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Abstract

We report the identification and characterization of a new binary system composed of two near-equal mass
M-dwarfs. The binary NGTS-EB-8 was identified as a planet candidate in data from the Next Generation Transit
Survey (NGTS) by citizen scientists participating in the Planet Hunters NGTS project. High-resolution
spectroscopic observations reveal the system to be a double-lined binary. By modeling the photometric and radial
velocity observations, we determine an orbital period of 4.2 days and the masses and radii of both stars to be

= +M 0.250A 0.004
0.005 M⊙, = +M 0.208B 0.004

0.005 M⊙, and = +R 0.255A 0.005
0.004 R⊙, = +R 0.233B 0.005

0.006 R⊙, respectively. We
detect Balmer line emission from at least one of the stars but no significant flare activity. We note that both
components lie in the fully convective regime of low-mass stars (≲0.35 M⊙); therefore, they can be a valuable test
for stellar evolutionary models. We demonstrate that the photometric observations, speckle imaging, and initial
radial velocity measurements were unable to identify the true nature of this system and highlight that high-
resolution spectroscopic observations are crucial in determining whether systems such as this are in fact binaries.

Unified Astronomy Thesaurus concepts: Eclipsing binary stars (444); Transit photometry (1709); M dwarf
stars (982)
Materials only available in the online version of record: data behind figure, machine-readable table

1. Introduction

The accurate determination of stellar parameters forms the
foundation of many fields of astronomy, such as: under-
standing star formation and evolution (e.g., G. Chabrier et al.
2007; B. Paxton et al. 2013; K. Sen et al. 2022); obtaining
accurate planetary parameters (e.g., J. D. Hartman et al. 2015;
M. Perryman 2018; J. C. Morales et al. 2022); and the age-
dating of stars (e.g., L. A. Hillenbrand & R. J. White 2004;
R. D. Mathieu et al. 2007; T. J. David et al. 2019). Double-
lined eclipsing binaries are extremely valuable benchmark
systems in this context. The analysis of their light curves and

radial velocities (RVs) can provide precise, model-indepen-
dent measurements of the radii and masses of the stars that can
then be compared to theoretical predictions (e.g., G. Torres
et al. 2010; B. Kirk et al. 2016; K. G. Stassun &
G. Torres 2016; A. Prša et al. 2022). However, in the case
of M dwarfs, there exist discrepancies between theoretical
masses and radii from evolutionary models and those
measured from radial velocity and photometric observations
of eclipsing binaries (D. T. Hoxie 1970; F. Spada et al. 2013;
S. G. Parsons et al. 2018). This “radius inflation problem,”
where the observed radii of M dwarfs are found to be larger
than those predicted by models, is found for both early-type M
dwarfs and those beyond the fully convective boundary (e.g.,
G. A. Feiden & B. Chaboyer 2014; A. W. Mann et al. 2015;
A. Y. Kesseli et al. 2018; S. G. Parsons et al. 2018; A. Duck
et al. 2023). A number of mechanisms have been proposed to
explain this phenomenon, such as magnetic effects
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(D. J. Mullan & J. MacDonald 2001; G. Chabrier et al. 2007;
M. López-Morales 2007; J. MacDonald & D. J. Mullan 2014;
J. C. Morales et al. 2022) and metallicity (e.g., D. H. Berger
et al. 2006; A. von Boetticher et al. 2019); however, the
detection and subsequent characterization of more eclipsing
binaries is needed to understand this problem further.

In addition to eclipsing binaries being valuable tools to
improve the accuracy of stellar parameters, it is important to
identify systems that may be masquerading as exoplanets in
the context of planet occurrence rates (e.g., F. Fressin et al.
2013; J.-M. Désert et al. 2015; A. Santerne et al. 2016;
A. H. M. J. Triaud et al. 2017; K. A. Collins et al. 2018;
V. Tardugno Poleo et al. 2024). The process of confirming
or ruling out planet candidates is especially important, as
we probe the limits of planet formation where detections
are sparse and the derivation of occurrence rates often relies
on including planet candidates as true detections (e.g.,
C. D. Dressing & D. Charbonneau 2013; E. M. Bryant
et al. 2023; T. Gan et al. 2023). The study of giant planets
orbiting low-mass stars is of particular interest for planet
formation models as the theory of planet formation via core-
accretion predicts that giant planets should be rarer around
M dwarfs compared with FGK stars (G. M. Kennedy &
S. J. Kenyon 2008). The lower protoplanetary disk mass
(S. M. Andrews et al. 2013) and longer dynamical timescales
around low-mass stars slow the processes of planet formation
(e.g., G. Laughlin et al. 2004). There exists tension between
theoretical predictions and observational results in this regime.
Synthesis models from R. Burn et al. (2021) suggest the
occurrence rate for giant planets around stars with
M* < 0.4 M⊙ should be zero. Meanwhile, occurrence rates
from radial velocity and transit surveys have constrained the
occurrence rate of close-in giant planets orbiting low-mass
stars to 0.19%–0.5% (C. Obermeier et al. 2016; E. M. Bryant
et al. 2023; T. Gan et al. 2023; R. I. Glusman et al. 2025;
L. Mignon et al. 2025). However, as shown in E. M. Bryant
et al. (2023, hereafter B23), these occurrence rates can vary
across an order of magnitude between the cases where all or
none of the outstanding planet candidates are considered real
exoplanets. Thus, the identification of which planet candidates
are genuine and which are false positives is necessary for
making more precise measurements of the occurrence rate in
this sparse region of the parameter space.

It is in these contexts that we present the identification of
TIC-165227846 as an eclipsing binary system composed of
two late M dwarfs. Hereafter, we refer to this system as
NGTS-EB-8 (see T. Rodel et al. 2025, for details of this
naming convention). The transit signal of this system was
detected independently by B23 in data from the Transiting
Exoplanet Survey Satellite (TESS; G. R. Ricker et al. 2015),
and in data from the Next Generation Transit Survey (NGTS;
P. J. Wheatley et al. 2018) through the Planet Hunters NGTS
citizen science project14 (S. M. O’Brien et al. 2024). We
describe the previous observations and new data obtained for
NGTS-EB-8 and the method applied to measure the radial
velocities and characterize the spectra of the system in
Section 2. Section 3 describes the modeling of all of the
available photometric and radial velocity data with a variety of
models to derive orbital and physical parameters. We analyze
the flare activity of the system in Section 4. In Section 5, we

discuss the properties of this system determined from the
different modeling approaches in the context of other M+M
double-lined eclipsing binaries and the M dwarf radius
inflation problem, and in connection with constraining the
occurrence rates of giant planets orbiting low-mass stars.
Finally, in Section 6 we outline our conclusions and the
possibility of future work on this system.

2. Data

Here we describe the data obtained for NGTS-EB-8. We
briefly describe the previous photometric and speckle imaging
observations obtained for this system in Section 2.1. A
description of the additional photometry obtained from the
Asteroid Terrestrial-impact Last Alert System (ATLAS;
J. L. Tonry et al. 2018b) survey is provided in Section 2.2.
The spectroscopic observations, method applied to extract
radial velocity measurements and spectroscopic characteriza-
tion are described in Section 2.3. Table 1 provides information
on the identifiers, coordinates, and magnitudes from various
sources for NGTS-EB-8.

2.1. Previous Observations

S. M. O’Brien et al. (2024) presented photometry from:
NGTS; four individual transit observations in different filters
(z , g , i , V ) using the Sutherland High-speed Optical Camera
(SHOC; R. Coppejans et al. 2013) at the South African
Astronomical Observatory (SAAO); and four TESS sectors
(Sectors 10, 37, 63, and 64). The TESS Sector 10 data was also
presented in the discovery of this system by B23. Gemini/
Zorro speckle imaging (N. J. Scott et al. 2021; S. B. Howell &
E. Furlan 2022) was also presented in S. M. O’Brien et al.
(2024) that revealed no stellar companions within 1.17 of the
target at approximately the 4–7 mag limit in either Zorro filter.
We refer the reader to S. M. O’Brien et al. (2024) for details of
these observations. From the photometric observations,
S. M. O’Brien et al. (2024) measured an orbital period of
P = 2.09 days and a transit depth of 13.1% that, when
combined with the stellar radius of 0.32 R⊙ from the TESS
Input Catalog (TIC; K. G. Stassun et al. 2018, 2019; M. Pae-
gert et al. 2021), results in an estimated companion radius of

+1.61 0.13
0.13 RJ. We also note that the TESS Data Validation

Report (J. Twicken et al. 2019) generated due to the automated
detection of transit events in TESS data did not flag this
candidate as a planet candidate or an eclipsing binary. We
analyze these data and the additional follow-up data described
below to characterize this system.

2.2. ATLAS Photometry

The primary mission of ATLAS (J. L. Tonry et al. 2018b) is
to detect potentially hazardous near-Earth asteroids by
conducting an all-sky survey. The survey consists of four
0.5 m telescopes with two units in Hawai‘i, Haleakala (HKO)
and Maunaloa (MLO), and one each in El Sauce, Chile (CHL)
and Sutherland, South Africa (STH). This provides coverage
of 80% of the night sky every night. The telescopes reach a
limiting magnitude of approximately 19.5 mag in two
nonstandard wide-band filters, cyan (c, 420–650 nm) and
orange (o, 560–820 nm). Given our target has a decl. of
approximately −40 deg and median magnitudes of mo ∼
14.7 mag and mc ∼ 16.3 mag, we are able to access the
existing ATLAS data to obtain a long baseline (9 yr) of14 ngts.planethunters.org
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photometry for NGTS-EB-8. These data allow for the
opportunity to characterize the long-term flare activity of the
star (Section 4). We note that frequent observations began in
late 2017 following the installation of the second telescope
(MLO) in Hawai‘i, while the two Southern Hemisphere
telescope units (CHL and STH) came online in late 2021,
providing even higher cadence observations for this southern
target. We obtain reduced ATLAS photometric data using the
ATLAS Forced Photometry Server15 (L. Shingles et al. 2021).
Further details of the ATLAS system and data-reduction
pipeline are described in J. L. Tonry et al. (2018a, 2018b) and
K. W. Smith et al. (2020). We clean the ATLAS data to
remove bad measurements, following a method similar to that
described in M. M. Dobson et al. (2023), by removing

observations where the apparent magnitude is dimmer than (i)
the 5σ limiting magnitude of the image (to ensure the
observation was of good quality), and (ii) the 3σ upper
magnitude limit derived from the flux uncertainty (ensuring the
target object could be detected on the image). We also remove
data points with uncertainties larger than the 95th percentile of
all uncertainties to remove observations that were likely taken
during poor observing conditions.

To further mitigate against telescope systematics, we
generate ATLAS light curves for a sample of nearby stars
and then perform relative photometry. We select all stars from
the TIC (K. G. Stassun et al. 2018, 2019) within 3′ of our
target and with 13 � GRP � 16 where GRP is the Gaia RP
magnitude (Gaia Collaboration et al. 2016, 2023). We choose
this magnitude range to ensure that the comparison stars are of
similar brightness to our target (GRP = 13.53 mag), while also
not saturating the ATLAS detector or being too faint to
generate a good-quality light curve. We select the 3′ limit to
provide enough comparison stars to construct a reliable master
reference “star” while ensuring the comparison stars are close
enough to the target that they may exhibit any systematics
effecting all stars in the field. This provides a sample of 15
comparison stars. We clean these light curves using the same
procedure as described above. We divide the target star flux by
the mean of the fluxes of the comparison stars and normalize
the light curve by dividing by the median flux. We remove
measurements for the target star where there are fewer than 15
comparison stars at the given time stamp. Prior to this relative
photometry step, the measurements from the CHL unit show
significant scatter (σ = 0.074) compared with those measured
by the STH unit during the same time period (σ = 0.025). We
note that the relative photometry method significantly reduces
the scatter in the measurements made by the CHL unit
(σ = 0.023).

Figure 1 shows the ATLAS o- and c-band light curves after
performing relative photometry. We can tentatively attribute
the flux measurements that are significantly below the median
to be due to the primary and secondary eclipses. Figure 8
shows the phase-folded light curves for both ATLAS
bandpasses where we can determine that we do indeed recover
the primary and secondary eclipses in the ATLAS light curves.
The measurement of the eclipses in ATLAS data presents
the possibility of utilizing all-sky surveys such as ATLAS, the
Zwicky Transient Facility (ZTF; E. C. Bellm et al. 2019), the
Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS K. C. Chambers et al. 2016), and, in the near
future, the Legacy Survey of Space and Time (LSST; Ž. Ivezić
et al. 2019), to carry out more focused searches to detect deep
transits resulting from eclipsing binaries or giant planets
orbiting low-mass stars. White dwarf+main-sequence binaries
that also display these deep eclipses have been successfully
recovered in Catalina and ZTF survey data (e.g., S. G. Parsons
et al. 2013, 2015; A. J. Brown et al. 2023). The regular, deep,
long-baseline photometry of these surveys compared with
conventional exoplanet transit surveys raises the possibility to
probe longer-period EBs and giant planets orbiting low-mass
stars.

2.3. Spectroscopy

Here we describe the spectroscopic follow-up data obtained
for the NGTS-EB-8 system. We obtained spectroscopic
observations from the Near Infra-Red Planet Searcher (NIRPS;

Table 1
NGTS-EB-8 Catalog Information

Property Value Source

Identifiers

2MASS ID 11551666–4008570 2MASS
Gaia Source ID 3459141135209729536 Gaia DR3
TIC ID 165227846 TIC v8.2

Coordinates

R.A. (J2000, HH:MM:SS.SSS) 11:55:16.668 Gaia DR3
Decl. (J2000, DD:MM:SS.SSS) −40:08:57.07 Gaia DR3

Proper motion and parallax

μR.A. (mas yr−1) −18.916 ± 0.017 Gaia DR3
μdecl. (mas yr−1) −48.513 ± 0.017 Gaia DR3
Parallax (mas) 16.04 ± 0.31 Gaia DR3

Magnitudes

V (mag) 16.365 ± 1.133 UCAC4
B (mag) 18.372 ± 0.161 2MASS
g (mag) 16.640 ± 0.009 SkyMapper
r (mag) 15.627 ± 0.006 SkyMapper
i (mag) 13.890 ± 0.004 SkyMapper
z (mag) 13.216 ± 0.007 SkyMapper
G (mag) 14.7767 ± 0.0005 Gaia DR3a

BP (mag) 16.477 ± 0.004 Gaia DR3a

RP (mag) 13.5299 ± 0.0007 Gaia DR3a

TESS (mag) 13.458 ± 0.007 TIC v8.2
J (mag) 11.743 ± 0.021 2MASS
H (mag) 11.169 ± 0.022 2MASS
K (mag) 10.885 ± 0.019 2MASS
W1 (mag) 10.723 ± 0.023 ALLWISE
W2 (mag) 10.545 ± 0.021 ALLWISE

Note. Sources: Two Micron All Sky Survey (2MASS; M. F. Skrutskie et al.
2006); Gaia DR3 (Gaia Collaboration et al. 2016, 2023); TIC v8.2
(K. G. Stassun et al. 2019); UCAC4 (N. Zacharias et al. 2013); SkyMapper
(C. A. Onken et al. 2024); ALLWISE (E. L. Wright et al. 2010).
a Gaia magnitudes are calculated from the measured flux values; thus, Gaia
DR3 does not report magnitude uncertainties as the transformation from
fluxes to magnitudes is nonlinear and would results in an asymmetric
error distribution (M. Riello et al. 2021). We calculate the upper and

lower magnitude uncertainties as ( )=
+

m 2.5 log f

f fupper 10 and =mlower

( )2.5 log f f

f10 , respectively. In practice, the uncertainties are symmetric to

the precision quoted.

15 https://fallingstar-data.com/forcedphot/
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F. Bouchy et al. 2017; F. Wildi et al. 2022) in 2023 April and
Gemini High-resolution Optical SpecTrograph (GHOST;
M. Ireland et al. 2014; A. W. McConnachie et al.
2022, 2024; C. R. Hayes et al. 2023) in 2024 May. The radial
velocities measured from the GHOST data informed the radial
velocity extraction method applied to the NIRPS data. The
radial velocities measured from both data informed our
spectroscopic characterization of the two stars.

2.3.1. GHOST

The GHOST instrument, installed on the Gemini South
telescope, provides high-resolution spectra across a wide
wavelength range (383–1000 nm). The spectra are split into a
blue and a red camera with wavelength ranges of 347–542 nm
and 520–1060 nm, respectively. We obtained two consecutive
exposures with exposure times of 700 s on 2024 May 3 using
the high-resolution (R ∼ 76,000) mode for GHOST. We
elected to obtain two exposures to ensure that in the event of
cosmic rays or other losses, we would have sufficient data and
signal-to-noise to carry out the desired analysis. We used the
default medium and slow readout speeds for the red and blue
cameras, respectively. We determined there was little risk of
object merging as our target is in an uncrowded field;
therefore, we elected for 1× 4 (spectral x spatial) binning to
improve the signal-to-noise of our observations. We obtained a
telluric standard of the A0V star HIP 60985 with an exposure
time of 120 s immediately following the science target

exposures in order to mitigate the effects of the Earth’s
atmosphere in the data reduction/analysis. The data were
reduced using the DRAGONS software (K. Labrie et al.
2023a, 2023b), following the default parameters and standard
steps recommended for the GHOST Data Reduction
(V. M. Placco et al. 2024). These steps are bias subtraction,
flat correction, wavelength calibration, sky subtraction, and
correcting for barycentric motion.

2.3.2. NIRPS

The Near Infra-Red Planet Searcher (NIRPS; F. Bouchy
et al. 2017; F. Wildi et al. 2022) is a high-resolution échelle
spectrograph mounted on the ESO 3.6 m telescope at La Silla
Observatory. When combined with the High Accuracy Radial
velocity Planet Searcher (HARPS; M. Mayor et al. 2003), this
allows for simultaneous spectral coverage in the NIR
(971–1854 nm) and VIS (378–691 nm) channels. We obtained
HARPS spectra in addition to the NIRPS spectra described
below; however, the HARPS data were determined to have too
low signal-to-noise and were discarded from further analysis.
For NGTS-EB-8, we obtained 18 spectra (across nine
individual nights) with NIRPS between 2023 April 1 and
2023 April 27 under program No. 111.254E.001. We obtained
two consecutive exposures per night using NIRPS with
exposure times ranging from 600–900 s. We elected to use
two subexposures, as exposure times >1000 s are not
recommended for NIRPS. This is due to the possibility of

2457500 2458000 2458500 2459000 2459500 2460000 2460500
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Figure 1. ATLAS photometric data for NGTS-EB-8. o-band and c-band measurements are shown in orange and cyan, respectively.
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smearing of telluric absorption lines and increased readout
noise (European Southern Observatory 2022). The exposure
times were increased after the first three nights of observation
to improve signal-to-noise following preliminary checks of the
data. NIRPS observations were obtained in high efficiency
(HE; R ∼ 75,000) mode. Data were reduced using the standard
NIRPS DRS pipeline.

2.3.3. Radial Velocity Measurement

We first analyze the GHOST spectra to measure the radial
velocities. We mask out the telluric regions manually after
visual inspection of the telluric standard spectrum. We use the
iSpec package (S. Blanco-Cuaresma et al. 2014; S. Blanco-
-Cuaresma 2019) to fit a spline to the continuum of each
spectrum and then divide through by the fitted continuum to
normalize the spectra. We then use iSpec to cross-correlate
both spectra with an M5 stellar mask from the High Accuracy
Radial velocity Planet Searcher (HARPS; F. Pepe et al. 2002;
M. Mayor et al. 2003) pipeline to obtain a cross-correlation
function (CCF; A. Baranne et al. 1996; F. Pepe et al. 2002).
We opt for an M5 mask, as this is the closest match of the
templates available in iSpec to the spectral type of the
presumed host star (∼M3). We calculate the CCF across a
velocity range of −100 to 100 km s−1 with step sizes of
0.5 km s−1. While the wavelength range of the mask
(400–687 nm) is much smaller than the spectral range of
GHOST, this CCF is sufficient to identify the double-lined
nature of the spectra (SB2). The CCF for the first exposure in

Figure 2 shows two clear troughs, and we measure radial
velocities of 34.77 ± 0.03 km s−1 and −1.93 ± 0.05 km s−1

for the two components by fitting Gaussians to each trough.
The Gaussians are fitted using scipy.optimize.cur-
ve_fit using the Trust Region Reflective minimization
algorithm that is designed to provide a robust fit (P. Virtanen
et al. 2020). We measure the radial velocity as the center of the
Gaussian with the errors calculated as 2 where σ2 is the
variance on the parameter estimated by curve_fit. We find
velocities of 35.73 ± 0.03 km s−1 and −2.83 ± 0.05 km s−1

from the second science spectrum. This confirms the double-
lined nature of the spectra, revealing this system to be a binary
star system.

We use the two pairs of radial velocities measured from the
GHOST CCFs to obtain initial estimates for the masses of the
two components that we use for subsequent analysis. This is
achieved by generating model radial velocity curves for both
components across a range of masses (0.05 � MA, MB �
0.4 M⊙). We test two orbital periods: (1) P = 2.10 days, which
was measured from transit photometry and reported in
S. M. O’Brien et al. (2024), and (2) P = 4.19 days, that is,
twice the reported orbital period assuming the primary and
secondary eclipses were erroneously attributed to being the
same transit event. We calculate the expected RV of both
components at the two GHOST epochs from simple Keplerian
models and compare these expected RVs to the RVs measured
from the GHOST CCFs via a chi-squared statistic. Taking the
minimum chi-square value for these fits, we find better
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Figure 2. CCF for the first GHOST spectrum of NGTS-EB-8 cross-correlated with the HARPS M5 mask. The solid blue line shows the median CCF. The orange and
green dashed lines show the Gaussian fits for the primary and secondary component, respectively.
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agreement with an orbital period of P = 4.19 days and estimate
the two masses to be ∼0.21 M⊙ and ∼0.18 M⊙.

Following the observations taken with GHOST and the
identification of the system as an SB2, we analyzed these
NIRPS data with a wide velocity window of (Vsys−100,
Vsys+100) km s−1 when calculating the CCF. The NIRPS
CCFs were calculated using an M2 mask, as this is the closest
match of the templates available in the NIRPS pipeline to the
spectral type of the presumed stars. This reveals radial velocity
signals for both components in the NIRPS CCFs, and we
highlight this as an example where wide velocity ranges are
necessary for cross-correlation to ensure the signals of multiple
stellar components are not missed (e.g., M. R. Standing et al.
2023; D. Sebastian et al. 2024). We utilize the mass estimates
obtained from the analysis of the GHOST RVs and an orbital
period of P = 4.19 days to calculate the expected radial
velocities of each component at each NIRPS epoch. We then
use these estimates as initial guesses to fit two Gaussians to the
NIRPS CCFs following the same approach used for measuring
the RVs from the GHOST CCFs. Figure 3 shows the CCF for a
single epoch of NIRPS data. We extract radial velocities for
both components at most epochs, although we are unable to
measure the radial velocity when the signal lies close to the
sky emission peak around 0 km s−1 that persists even after data
reduction. The radial velocities and associated errors for the
NIRPS and GHOST observations are listed in Table 2.

In order to determine a more accurate mass ratio to inform
our spectroscopic characterization (Section 2.3.4) and model
fitting (Section 3), we perform a preliminary fit of the NIRPS

and GHOST RVs for the primary and secondary component
using the allesfitter package (M. N. Günther &
T. Daylan 2019, 2021). Allesfitter combines ellc
(light curve and RV models; P. F. L. Maxted 2016),
emcee (D. Foreman-Mackey et al. 2013), dynesty (Nested
Sampling, NS; J. S. Speagle 2020) and celerite (D. Fore-
man-Mackey et al. 2017) to fit a range of data, with models
available for a variety of signals including eclipsing binaries.
We estimate the mass ratio of the system as q = 0.86 ± 0.04
that we then use to constrain the parameter space of models
considered in Section 2.3.4.

2.3.4. Spectroscopic Characterization

We analyze the first GHOST spectrum to estimate the stellar
atmospheric parameters (effective temperature (Teff), surface
gravity ( glog ), and metallicity ([Fe/H])) of both components.
We did not observe a spectrophotometric standard star to
perform absolute flux calibration of the spectrum of
NGTS-EB-8, and therefore, we opt to compare our spectrum
to synthetic spectra across smaller regions of the spectra. We
use a selection of regions defined in the PyHammer
software package (A. Y. Kesseli et al. 2017; B. R. Roulston
et al. 2020) that is based on the Hammer code described in
K. R. Covey et al. (2007). These packages are primarily
designed for spectral typing stars using medium-resolution
(R ∼ 1000–10,000) spectra and, thus, utilize the measurement
of spectral indices to determine the closest match template
spectra. However, given the high resolution (R ∼ 76,000) of
the GHOST spectrum we obtained, we opt to use χ2-fitting to
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Figure 3. The CCF for the NIRPS spectrum of NGTS-EB-8 from the night of 2023 April 27 cross-correlated with the NIRPS M2 mask. The solid blue line shows the
CCF. The vertical dashed–dotted pink line shows the barycentric Earth radial velocity (BERV) value that coincides with the sky emission peak. The orange and
green dashed lines show the Gaussian fits for the primary and secondary component, respectively.
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more accurately compare the shape of specific absorption
features in our observed spectrum to those in templates that we
create from PHOENIX synthetic spectra (T.-O. Husser et al.
2013).16 The regions of the spectra that we analyze are defined
in Table 3. We define the full wavelength range around each
feature over which we calculate the χ2-statistic and a flux
normalization range where we take the median of each spectra
in this region and divide the flux measurements across the full
region to locally normalize the observed spectra and the
templates. The templates are constructed using PHOENIX
synthetic spectra with 2300 � Teff � 4000 K, 4.00 � glog �
5.50, and −4.0 � [Fe/H] � +1.0. We create template SB2
spectra by combining the synthetic spectra in pairs. The fluxes
of each synthetic spectra are added together with equal
weighting after shifting each component by the radial
velocities measured in Section 2.3.3 for the first GHOST
spectrum. We interpolate the template SB2 spectra onto the
wavelength grid of the first GHOST spectrum.

Prior to calculating the χ2 in each region, we manually
remove wavelengths/pixels in the observed spectrum that
show significant telluric absorption in each region defined in
Table 3. We do this by visually comparing the observed
spectrum of NGTS-EB-8 to the spectrum of the telluric
standard star and a PHOENIX model with Teff = 10,000 K,

glog = 3.50, and [Fe/H] = −0.5 that represents a synthetic
(telluric-free) spectrum of an A0V star. Figure 4 shows an
example of the telluric absorption lines that were identified and
removed around the Na I feature. Additionally, we perform a
relative flux calibration in each region using the telluric
standard star. We fit the continua of the telluric standard star
and the PHOENIX model with Teff = 10,000 K, glog =
3.50, and [Fe/H] = −0.5 using a second-order polynomial fit
to the continuum regions. We calculate the ratio of these
continua to approximate the effects of the instrument as a
function of wavelength and then divide our spectrum of
NGTS-EB-8 by these values. Figure 5 shows an example of

this relative flux calibration step for the VO feature around
746 nm. We see that this step partially removes the gradient in
this region of the spectrum that is introduced by the
instrument. We compare the calibrated spectrum of NGTS-
EB-8 to each template spectra by calculating the χ2 across all
regions defined in Table 3. The number of data points across
all regions is Ndata = 30,414. We do not fit directly for Teff,

glog , and [Fe/H], but rather compare our observed spectrum
to a fixed grid of template spectra and therefore the number of
degrees of freedom is ν = Ndata = 30,414. Given the number
of degrees of freedom is consistent between the fits to all of the
template spectra, we quote reduced χ2 values ( =2 2

) in the
following discussion.

We use the mass ratio estimated in Section 2.3.3,
q = 0.86 ± 0.04, to restrict the templates considered to have
0.72 � q � 1.00 (the 99.99994% confidence interval for q) and
find a minimum 2 of 13.44. This indicates that best-fit

Table 2
Spectroscopic Data for NGTS-EB-8

Time RVA RVA RVB RVB Inst. texp

(BJD) (km s−1) (km s−1) (km s−1) (km s−1) (s)

2460036.5838657410 54.02 1.15 −34.74 1.64 NIRPS 600
2460036.5909606484 56.69 1.03 −33.18 1.71 NIRPS 600
2460037.5748148146 45.86 1.01 −37.57 2.63 NIRPS 600
2460037.5819097220 45.41 1.10 −37.18 3.02 NIRPS 600
2460038.7501967590 −28.48 1.44 62.72 1.17 NIRPS 600
2460038.7572916667 −25.49 0.72 63.86 1.00 NIRPS 600
2460043.6322337960 −20.47 1.64 61.59 1.81 NIRPS 900
2460043.6427430560 −19.75 1.41 60.38 0.95 NIRPS 900
2460044.6956828700 44.27 0.18 −13.36 0.29 NIRPS 900
2460044.7061921298 45.34 0.16 −14.16 0.36 NIRPS 900
2460056.7382870370 ⋯ ⋯ 29.69 2.88 NIRPS 900
2460056.7488078703 ⋯ ⋯ 30.99 2.71 NIRPS 900
2460057.6154513890 58.36 0.98 −40.42 2.25 NIRPS 900
2460057.6259722220 60.25 0.79 −37.38 1.46 NIRPS 900
2460058.5633217595 42.76 1.06 ⋯ ⋯ NIRPS 900
2460058.5738310185 42.50 1.04 ⋯ ⋯ NIRPS 900
2460061.5710185184 48.29 0.35 −19.59 0.35 NIRPS 900
2460061.5815277780 50.40 0.30 −19.58 0.28 NIRPS 900
2460434.5235763890 34.77 0.03 −1.93 0.05 GHOST 700
2460434.5362847224 35.73 0.03 −2.83 0.05 GHOST 700

Table 3
Spectral Features Derived from Spectral Indices Described in B. R. Roulston

et al. (2020)

Spectral Feature Wavelength Range Flux Normalization Range
(nm) (nm)

NaD 587.1630–594.6645 591.1638–593.6645
Ca I 603.0000–618.6709 604.5400–606.0700
TiO 703.3942–714.6967 704.3942–704.7943
VO 735.2025–756.2082 742.2044–747.2057
VO 790.3500–812.2200 796.2190–800.2200
Na I 814.3241–821.3255 815.3241–817.5248
TiO 837.0000–844.8000 840.1000–841.0000
Ca II 847.5331–855.5347 851.6000–853.8000
Ca II/Fe I 861.7369–870.0000 862.7369–865.2376
FeH 981.0000–998.0000 982.0000–986.0000

Note. The wavelength range defines the full range over which the χ2-statistic
is calculated. The flux normalization range defines the region used to
normalize both the observed and template spectra by dividing by the median
flux value in this range.

16 https://phoenix.astro.physik.uni-goettingen.de/
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template does not fit the data well, highlighting the challenges
in the spectroscopic characterization of M dwarf binaries, but
we stress that the primary goal of this characterization is to
provide initial estimates and priors for the eclipse and RV
modeling in Section 3. We select all template fits with a 2

within 1 of this minimum 2 and find that the radius ratio,

=k R

R
B

A
, of the two components used to construct each template

shows distinct clusters for the best-fitting templates, as seen in
Figure 6. We use these results of the spectroscopic
characterization to perform four separate fits to the eclipse
photometry and RV measurements in Section 3. We consider a
model with a full range of radius ratios allowed (0.15 � k � 1,
“Full k-range model”) where this range is determined as the
99.99994% confidence interval of radius ratio values for all of
the best-fitting templates included in Figure 6. We also

consider three models with restricted ranges for the radius
ratio. The ranges of radius ratios for each model are
determined by calculating the 99.99994% confidence intervals
of the radius ratios of the best-fitting templates in each cluster
shown in Figure 6. The clusters are broadly defined as: a “High
k-range model” with k > 0.8; a “Middle k-range model” with
0.4 < k < 0.7; and a “Low k-range model” with k < 0.4. The
calculation of the confidence intervals then provides us with
uniform priors for the radius ratio for each of the “High,”
“Middle,” and “Low” models as: 0.86 � k � 1, 0.48 � k �
0.56, and 0.15 � k � 0.32, respectively. We show the first
GHOST spectrum of NGTS-EB-8 and the best-fitting template
from the “High k-range model” for the 10 spectral regions we
fit in Figure 15 in Appendix A. We discuss the different
models and the choice to show the best-fitting template from
the “High k-range model” in Sections 3 and 5. We report the
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Figure 4. Telluric line identification for the Na I region, zoomed on the Na I feature around 819 nm. Top panel: GHOST spectrum of NGTS-EB-8 shown in black.
Regions identified as telluric absorption features are highlighted in red and marked with ⊕. Bottom panel: GHOST spectrum of the telluric standard star (HIP 60985)
in blue and the synthetic PHOENIX spectrum that represents an A0V star in orange.
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spectroscopic parameters (Teff, glog , and [Fe/H]) for all
models in Table 4. In some cases, we find the upper or lower
confidence interval values for some of the parameters are
equivalent to the median value. Given the poor quality of the
spectral fits, we opt to impose minimum errors in these cases
of 100 K, 0.5 log(cgs), and 0.5 dex for the temperature, surface
gravity, and metallicity, respectively. These minimum values
are determined from the step sizes in each parameter for the
PHOENIX synthetic spectra.

Finally, Figure 7 shows the weighted average of both
GHOST spectra zoomed on the Hα and Hβ lines. We detect
emission in these lines that is often an indicator of stellar
activity (e.g., E. Berger 2006; A. Scholz et al. 2007;
K. G. Stassun et al. 2012). We are unable to determine
whether the emission is from one or both stellar components.

3. System Modeling

We use the allesfitter package (M. N. Günther &
T. Daylan 2019, 2021) to simultaneously fit the photometric

and spectroscopic data and determine the system parameters
for each of the four models described in Section 2.3.4.

We use the stellar atmospheric parameters in Table 4 and
the PyLDTk package (H. Parviainen & S. Aigrain 2015),
which utilizes Phoenix V2 models (T.-O. Husser et al. 2013)
and transmission curves from the Spanish Virtual Observatory
(SVO) Filter Service (C. Rodrigo et al. 2012; C. Rodrigo &
E. Solano 2020), to estimate initial guesses for the limb-
darkening coefficients for both stars in all filters for each of the
models considered. We adopt a quadratic limb-darkening law
in all cases. We couple the limb-darkening coefficients for all
TESS sectors to reduce the number of free parameters.

For each model, we estimate the surface brightness ratios of
the two stars in all photometric filters as follows. We convolve
the PHOENIX spectra that were used to construct the SB2
templates described in Section 2.3.4 with the transmission
curves for each photometric filter. We numerically integrate
under these convolved spectra using Simpson’s rule and
calculate the ratio of these values for each of the best-fitting
SB2 templates. We then set the initial guess for each surface
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brightness ratio as the median value, SBmed. We use a normal
distribution for the prior, centered on SBmed with a standard
deviation σ = max[SBmed − SBLL, SBUL − SBmed], where
SBLL and SBUL are the lower and upper 68% confidence
intervals, respectively, of the surface brightness estimates. We
couple these parameters for all TESS sectors to reduce the
number of free parameters.

We implement the Matérn 3/2 Gaussian Process (GP)
kernel to model any photometric variability as this kernel is
versatile in its ability to model both long and short-term trends
(M. N. Günther & T. Daylan 2021). The GP hyperparameters
for each instrument are estimated from out-of-transit data and

then fixed for the full fits to reduce the number of free
parameters. To test the impact of including a GP in our
modeling, we run a fit without the GP for any instrument. The
posteriors of the fit without the GP are erratic, and the
logarithmic Bayes factors comparing the GP fits with the non-
GP fit are Zln 70,000, indicating that the GP fits are
overwhelmingly preferred. Therefore, we adopt the parameters
determined from the fits including the GP kernel to model any
variability in the light curves.

Given the long exposure times used for TESS Sector 10
(texp = 1800 s), TESS Sector 37 (texp = 600 s), and the SAAO
observations taken on 2023 February 28 with the g filter
(texp = 600 s), we use finer sampling grids for the light curve
models for each of these photometric data sets. We use grids
10 and 5 times finer for the 1800 s and 600 s exposure time
data, respectively (see M. N. Günther & T. Daylan 2021 for
details). Due to the large pixel scale of TESS
(21 arcsec pixel–1), the TESS data are fit with a dilution factor
to account for any contributions from nearby stars.

Despite fixing multiple parameters, due to the large number
of instruments used, there remain 55 free parameters. We
attempted using a Markov Chain Monte Carlo (MCMC)
approach; however, the fits did not converge after 200,000
steps. Therefore, we employ a nested sampling approach rather
than MCMC to ensure the fit converges in a reasonable
timescale (M. N. Günther & T. Daylan 2021). We use the
default Nested Sampling settings for dynesty recommended

0.0 0.2 0.4 0.6 0.8 1.0
Radius ratio

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5
Nu

m
be

r o
f t

em
pl

at
es

Figure 6. Distribution of radius ratios of the best-fitting templates to the GHOST spectrum of NGTS-EB-8. The median radius ratio, kmed = 0.91 is marked as a
vertical dashed line. The 68% confidence interval, [0.31, 0.97], is shown as dashed–dotted lines.

Table 4
Spectroscopic Parameters for NGTS-EB-8 A and NGTS-EB-8 B for Each of
the Models across Different Regions of the Radius Ratio Parameter Space

Parameter (Unit) Full Low Middle High

Teff,A (K) +3500 200
100 +3400 100

100 +3500 100
100 +3500 200

100

glog A (log(cgs)) +5.00 0.50
0.50 +4.50 0.50

0.50 +5.00 0.50
0.50 +5.50 0.50

0.50

[Fe/H]A (dex) +0.0 0.5
0.5 +0.5 0.5

0.5 +0.0 0.5
0.5 +0.0 0.5

0.5

Teff,B (K) +3300 100
100 +3300 100

100 +3300 100
100 +3300 100

100

glog B (log(cgs)) +5.50 0.50
0.50 +5.50 0.50

0.50 +5.50 0.50
0.50 +5.50 0.50

0.50

[Fe/H]B (dex) +0.0 0.5
0.5 +0.0 0.5

0.5 +0.0 0.5
0.5 +0.0 0.5

0.5

Note. Uncertainties are the 68% confidence intervals or minimum errors
imposed as described in text.
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in M. N. Günther & T. Daylan (2021), that is: algorithm,
dynamic; number of live points, nlive = 500; prior bound
method, single; live point update method, rwalk; and tolerance
of convergence criterion, ntol = 0.01. We refer the reader to
J. S. Speagle (2020) and M. N. Günther & T. Daylan (2021)
for more detail.
dynesty provides a measure of the logarithmic Bayesian

evidence for each model that we can use to compare how well
each model fits the data. We compare two different models
by calculating the logarithmic Bayes factor =Z Zln ln2,1 2

Zln 1 where Zln 2 and Zln 1 are the logarithmic Bayesian
evidences for given models. We find the logarithmic
Bayesian evidence for the low k-range model to be =Zln low

±38682.1 0.3. This is significantly smaller ( >Zln n, low
4000) than the evidences calculated for each of the other three
models (n = full, middle, high), and therefore, we discard this
model from further consideration.

We report the key fitted and derived parameters for NGTS-
EB-8 for the three remaining models in Table 5. The derived
parameters are calculated using the series of equations
presented in R. W. Hilditch (2001), to which we refer the
reader for further details. We also include the logarithmic
Bayesian evidence for each model calculated by dynesty.
We see that, other than the radius ratio, the fitted parameters
are broadly consistent across the three models. The radius
ratios for the Full and Middle k-range models are consistent
within the uncertainties, while the radius ratio for the High k-
range model is much larger. We see that the Bayesian

evidences suggest preference toward the Full and Middle
k-range models with Zln Full , High and Zln Middle , High both
>3, indicating strong evidence in favor of these models com-
pared with the High k-range model, with a slight preference
toward the Full k-range (R. E. Kass & A. E. Raftery 1995;
H. Jeffreys 1998; R. Trotta 2008). However, the differences in
the radius ratios propagate into the determinations of the stellar
radii (RA and RB) and, as later discussed in Section 5.1, lead to
significant differences between the derived radii for the Full
and Middle k-range models, and the M dwarf mass–radius
relations presented in Section 5.1. We therefore opt to show
the best-fit model from allesfitter for the High k-range
model in Figures 8 and 9 that show the photometric data and
radial velocities, respectively.

We derive the eclipse depths for both the primary and
secondary eclipses across each instrument. This is to test two
phenomena: whether a clear depth difference exists between
the primary and secondary eclipses, a commonly used test for
binarity in exoplanet transit searches (F. T. O’Donovan et al.
2006; S. B. Howell et al. 2011; J. Lillo-Box et al. 2014;
D. R. Ciardi et al. 2015; K. V. Lester et al. 2021), and whether
the systems exhibit eclipses of varying depths when viewed in
multiple bandpasses, which is an indicator that a system is
composed of two stars of differing colors (F. Rosenblatt 1971;
A. J. Drake 2003; B. Tingley 2004; H. Parviainen et al. 2019).
These eclipse depth measurements are shown in Figure 10. We
find the observations of the primary eclipse using SAAO with
multiple filters are also broadly consistent within the
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uncertainties; thus, we are unable to detect any variation in the
eclipse depths that would have been indicative of the system
being composed of two stars of differing colors. We identify a
systematic depth difference between the primary and second-
ary eclipse depths across all bandpasses where we observe
both eclipses. However, we note the difference is not
significant in any one data set. We measure the depth
difference to be <15 ppt in all bandpasses, while we measure
the standard deviation of the flux of each light curve (σLC) to
be >15 ppt. B23 utilized only the TESS Sector 10 light curve
in which the depths are fully consistent within the reported
uncertainties; therefore, the candidate successfully passed the
odd/even check described in their work. Likewise, this depth
difference was not identified during the vetting and analysis of
the data described in S. M. O’Brien et al. (2024). For
instruments where we have detections of both the primary and
secondary eclipses, we estimate the weighted mean of the
primary and secondary eclipses to be δp = 135.97 ± 3.96 ppt
and δs = 125.08 ± 3.52 ppt, respectively. We conclude that
despite the systematic difference in the primary and secondary
eclipse depths, the difference is marginal relative to the scatter
of the light curves so we are unable to have definitively
identified this system as a binary from the odd/even check
alone.

4. Flare Environment

Stellar flares are the consequence of the reconnection of
magnetic field lines, resulting in large, rapid brightening events
across the electromagnetic spectrum (e.g., K. Shibata 1999;
A. O. Benz & M. Güdel 2010, and references therein). It has
been determined that M dwarf flare energies can span a wide
range (1026–1036 erg; C. H. Lacy et al. 1976; A. F. Kowalski
et al. 2010; J. R. A. Davenport 2016; M. N. Günther et al.
2020), with these events observed often, as these low-mass
stars remain magnetically active for much longer than FGK-
type stars (A. A. West et al. 2008; E. J. H.lton et al. 2010;
J. S. Pineda et al. 2013). Flares can present a challenge to the

habitability of exoplanets (and any potential exomoons) that
reside close to M dwarfs. The habitable zones of these host
stars are much closer (10–100 times) than that of the Sun,
greatly increasing the effect of a flare on potentially habitable
planetary bodies. Magnetic activity and flaring can cause
issues such as atmospheric erosion (H. Lammer et al. 2007),
runaway greenhouse effects, and hydrodynamic escape of the
atmospheres (R. Luger & R. Barnes 2015; A. L. Shields et al.
2016). Therefore, the characterization of the flare activity of M
dwarfs, in particular those in systems on short-period orbits, is
of particular importance in this context.

To assess the flare environment of the NGTS-EB-8 system,
we search all available high-cadence, photometric data
(NGTS, SAAO, TESS) for candidate flare events using a
method similar to that described in J. A. G. Jackman et al.
(2018, 2019, 2020, 2021). Prior to applying the flare search
algorithm, we subtract the transit model provided by
allesfitter from all data sets. We look for potential
flares within each night of the NGTS and SAAO data by
searching for regions where there are at least three consecutive
points above 6 median absolute deviations (MADs) from the
median of the night. We also search for any night where the
median flux for the night is at least 5 MADs above the median
of the whole light curve for the NGTS data. This is to test for
long-duration, high-amplitude flares that may dominate an
entire night of observation. Given the SAAO data are taken in
different filters and we have only four nights of observations,
we do not compare between separate nights. Similarly, for
each TESS sector, we search for at least three consecutive
points above six MAD from the median flux of the entire
sector. We detect no candidate flare events in these data sets.
Visual inspection of each individual night/data set also
revealed no flare events in the high-cadence photometry.

We also search the ATLAS data (Section 2.2) for possible
flares using a flare identification criteria similar to those
described in A. F. Kowalski et al. (2009), S. L. Hawley et al.
(2014), and R. Rodríguez Martínez et al. (2020). We identify

Table 5
NGTS-EB-8 System Parameters Obtained with allesfitter for the Full k-range, Middle k-range, and High k-range Models

Parameter (unit) Full Middle High

Fitted parameters
T0;B (BJD) 2460054.77781[6] 2460054.77781[5] 2460054.77780[5]
P (days) 4.1933597[4] 4.1933598[5] 4.1933598[5]
RB/RA

+0.574 0.042
0.038 +0.522 0.017

0.019 +0.913 0.034
0.042

(RA + RB)/a 0.0556[7] 0.0546[4] 0.0579[3]
cos(i) +0.032 0.001

0.001 0.0300[6] 0.0357[4]
KA (km s−1) +46.662 0.949

0.896 +46.583 0.931
0.967 +46.143 0.884

0.934

Mass ratio, q +0.848 0.031
0.031 +0.846 0.031

0.033 +0.831 0.029
0.030

Derived parameters
KB (km s−1) +55.046 0.923

0.944 +55.060 0.976
0.987 +55.532 0.893

0.942

i (deg) +88.178 0.051
0.066 +88.281 0.036

0.036 +87.955 0.022
0.021

a (au) 0.03922[8] 0.03920[6] 0.03922[8]
MA (M⊙) +0.248 0.004

0.005 +0.247 0.005
0.005 +0.250 0.004

0.005

MB (M⊙) +0.210 0.004
0.004 +0.209 0.004

0.004 +0.208 0.004
0.005

RA (R⊙) +0.298 0.005
0.004 +0.302 0.002

0.002 +0.255 0.005
0.004

RB (R⊙) +0.171 0.010
0.008 +0.158 0.004

0.005 +0.233 0.005
0.006

glog A (log(cgs)) +4.884 0.015
0.015 +4.871 0.010

0.010 +5.023 0.016
0.020

glog B (log(cgs)) +5.293 0.042
0.054 +5.363 0.025

0.025 +5.021 0.022
0.020

Bayesian Evidence
Zln 42726.3 ± 0.3 42726.0 ± 0.3 42722.9 ± 0.3
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candidate flares as events that satisfy

( )f f
3, 1median

where f is the normalized flux following the relative
photometry described in Section 2.2, fmedian is the median
flux of the light curve, and σ is the standard deviation of the
light curve. The median is chosen, as it is less sensitive to
outliers. We elect to use a 3σ cut, following A. F. Kowalski
et al. (2009), as we find that the lower cuts of 2.5σ
(S. L. Hawley et al. 2014) and 2σ (R. Rodríguez Martínez
et al. 2020) flag events that broadly lie within the scatter of the
light curve. The ATLAS-o light curve is shown in Figure 11
with candidate flares that meet the criteria in Equation (1)
highlighted in red. We do not identify flares in the ATLAS-c
data so exclude this data from Figure 11 for clarity. We
identify five candidate flare events that warrant future
investigation. Combined with the Hα/Hβ emission detected
in the GHOST spectra (Section 2.3.1), this may be indicative
of some level of stellar activity from at least one of the

components in this system (e.g., E. Berger 2006; A. Scholz
et al. 2007; K. G. Stassun et al. 2012; A. A. Medina et al.
2020). We reiterate, however, that we do not detect flares in
any of the high-cadence photometric data; thus, the activity of
this system is unclear and requires further monitoring.

5. Discussion

5.1. Comparison with M+M Binary Population

We perform a literature search for other double-lined
eclipsing binary systems composed of two M dwarfs. These
systems are listed in Table 7. We plot these systems, the
positions of NGTS-EB-8 determined from each of the models
with different k-ranges, and a variety of mass–radius relations
from literature in Figure 12. We include the 50 Myr and
10 Gyr isochrone models from I. Baraffe et al. (2015), the
mass–radius relation from Equation (7) in A. Schweitzer et al.
(2019), and the mass–radius relation derived by combining the
radius–magnitude and mass–magnitude relations presented in
A. W. Mann et al. (2015) and A. W. Mann et al. (2019). These
diagrams demonstrate the radius inflation problem of low-mass
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Figure 8. Discovery and follow-up photometry obtained for NGTS-EB-8. Top-left panel: phase-folded photometry for the primary eclipse in each instrument, offset
for clarity. Binned data in 2 minute bins for NGTS and 15 minute bins for all other instruments is shown as solid circles, with raw data shown as lower opacity
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(The data used to create this figure are available in the online article.)
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stars as many of the stars have observed radii larger than those
predicted by the theoretical models. We compare the positions
of NGTS-EB-8 A and NGTS-EB-8 B to each of the I. Baraffe
et al. (2015) 10 Gyr isochrone, the A. Schweitzer et al. (2019)
relation, and the A. W. Mann et al. (2015, 2019) relation in
Table 6. We find strong agreement between the parameters
determined by the High k-range model for both stars and the
I. Baraffe et al. (2015) and A. Schweitzer et al. (2019)
relations. We note that both stars lie below the relation derived
from A. W. Mann et al. (2015) and A. W. Mann et al. (2019),
with NGTS-EB-8 A at 3.09σ below the relation. However, this
is also the case for multiple other stars from literature across
the low-mass regime, as can be seen in Figure 12. We see that
for the Full and Middle k-range models, NGTS-EB-8 A shows
∼10%–15% inflation compared to each relation and deviates
by >4σ in all comparisons (with the sigma-scaled distance to
the I. Baraffe et al. (2015) 10 Gyr isochrone being as high as
9.68σ). Given the smaller radius ratios and, therefore,
comparatively smaller RB values derived by these models,
we see that NGTS-EB-8 B apparently lies significantly below
the radius values predicted by all three relations. However,
given that we know of no known mechanisms for radius
deflation of low-mass stars, as well as the better agreement
between the derived parameters and the mass–radius relations,
we believe the parameters determined by the High k-range
model are likely to be more accurate. Hence, we opt to display
the best-fitting models from this fit in Figures 8, 9, and 15. The

position of both stars compared to the A. W. Mann et al.
(2015, 2019) relations as well as the sensitivity of the best-
fitting parameters and Bayesian evidences to the priors chosen
suggest that further spectroscopy is required to more
accurately determine the stellar atmospheric parameters.
Further measurements are required to increase the precision
of the mass and radius measurements of this system to draw
any further conclusions in the context of the radius inflation of
low-mass stars.

5.2. Comparison with Planet Candidates

Given the importance of ruling out eclipsing binaries
masquerading as planets in the context of measuring planet
occurrence rates (e.g., F. Fressin et al. 2013; J.-M. Désert et al.
2015; A. Santerne et al. 2016; A. H. M. J. Triaud et al. 2017;
K. A. Collins et al. 2018; V. Tardugno Poleo et al. 2024), we
compare the properties of NGTS-EB-8 to a population of
confirmed and candidate planets. We plot the position of
NGTS-EB-8 on the local (d < 100 pc) Gaia DR3 Hertzsprung–
Russell (HR) diagram in Figure 13. Following the approach of
Gaia Collaboration et al. (2018), we overplot fiducial lines
showing the main-sequence of the population (blue solid line)
and the fiducial shifted by −0.753 mag (green solid line) that
corresponds to two identical stars in an unresolved binary
system that will display the same color but twice the
luminosity of the equivalent single star. We also show the
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Figure 11. ATLAS o-band data for NGTS-EB-8 with candidate flare events highlighted as red crosses.
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positions of low-mass stars that: host confirmed
exoplanets17 (R. L. Akeson et al. 2013; J. L. Christiansen
2022), have been flagged as TESS Objects of Interest (TOIs;
N. M. Guerrero et al. 2021), or were identified by B23. We use
the same effective temperature, stellar radius, and distance
criteria for low-mass stars as B23 when selecting the exoplanet
hosts and TOIs, i.e., Teff < 4500 K, R* < 0.75 R⊙, and d <
100 pc. We maintain the d < 100 pc cut from B23 as the Gaia
HR diagram and fiducial lines presented by Gaia Collaboration
et al. (2018) that we re-create in Figure 13 also uses this
distance criterion. We impose a lower bound on the measured
planetary/secondary radii of R2 > 0.6 RJ to focus on the giant
planet regime across these data. We also place an upper bound
on the planetary mass for confirmed exoplanets of
Mpl > 13.7 MJ, the typically adopted value for the deuter-
ium-burning limit separating planets and brown dwarfs (e.g.,
D. S. Spiegel et al. 2011). Finally, we select hosts with
confirmed exoplanets that have a planetary radius measured to

better than 20% precision. The TOIs are colored by the TESS
Follow-up Working Group (TFOPWG; K. Collins et al. 2018)
disposition (CP/KP = Confirmed/Known Planet, (A)
PC = Ambiguous Planet Candidate, FP = False Positive), or
we adopt the disposition provided in B23 for remaining
targets.

We see that NGTS-EB-8 sits close to the green fiducial line, in
agreement with the assessment of the system as an unresolved
binary. However, we note that a number of stars that host
confirmed/known planets (black filled circles) also lie close to the
green fiducial line, despite Kepler-16 (L. R. Doyle et al. 2011) and
TOI-762 A (J. D. Hartman et al. 2024; highlighted in lime green)
being the only known binary systems hosting planets in the
sample. TOI-762 A that lies close to the green fiducial line is a
resolved binary system, while Kepler-16 that lies nearer to the blue
main-sequence fiducial is an unresolved binary system, contrary to
expectation. We highlight, however, that neither system consists of
two identical stars, with mass ratios smaller than 0.55 in both
cases. Systems hosting hot Jupiters have been shown to exhibit a
higher likelihood having wide stellar companions relative to field
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Figure 12. Mass–radius diagrams of low-mass stars in double-lined eclipsing binary systems composed of two M dwarfs with the position of the components of
NGTS-EB-8 shown for the different k-range models in each panel. In all panels, black points show stars with both mass and precision measured to better than 2%.
Light-gray points show all other stars found in the literature search (see Table 7). NGTS-EB-8 A is shown as an orange star. NGTS-EB-8 B is shown as a green star.
The 50 Myr and 10 Gyr isochrones from I. Baraffe et al. (2015) are plotted as dashed–dotted pink and solid blue lines, respectively. The relation from A. Schweitzer
et al. (2019) is shown as a dashed orange line. The relation derived from A. W. Mann et al. (2015) and A. W. Mann et al. (2019) is shown as a dotted green line. Top-
left panel: positions of NGTS-EB-8 shown as determined by the Full k-range model. Top-right panel: positions of NGTS-EB-8 shown as determined by the Middle
k-range model. Bottom panel: positions of NGTS-EB-8 shown as determined by the High k-range model.

17 https://exoplanetarchive.ipac.caltech.edu/
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Figure 13. Gaia DR3 HR diagrams for all stars within 100 pc with the median fiducial tracking the main sequence in blue and the same fiducial shifted by
−0.753 mag in green, corresponding to the position of unresolved binaries composed of two identical stars. NGTS-EB-8 is shown as a cyan star, and the inset shows
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Table 6
Positions of the Components of NGTS-EB-8 Relative to the Various Mass–Radius Relations for the Parameters Derived from the Full, Middle, and High k-range

Models

k-range Model

Full Middle High

Relation Star A Star B Star A Star B Star A Star B

B15 10 Gyr 6.63σ 5.17σ 9.68σ 11.94σ 1.05σ 1.09σ
+114.6 1.9

1.7% +74.9 4.6
3.7% +116.3 0.9

0.8% +69.2 1.9
2.0% +97.4 2.1

1.7% +102.9 2.2
2.6%

S19 6.38σ 4.80σ 8.97σ 10.99σ 0.97σ 1.53σ
+114.7 1.9

1.7% +76.2 4.6
3.8% +116.4 0.9

0.8% +70.4 2.0
2.1% +97.4 2.1

1.7% +104.8 2.2
2.6%

M15, M19 4.04σ 6.17σ 6.16σ 13.24σ 3.09σ 0.71σ
+108.6 1.8

1.6% +71.4 4.3
3.5% +110.3 0.8

0.8% +65.9 1.8
1.9% +92.3 2.0

1.6% +98.1 2.1
2.4%

Note. The top number in each cell is the sigma-scaled shortest distance to each mass–radius relation. The bottom number in each cell is the discrepancy in the radius
expressed as a percentage (assuming the best-fit mass) for each relation. B15—I. Baraffe et al. (2015) 10 Gyr isochrone; S19—A. Schweitzer et al. (2019)
relation; M15, M19—Combined A. W. Mann et al. (2015) and A. W. Mann et al. (2019) relation.
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stars (H. A. Knutson et al. 2014; H. Ngo et al. 2015, 2016;
D. Piskorz et al. 2015). In addition, the planet–metallicity
correlation (G. Gonzalez 1997; N. C. Santos et al. 2004;
A. Mortier et al. 2013; V. Adibekyan 2019), together with the
elevated positions of metal-rich stars on the HR diagram (e.g.,
Gaia Collaboration et al. 2018), further complicates the ability to
identify planet candidates and binaries from their position on the
HR diagram. Similarly, we note that the re-normalized unit weight
error (RUWE) reported in Gaia DR3 for NGTS-EB-8
(Gaia DR3 3459141135209729536) is RUWE = 1.0357833. This
is indicative of a good astrometric solution, as it is close to 1.
Indeed it is below the typically reported thresholds for potential
binarity of 1.4 (L. Lindegren 2018) and 1.25 (Z. Penoyre
et al. 2022).

We also plot the secondary radius against host stellar mass
for the same population of low-mass stars hosting exoplanets,
TOIs, and B23 candidates in Figure 14. We plot the position of

NGTS-EB-8 using the stellar mass and secondary radius
quoted in S. M. O’Brien et al. (2024) as an unfilled cyan star,
to give an indication of the perceived location of this system
when it was deemed a planetary candidate. The revised
position determined by the high k-range model from this work
is also plotted. While occupying an underpopulated region of
the parameter space, the position of NGTS-EB-8 as deter-
mined in S. M. O’Brien et al. (2024) is not anomalous
compared to the population of confirmed planets. The
confirmation or ruling out of planetary candidates in the very
low-mass regime is crucial to further constraining the
occurrence rates in this region of the parameter space. As
demonstrated by the data obtained for NGTS-EB-8 and its
position relative to the population of confirmed planets, false
positives, and planet candidates, it is clear that high-resolution
reconnaissance spectra are necessary for the definitive
identification of double-lined binaries in systems such as this.
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Figure 14. Secondary radius vs. host stellar mass for low-mass stars hosting confirmed exoplanets, TOIs, and candidates identified in B23. Colored by disposition as
described for Figure 13. The previously assumed position of NGTS-EB-8 when it was described as a planet candidate in S. M. O’Brien et al. (2024) is plotted as an
unfilled magenta star, and the position of NGTS-EB-8 as determined by the high k-range model from this work is shown as a filled cyan star.
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6. Conclusions

We present the identification and characterization of the
NGTS-EB-8 system. This double-lined, eclipsing binary
system is composed of two fully convective M dwarfs orbiting
each other every 4.19 days. This system was initially identified
as a giant planet candidate orbiting a low-mass star
independently by B23 and by citizen scientists through the
Planet Hunters NGTS project (S. M. O’Brien et al. 2024).
Photometric observations and speckle imaging were unable to
definitively identify the true nature of this system. High-
resolution spectroscopic observations using the GHOST
instrument mounted on the 8.1 m Gemini South telescope
and subsequent analysis of NIRPS radial velocity measure-
ments were crucial in identifying this system as a double-lined
binary. Sufficient signal-to-noise to identify this system as a
double-lined binary was achieved with a modest time
allocation (700 s) for this relatively faint (V ∼ 16 mag) target;
thus, the efficient vetting of these faint targets with short
reconnaissance observations is highly feasible. The ruling out
of this system and other eclipsing binaries that display similar
transit signals, as false positives, is an important step in further
constraining the occurrence rates of giant planets orbiting low-
mass stars. We detect Balmer line emission from at least one
component of NGTS-EB-8, indicating some level of stellar
activity; however, we do not detect significant flaring and
suggest further photometric monitoring to assess the flare
activity of the components in this system. The detection of the
eclipses in ATLAS data raises future prospects for the
detection of deep transiting giant planet candidates and
eclipsing binaries in all-sky surveys such as ATLAS, ZTF,
Pan-STARRS, and, in the near future, LSST. NGTS-EB-8 can
provide a valuable benchmark system for testing stellar
evolution models and probing the M dwarf radius inflation
problem. However, further observations to more precisely
determine the stellar parameters of the components are
necessary to place this system more precisely in the context
of the low-mass star population and determine whether or not
the parameters of NGTS-EB-8 agree with theoretical models.
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Appendix A
Spectral Fitting

Figure 15 shows the best-fitting synthetic SB2 template for
the High k-range model. The parameters of each component
are: Teff,A = 3500 K, =glog 5.50A , [Fe/H]A = 0.0 dex,
Teff,B = 3200 K, =glog 5.50B , and [Fe/H]B = 0.0 dex.

20 https://github.com/zooniverse/Panoptes
21 https://github.com/zooniverse/panoptes-python-client
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Figure 15. Spectral fits for each region defined in Table 3. The first GHOST spectrum of NGTS-EB-8 is shown in blue. The best-fitting SB2 template is shown in
orange. The gray regions in each panel show the normalization range.
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Appendix B
Population of M+M Double-lined Eclipsing Binaries

In Table 7, we provide the parameters and references for the
M+M double-lined eclipsing binaries that we drew from the
literature.

Table 7
Parameters for Double-lined Eclipsing Binaries Composed of Two M dwarfs

Name Period MA MB RA RB References
(days) (M⊙) (M⊙) (R⊙) (R⊙)

Castor C 0.8143 +0.5992 0.0047
0.0047 +0.5992 0.0047

0.0047 +0.6191 0.0057
0.0057 +0.6191 0.0057

0.0057 (1, 2, 3, 4)
WTS-17e-3-02003 1.225 +0.597 0.02

0.02 +0.51 0.016
0.016 +0.611 0.095

0.095 +0.54 0.11
0.11 (5)

MG1-506664 1.548 +0.584 0.002
0.002 +0.544 0.002

0.002 +0.56 0.005
0.005 +0.513 0.008

0.008 (6, 7)
NGTS J0930-18 1.333 +0.5803 0.0063

0.0092 +0.0818 0.0015
0.004 +0.584 0.01

0.0094 +0.1059 0.0021
0.0023 (8)

WTS-19G-4-02069B 2.44 +0.53 0.02
0.02 +0.143 0.006

0.006 +0.51 0.01
0.01 +0.174 0.006

0.006 (9)
MG1-78457 1.586 +0.527 0.002

0.002 +0.491 0.002
0.002 +0.505 0.011

0.011 +0.471 0.012
0.012 (6, 7)

WTS-17h-4-01429 1.445 +0.503 0.016
0.016 +0.409 0.013

0.013 +0.514 0.006
0.006 +0.421 0.006

0.006 (5)
MG1-646680 1.638 +0.499 0.002

0.002 +0.443 0.002
0.002 +0.457 0.007

0.007 +0.427 0.006
0.006 (6, 7)

THOR 42 0.859 +0.497 0.005
0.005 +0.205 0.002

0.002 +0.659 0.003
0.003 +0.424 0.002

0.002 (6, 10)
MG1-2056316 1.722 +0.469 0.002

0.002 +0.382 0.002
0.002 +0.441 0.003

0.003 +0.374 0.003
0.003 (6, 7)

HAT-TR-318-007 3.343 +0.448 0.001
0.001 +0.2721 0.0042

0.0042 +0.4548 0.0036
0.0036 +0.2913 0.0024

0.0024 (6, 11)
CU Cnc 2.771 +0.4358 0.0008

0.0008 +0.3998 0.0014
0.0014 +0.4317 0.0052

0.0052 +0.3908 0.0094
0.0094 (6, 12, 13, 14, 15, 16)

NGTS J214358.5-380102 7.618 +0.426 0.0049
0.0056 +0.455 0.0052

0.0058 +0.461 0.025
0.038 +0.411 0.039

0.027 (17)
NGTS 0002-29 1.098 +0.3978 0.0033

0.0033 +0.2245 0.0018
0.0018 +0.4037 0.0048

0.0048 +0.2759 0.0055
0.0055 (6, 18)

EPIC 211972086 6.016 +0.3953 0.002
0.002 +0.2098 0.0014

0.0014 +0.363 0.008
0.008 +0.272 0.012

0.012 (6, 19)
LSPM J1112+7626 41.03 +0.3946 0.0023

0.0023 +0.2745 0.0012
0.0012 +0.386 0.0054

0.0054 +0.2978 0.0048
0.0048 (6, 20)

WTS-19c-3-08647 0.8675 +0.393 0.019
0.019 +0.244 0.014

0.014 +0.494 0.069
0.069 +0.421 0.006

0.006 (5)
GJ 3236 0.7713 +0.376 0.017

0.017 +0.281 0.015
0.015 +0.3828 0.007

0.007 +0.2992 0.0075
0.0075 (1, 21, 22)

LP 133-373 1.6 +0.34 0.014
0.014 +0.34 0.014

0.014 +0.33 0.02
0.02 +0.33 0.02

0.02 (23)
UScoCTIO 5 34.0 +0.3393 0.002

0.002 +0.3263 0.002
0.002 +0.8733 0.0024

0.0024 +0.8376 0.0024
0.0024 (6, 24, 25)

LP 661-13 4.704 +0.308 0.00084
0.00084 +0.194 0.00034

0.00034 +0.3226 0.0033
0.0033 +0.2174 0.0023

0.0023 (26)
SDSS-MEB-1 0.407 +0.272 0.02

0.02 +0.24 0.022
0.022 +0.268 0.01

0.01 +0.248 0.009
0.009 (27)

1RXS-J1547+4508 3.55 +0.258 0.009
0.009 +0.259 0.008

0.008 +0.289 0.007
0.007 +0.289 0.007

0.007 (28, 29)
LP 177-102 3.55 +0.2576 0.0085

0.0085 +0.2585 0.008
0.008 +0.2895 0.0068

0.0068 +0.2895 0.0068
0.0068 (1, 30, 29, 31)

HATS551-027 4.077 +0.244 0.003
0.003 +0.179 0.001

0.002 +0.261 0.009
0.006 +0.218 0.011

0.007 (32)
KOI-126 BC 1.722 +0.2352 0.0006

0.0006 +0.2073 0.0006
0.0006 +0.2545 0.0008

0.0008 +0.2315 0.0007
0.0007 (6, 33, 34)

CM Dra 1.268 +0.225 0.0003
0.0003 +0.2101 0.0003

0.0003 +0.251 0.0002
0.0002 +0.2375 0.0002

0.0002 (6, 35, 36, 14, 37, 38, 39)
TOI-450 10.71 +0.1768 0.0004

0.0004 +0.1767 0.0003
0.0003 +0.345 0.006

0.006 +0.346 0.006
0.006 (6, 40)

NGTS J052218.2-250710.4 1.748 +0.1739 0.0013
0.0013 +0.1742 0.0013

0.0013 +0.2045 0.0048
0.0048 +0.2168 0.0048

0.0048 (6, 41)
TMTSJ0803 0.2217 +0.169 0.01

0.01 +0.162 0.016
0.016 +0.17 0.006

0.006 +0.156 0.006
0.006 (42)

EPIC 203710387 2.809 +0.1158 0.0031
0.0031 +0.1056 0.0027

0.0027 +0.4317 0.0055
0.0055 +0.4236 0.0056

0.0056 (6, 43, 44)

References. (1) C. Cifuentes et al. (2025), (2) A. H. Joy & R. F. Sanford (1926), (3) J. E. Gizis et al. (2002), (4) G. Torres et al. (2022), (5) P. Cruz et al. (2018), (6)
J. Southworth (2015), (7) A. L. Kraus et al. (2011), (8) J. S. Acton et al. (2020a), (9) S. V. Nefs et al. (2013), (10) S. J. Murphy et al. (2020), (11) J. D. Hartman et al.
(2018), (12) X. Delfosse et al. (1999a), (13) X. Delfosse et al. (1999b), (14) G. Torres et al. (2010), (15) A. Hahlin et al. (2024), (16) I. Ribas (2003), (17) J. S. Acton
et al. (2020b), (18) G. D. Smith et al. (2021), (19) A. L. Kraus et al. (2017), (20) J. M. Irwin et al. (2011), (21) J. Irwin et al. (2009), (22) E. L. Shkolnik et al. (2010),
(23) T. R. Vaccaro et al. (2007), (24) A. L. Kraus et al. (2015), (25) T. J. David et al. (2019), (26) J. A. Dittmann et al. (2017), (27) C. H. Blake et al. (2008), (28)
P. F. L. Maxted et al. (2023), (29) J. D. Hartman et al. (2011), (30) S. W. Mochnacki et al. (2002), (31) J. Birkby et al. (2012), (32) G. Zhou et al. (2015), (33)
J. A. Carter et al. (2011), (34) M. E. Yenawine et al. (2022), (35) C. H. Lacy (1977), (36) J. C. Morales et al. (2009), (37) N. Schanche et al. (2019), (38)
R. C. Terrien et al. (2012), (39) D. V. Martin et al. (2024), (40) B. M. Tofflemire et al. (2023), (41) S. L. Casewell et al. (2018), (42) C. Liu et al. (2024), (43)
N. Lodieu et al. (2015), (44) T. J. David et al. (2016).
(This table is available in its entirety in machine-readable form in the online article.)
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