536.40291 11 .1258 
58538.42658 − 9 .091 
58542.39085 10 .1391 
58562.39379 − 15 .9404 
58566.37826 10 .2797 
NRAS 519, 3546–3563 (2023) 

58761.63689 − 3 .306 
right N. J., Newton E. R., Williams P. K. G., Drake J. J., Yadav R. K., 2018,
MNRAS , 479, 2351 

echmeister M. et al., 2019, A&A , 627, A49 

TED  F RO M  CHEOPS  FITS  

lysis for each visit (in the same order as in Table 1 ). The parameters 
fdy), time (dfdt), and aperture contamination (dfdcontam). 

dfdy dfdt dfdcontam 

(10 −3 ) (10 −2 d −1 ) (10 −3 ) 

– – –
0 . 311 ± 0 . 085 2 . 924 ± 0 . 029 –

– 1 . 680 ± 0 . 029 –

9 – −0 . 31 ± 0 . 43 –
– – –

−0 . 51 ± 0 . 14 0 . 163 ± 0 . 036 –
1 −0 . 87 ± 0 . 17 – –

0 . 78 ± 0 . 23 – −1 . 73 ± 0 . 56 
– – −1.59 + / − 0.83 

 51 – 1 . 367 ± 0 . 079 –

– −0 . 496 ± 0 . 060 –
– 0 . 291 ± 0 . 061 –
– – –

0 . 208 ± 0 . 088 – −0 . 48 ± 0 . 27 
– – –

5. 

RV error (km s −1 ) Source 

0 .0079 SOPHIE 

0 .0057 SOPHIE 

0 .0058 SOPHIE 

0 .012 SOPHIE 

0 .0047 SOPHIE 

0 .0073 SOPHIE 

0 .0053 SOPHIE 
–
–
 ±
–
–

2 ±
–
–
–

–
–

1

0 .011 SOPHIE 

http://dx.doi.org/10.1051/0004-6361/201730993
http://dx.doi.org/10.1051/0004-6361/201834539
http://dx.doi.org/10.1093/mnras/sty1670
http://dx.doi.org/10.1051/0004-6361/201935460
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Table B2. RV measurements for EBLM J2359 + 44. 

BJD - 2400000 
RV 

(km s −1 ) RV error (km s −1 ) Source 

53310.6391 − 19 .07 0 .42 Poleski et al. 
53311.7990 − 26 .36 0 .50 Poleski et al. 
58436.31776 − 33 .537 0 .011 SOPHIE 

58438.40839 2 .8147 0 .0086 SOPHIE 

58685.56693 − 29 .4759 0 .012 SOPHIE 

58704.54724 − 8 .063 0 .014 SOPHIE 

58729.61888 − 20 .846 0 .013 SOPHIE 

58734.5406 11 .81 0 .015 SOPHIE 

58754.47118 − 33 .987 0 .015 SOPHIE 

58765.46162 − 31 .893 0 .011 SOPHIE 

59030.57795 10 .110 0 .011 SOPHIE 

59043.50347 1 .726 0 .014 SOPHIE 

59045.53151 − 9 .040 0 .012 SOPHIE 

59071.56389 − 27 .920 0 .012 SOPHIE 

59077.5554 1 .898 0 .012 SOPHIE 

59094.51791 − 29 .440 0 .011 SOPHIE 

59100.57485 0 .226 0 .012 SOPHIE 

APPENDIX  C :  EXPECTED  LIMB  DA R K E N I N G  COEFFI CI ENTS  

Table C1. Expected limb darkening coefficients derived for TESS and CHEOPS passbands. 

Target CHEOPS TESS 
h 1 h 2 h 1 h 2 

EBLM J0239 −20 0.743 ± 0.012 0.40 ± 0.05 0.798 ± 0.012 0.39 ± 0.05 
EBLM J0540 −17 0.773 ± 0.011 0.41 ± 0.05 0.826 ± 0.011 0.38 ± 0.05 
EBLM J0546 −18 0.771 ± 0.011 0.41 ± 0.05 0.822 ± 0.011 0.37 ± 0.05 
EBLM J0719 + 25 0.754 ± 0.011 0.41 ± 0.05 0.808 ± 0.011 0.39 ± 0.05 
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APPENDIX  D :  TESS FITS  

Figure D1. Fitted TESS light curves of all targets in phase intervals around the primary and secondary eclipse events. The observed data points are shown in 
cyan. The fitted light curve is shown in red. The residual of the fit is displayed below the fitted curves. 
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Figure D2. Fitted TESS light curves of all targets in phase intervals around the primary and secondary eclipse events. The observed data points are shown in 
cyan. The fitted light curve is shown in red. The residual of the fit is displayed below the fitted curves. 
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APPENDIX  E:  CHEOPS FITS  

Figure E1. Fitted CHEOPS light curves of all targets in phase intervals around the primary and secondary eclipse events. The observed data points are shown 
in cyan. The fitted light curve is shown in red. The residual of the fit is displayed in blue below the fitted curves. 
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Figure E2. Fitted CHEOPS light curves of all targets in phase intervals around the primary and secondary eclipse events. The observed data points are shown 
in cyan. The fitted light curve is shown in red. The residual of the fit is displayed in blue below the fitted curves. 
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Figure E3. Fitted CHEOPS light curves of all targets in phase intervals around the primary and secondary eclipse events. The observed data points are shown 
in cyan. The fitted light curve is shown in red. The residual of the fit is displayed in blue below the fitted curves. 
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