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A B S T R A C T 

We report the disco v ery of a brown dwarf orbiting a M1 host star. We first identified the brown dwarf within the Next Generation 

Transit Surv e y data, with supporting observations found in TESS sectors 11 and 38. We confirmed the disco v ery with follow- 
up photometry from the South African Astronomical Observatory, SPECULOOS-S, and TRAPPIST-S, and radial velocity 

measurements from HARPS, which allowed us to characterize the system. We find an orbital period of ∼1.25 d, a mass of 
69 . 0 

+ 5 . 3 
−4 . 8 M J , close to the hydrogen burning limit, and a radius of 0.95 ± 0.05 R J . We determine the age to be > 0.5 Gyr, using 

model isochrones, which is found to be in agreement with spectral energy distribution fitting within errors. NGTS-28Ab is one 
of the shortest period systems found within the brown dwarf desert, as well as one of the highest mass brown dwarfs that transits 
an M dwarf. This makes NGTS-28Ab another important disco v ery within this scarcely populated region. 

K ey words: (stars:) bro wn dwarfs. 
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 I N T RO D U C T I O N  

rown dwarfs (BDs) are intriguing objects, located between high-
ass exoplanets and low-mass main-sequence stars. Their masses

re canonically defined to lie in the 13–80 M J range (Burrows &
iebert 1993 ; Baraffe et al. 2002 ; Burgasser 2008 ; Triaud et al.
017 ). BDs never become massive enough to burn hydrogen in
heir core, supporting themselves through electron degeneracy pres-
ure (Whitworth 2018 ), although some BDs are massive enough
o burn deuterium (Bate, Bonnell & Bromm 2002 ; Whitworth
018 ). The first BDs were not disco v ered until 1995 (Gliese
29B: Nakajima et al. 1995 ; Teide 1: Rebolo, Zapatero Osorio
 Mart ́ın 1995 ) but candidates were found with radial velocity
ethods previous to this (HD114762: Latham et al. 1989 ). However,

housands have since been observed with the majority being isolated
Ds. 
 E-mail: bah26@leicester.ac.uk (BAH); slc25@leicester.ac.uk (SLC) 
 P aris Re gion Fello w, Marie Sklodo wska-Curie Action 
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Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
Due to their degenerate nature, BDs exhibit an age–radius–mass–
emperature de generac y: their radii contract o v er their lifetimes as
hey cool (Burrows & Liebert 1993 ). If the radius can be determined,
ow the BD evolves over their lifetimes can be predicted and
herefore can be used as an age estimate (e.g. Baraffe et al. 2003 ,
015 ; Marley et al. 2021 ). Ho we ver, most BDs do not have accurately
easured radii due to being isolated objects. BDs found in eclipsing

inary systems therefore offer an opportunity to directly measure
heir radii, breaking this de generac y. 

Only two BD–BD eclipsing binary systems are known to date
Stassun, Mathieu & Valenti 2006 ; Triaud et al. 2020 ), and searching
or BDs around main-sequence stars is an obvious place to look.
ortunately, BD radii are similar to that of Jupiter (Burrows &
iebert 1993 ) making them as detectable as Jupiter-sized exoplanets

n e xoplanet surv e ys (e.g. Acton et al. 2021 ; Carmichael et al. 2021 ;
rieves et al. 2021 ). 
Ho we ver, the radii of BDs can also be affected by exterior factors

o the BD, such as interactions with their host star through irradiation
Casewell et al. 2020b ). Irradiation will affect the BD atmosphere by
eating it, and is also thought to cause a BD’s radius to be inflated
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. DSS image showing NGTS-28A (orange box with cross) and 
NGTS-28B (green box) blended on sky, along with other nearby objects. 
North and east are shown on the figure in the top left corner as well as a 1 
arcmin position angle (PA) arrow for scale. 
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e.g. K elt-1b: Si verd et al. 2012 ; WD1032 + 11: Case well et al. 2020a )
n the same way that is seen for hot Jupiters (e.g. Thorngren et al.
021 ; Tilbrook et al. 2021 ; Alves et al. 2022 ). 
To date, 34 transiting BDs have been discovered orbiting within 

 au of a main-sequence star (e.g. Carmichael et al. 2022 and
eferences therein) which is small compared to the thousands of 
solated BDs. This number is also much lower than would be 
xpected when compared to the population of low-mass eclipsing 
inary systems or the hot Jupiter exoplanet population. This lo- 
al minima between these populations is called the ‘BD desert’ 
Grether & Lineweaver 2006 ). The desert is thought to be caused
y the differences in formation mechanisms between exoplanets 
nd stars (Ma & Ge 2014 ; Grieves et al. 2021 ) but is still not well
nderstood. 
Since it was first identified, the BD desert is still scarcely 

opulated, even including recent works using large photometric 
urv e ys (see fig. 7 of Triaud et al. 2017 ). Multiple studies have
ooked into characteristics of objects within the BD desert. Ma & 

e ( 2014 ) discussed whether there is a relationship between mass of
he BD and eccentricity. They considered all-known exoplanets (at 
he time), along with all BD candidates around FGK stars (spanning 
–100 M J ) and determined that they could separate BDs at a mass
f 42.5 M J into two populations. Those which are more massive 
 > 42.5 M J ) appeared to display a period-eccentricity distribution
ith a circularization limit of ∼12 d, similar to stellar binaries. This

s due to objects with shorter periods (up to 12 d) having circular
rbits, and those with longer orbits having a flat but wide distribution
f eccentricities (as seen in Raghavan et al. 2010 ; Ma & Ge 2014 ).
he lower mass population displayed a period–eccentricity trend 
imilar to exoplanets, where higher mass objects (up to the 42.5 M J 

plit) have lower eccentricities. Ma & Ge ( 2014 ) determined that
hese trends point to objects with masses abo v e 42.5 M J forming via
tellar formation mechanisms, instead of via protoplanetary discs 
Ma & Ge 2014 ). 

Other studies have since sought to find this split population 
n eccentricity distributions within their observed sample of BDs. 
rieves et al. ( 2021 ) state that they do not see this trend or evidence
f Ma & Ge ( 2014 )’s split population at 42.5 M J . Although they
ote their small sample size, as they only include transiting BDs
nd low-mass stars (12.9 M J to 149.8 M J , Grieves et al. 2021 ) and
ot high mass exoplanets. Carmichael, Latham & Vanderburg ( 2019 ) 
lso does not find a split at 42.5 M J . Ho we v er, the y conclude it is due
o there not being a split in the population at all, as opposed to a lack
f objects. This illustrates a clear need for more objects to populate
his region, to aid in the understanding of whether there is a mass
plit at 42.5 M J due to formation mechanisms. 

Metallicity ([Fe/H]) has also been looked at within the BD sample. 
a & Ge ( 2014 ) did not find any evidence of a split population at

2.5 M J when comparing [Fe/H], and found a mean [Fe/H] of −0.05.
enkins et al. ( 2015 ) compared the mean [Fe/H] values for BDs,
tellar binaries, and e xoplanets. The y found that BDs and stellar
inaries have comparable subsolar mean [Fe/H] values, whereas 
 xoplanets hav e an abo v e solar mean [Fe/H]. The BDs within
he Jenkins et al. ( 2015 ) sample were mainly found with radial
elocity methods, rather than the transiting sample as is done in this
ork. 
In this paper, we present the disco v ery of NGTS-28Ab, a

ransiting BD lying within the ‘BD desert’. In Section 2 , we
etail the various photometric and spectral observations obtained. 
n Section 3 , the methods used to analyse both the host star
nd BD are described, along with the probable common proper 
otion companion, NGTS-28B. Section 4 discusses the impor- 
ance of this disco v ery in terms of its position within the BD
esert and analyses the eccentricity and age of NGTS-28Ab 
urther. 

 OBSERVATI ONS  

here is a star located ∼4 arcsec from NGTS-28A, meaning the pho-
ometry of NGTS-28A was blended with that nearby object, hereafter 
eferred to as NGTS-28B. NGTS-28B is of similar magnitude and 
s likely a common proper motion companion to NGTS-28A (see 
ection 3.1 ). NGTS-28AB refers to the combination of both NGTS-
8A and NGTS-28B, where both stars are present in a photometric
perture. NGTS-28AB was first observed with the Next Generation 
ransit Surv e y (NGTS; Wheatle y et al. 2018 ) and later the Tr ansiting
xoplanet Survey Satellite ( TESS ; Ricker et al. 2014 ). Due to NGTS
nd TESS having pixel sizes of 5 arcsec (Wheatley et al. 2018 ) and
1 arcsec (Ricker et al. 2014 ), respectively, the photometry from both
hese facilities of NGTS-28A was blended with that of NGTS-28B 

Fig. 1 ). We obtained follow-up observations in various wavelengths 
Table 1 ) using SHOC on the 1 m Lesedi telescope at the South
frican Astronomical Observatory (SAAO; Coppejans et al. 2013 ) 

o obtain observations that were not blended. We obtained follow up
hotometry with SPECULOOS-S and TRAPPIST-S, most of which 
ere uncontaminated by NGTS-28B. We obtained six spectra in total 
ith HARPS (Mayor et al. 2003 ), four of the host star NGTS-28A,

nd two of NGTS-28B. A summary of these observations can be
ound in Tables 1 and 2 . 

.1 Photometry 

.1.1 NGTS 

GTS-28A was initially observed with NGTS a twelve-telescope 
rray situated at ESO’s Paranal Observatory, Chile (Wheatley et al. 
018 ). The observations taken between the dates 2017 January 2 to
017 August 21. The twelve, 20 cm telescopes co v er almost 100 deg 2 

f sky and operate in a custom bandpass of 520–890 nm (Wheatley
MNRAS 530, 318–339 (2024) 
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Table 1. Photometric observations of NGTS-28Ab . 

Instrument Bandpass Cadence (s) Number Observation 
of transits date 

NGTS 520–890 nm 13 26 2017 Jan 2 to 2017 Aug 21 
TESS Sector 38 600–1000 nm 120 20 2021 Apr 29 to 2021 May 25 
TESS Sector 11 600–1000 nm 1800 16 2019 Apr 22 to 2019 May 21 
SAAO I 10 s 1 2018 July 4 
SPECULOOS-S g ′ , r ′ , i ′ 147, 52, 26 3 2023 Apr 18 
SPECULOOS-S z ′ , I + z ′ 19, 12 2 2023 June 15 
TRAPPIST-S z ′ 60 1 2023 Mar 29 
TRAPPIST-S I + z ′ 45 1 2023 Apr 18 

Table 2. Radial velocity measurements of NGTS-28A and NGTS-28B and 
the associated uncertainties and BIS values from HARPS. 

BJD 

Radial velocity 
(km s −1 ) BIS (km s −1 ) 

NGTS-28A 

2459405.599495 −13.99 ± 0.049 −0.34 ± 0.10 
2459409.590870 −20.22 ± 0.055 1.08 ± 0.11 
2459410.492873 −4.38 ± 0.053 2.87 ± 0.11 
2459412.475762 9.46 ± 0.049 0.37 ± 0.10 

NGTS-28B 

2459376.625674 −2.01 ± 0.048 0.06 ± 0.10 
2459377.543570 −1.75 ± 0.049 0.76 ± 0.10 
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t al. 2018 ). We observed for a total of 135 nights, during which we
btained 199 319 science images with a 13 s cadence. 
The raw images were processed following the method discussed

n Wheatley et al. ( 2018 ) and the light curves were detrended using
YSREM (Tamuz, Mazeh & Zucker 2005 ). After detrending, transits
ere detected using a BOXED LEAST SQUARES algorithm. A total of
6 transits were detected, which can be seen in Fig. 2 and a phase-
old of the data on the predicted period can be seen in Fig. 3 . The
tar is clearly variable, but we determined an orbital period of 1.25 d
nd a transit depth of around 1.36 per cent. 

.1.2 TESS 

ESS obtained 30 min cadence photometry of NGTS-28AB, observ-
ng between 2019 April 22 to 2019 May 21 for sector 11 and 2021
pril 29 to 2021 May 25 for sector 38. Sector 38 also had 2-min

adence data. The 30 min full frame image has a precision around 5
mag (Ricker et al. 2014 ). Fig. 4 shows the full SPOC light curve,

long with a cropped version showing a flare and the individual
ransits. 

The transits within both TESS sectors were independently identi-
ed by the TESS team and NGTS-28B was initially named TOI ( TESS
bject of Interest) 4339 on 2022 September 09. NGTS-28A has since
een found to be the true host star. NGTS-28A was named TOI 6110
n 2023 May 27. The 2-min cadence data was processed using the
POC pipeline (Jenkins et al. 2016 ). As with the NGTS data, the
ESS photometry is blended. TESS provides two flux values: SAP
ux and PDCSAP flux. The PDCSAP flux remo v es systematics in

he light curve, as well as correcting for dilution. Within the PDCSAP
ux, we noticed the transit depths were much larger than expected.
DCSAP flux light curve has been corrected for dilution, assuming

he transit is on the companion star, NGTS-28B and not NGTS-
8A. We therefore chose to use SAP flux instead and modelled the
ata using a Gaussian process (GP) fit during the global modelling
NRAS 530, 318–339 (2024) 
rocess to remo v e systematics in the data. We also performed our
wn dilution calculation to use within the global modelling. The
ESS data contains a total of 20 transits in the 2-min cadence data.
nfortunately, the sector 11 30-min cadence data includes a large (5
) data gap in the centre of the observation run, despite this it was
sed to provide confirmation of the ephemeris. 

.1.3 SAAO 

e obtained V- and I -band transit light curves with the SAAO
.0 m telescope (Table 1 ) and one of the frame-transfer SHOC
Sutherland High Speed Photometer; Coppejans et al. 2013 ) CCD
ameras, specifically ‘SHOC‘n’awe’, between 2018 and 2020. On the
.0 m, the SHOC cameras have a pixel scale of 0.167 arcsec pixel −1 .
ombined with 4 × 4 binning, this gave a pixel resolution of 0.67
rcsec. Both data sets were de-biassed and flat-fielded using SAA O’ s
ocal PYTHON -based SHOC reduction pipeline, which utilizes IRAF

Tody 1986 , 1993 ) and PYRAF (Science Software Branch at STScI
012 ) tasks. 
We used the Starlink package AUT OPHOT OM (Eaton et al. 2014 ) to

erform aperture photometry on both our target and several suitable
omparison stars in the 2.85 arcmin × 2.85 arcmin field of view. Since
he two stars NGTS-28A and NGTS-28B lie ≈4 arcsec apart, a 2 pixel
adius aperture was chosen, together with a background annulus with
adius between 12 and 14 pixels, to try to a v oid contaminating light.
ven so, while the two stars are indeed fully resolved in the SAAO V -
and images, they are increasingly blended in the longer wavelength
 filter image. 

The measured fluxes of the comparison stars were used to perform
ifferential photometry on each of NGTS-28A and NGTS-28B,
hich confirms that the transit is on NGTS-28A. While the transit
as detected within the SAAO V data, we did not use this in our global
odelling. This is due to concerns o v er the noise levels within the

ata, with a large amount of scatter seen in the baseline. 

.1.4 SPECULOOS-South 

e obtained simultaneous, multiwavelength observations of NGTS-
8A with the three of the four, 1.0-m ‘Search for Planets EClipsing
ltra-cOOl Stars’ (SPECULOOS-S) telescopes at Cerro, Paranal

Delrez et al. 2018 ; Jehin et al. 2018 ; Sebastian et al. 2021 ). Each
PECULOOS-S telescope is equipped with a 2K × 2K detector with
 pixel scale of 0.35 arcsec and an on-sky field of view of 12 × 12
rcmin. On 2023 April 18, we simultaneously observed a transit on
GTS-28A in the Sloan- g ′ , - r ′ and - i ′ filters on the Io, Europa and
allisto telescopes, respectively. We also obtained transits in z ′ and
 + z ′ filters on 2023 June 15 using the Io and Europa telescopes.
etails on the cadence for each observation can be found in Table 1 .
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Figure 2. The full NGTS light curve for NGTS-28AB with the transit positions marked by the red dashed lines. 

Figure 3. The NGTS light curve, phase-folded on the 1.254145 d period 
from NGTS. 
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Figure 4. Top: The full TESS light curve for NGTS-28AB 2 min cadence 
data in sector 38, showing the transits. An apparent rotation of the object 
can also be seen. Bottom: A snippet of the top image, showing the apparent 
rotation of the object and a flare. 
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We processed all of the data following the PROSE pipeline 
etailed in Garcia et al. ( 2022 ). Briefly, PROSE is a modular and
daptable pipeline, which performs image reduction/calibration, then 
ifferential aperture photometry on NGTS-28A. The differential 
perture photometry creates a weighted, artificial comparison star 
rom all available objects within the image as described in Broeg, 
ern ́andez & Neuh ̈auser ( 2005 ). The light curves are then detrended
or airmass, full width half-maximum and sky background, with 
ROSE , producing the normalised, resultant curves seen in Fig. 5 . This
rocedure has been successfully used for previous SPECULOOS-S 

bservations (e.g. Barkaoui et al. 2023 ; Dransfield et al. 2024 ). 
After performing aperture photometry, we confirmed all the 

PECULOOS-S transits, except for the i ′ filter observation, were un- 
ontaminated. Due to high background in the g ′ and r ′ observations, 
he last few points of each were discarded from global modelling. 

.1.5 TRAPPIST 

he TRAnsiting Planets and PlanetIsmals Small Telescope 
TRAPPIST-S, Gillon et al. 2011 ; Jehin et al. 2011 ) is a 0.6 m
obotic telescope based at ESO’s La Silla Observatory. TRAPPIST-S 

s equipped with a 2K ×2K detector with a 0.6 arcsec pixel scale, and
 field of view of 22 × 22 arcmin. Two single-transit observations 
ere taken at TRAPPIST-S. The z ′ filter observation was made on 
023 March 29, and the I + z ′ filter observation was made on 2023
pril 18. Cadence for each observation can be seen in Table 1 . The
ROSE pipeline (Garcia et al. 2022 ) was also used for the TRAPPIST-
 data reduction, as in Section 2.1.4 . The resultant, relative flux light
urves can be seen in Fig. 5 . 
MNRAS 530, 318–339 (2024) 
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Figure 5. Normalized light curves of the new data from SPECULOOS-S 
and TRAPPIST-S. Offsets have been applied to some of the fluxes for clarity. 
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Figure 6. HARPS time series plot of the radial velocity points from the 
spectra, with a G2 mask used. 

Figure 7. 5 σ contrast curves for speckle imaging in both 562 and 832 nm 

filters. This is plotted as a function of the angular separation from 0.02 to 1.2 
arcsec. The reconstructed image for 832 nm can be seen in the top right of 
the figure. No close companions have been found within these limits. 
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.2 Radial velocities 

.2.1 HARPS 

e obtained high-resolution spectra of both NGTS-28A and NGTS-
8B using HARPS, an echelle spectrograph on ESO’s 3.6 m telescope
t La Silla Observatory (Mayor et al. 2003 ). HARPS is fibre-fed with
n on-sky diameter of 1 or 1.4 arcsec (Mayor et al. 2003 ). There
s also the option of a second fibre simultaneously monitoring the
ky or wavelength solution of the instrument. It co v ers a spectral
ange of 380–690 nm, has a resolution of R = 115 000 (Mayor
t al. 2003 ). 

For our observations, we used the default high accuracy mode with
 1 arcsec science fibre and fibre B on sky (for more information,
ee Mayor et al. 2003 ). We used exposures of 2400 s for each
pectrum, except for the final exposure for NGTS-28A which has
n exposure time of 1800 s. The spectra had signal-to-noise ratios
hat ranged between 3.4 and 4.7, and was extracted per pixel in order
0 (corresponding to ∼550 nm). We obtained four spectra of NGTS-
8A between 2021 July 10 and 2021 July 16 (Table 2 ). On 2021 June
1 to 2021 June 12, we also obtained two spectra of NGTS-28B. The
ean RV precision reached with the four NGTS-28A observations
as 0.0515 km s −1 . 
NRAS 530, 318–339 (2024) 
The data were reduced using the HARPS pipeline and radial ve-
ocities (RVs) measured using a G2V mask and the cross-correlation
echnique (Baranne et al. 1996 ; Pepe et al. 2002 ). A G2V mask
as used as it has been highly optimized for RV measurements but

lso because the spectra have low signal to noise (meaning only the
trongest lines are detected). In addition, NGTS-28A is rotating fast,
eaning many lines are blended. Fig. 6 shows the time series for the
GTS-28A RV measurements. 
The pipeline also produces values for the bisector inverse slope

BIS; Queloz et al. 2001 ; Dall et al. 2006 ) which can be an indicator
or variability or a blended eclipsing binary (Santos et al. 2002 ;
 ̈unther et al. 2018 ). The automatic pipeline calculation of the BIS
icked up a local minima in the cross-correlation function (CCF)
nd computed BIS values from that. To mitigate this, we binned the
CF to 5 km s −1 in velocity space and re-calculated the BIS. The
V values for NGTS-28B and BIS values for both objects are also

n Table 2 . 

.3 High-resolution imaging with ZORRO 

earby companion stars can appear to mimic transit signatures in
ight curves, as well as affecting the detected depth of any real
ransiting event meaning the derived radii of any secondary object
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Table 3. Magnitudes, parameters, and kinematics of NGTS-28A and NGTS-28B. The 
kinematics of the two objects are from Gaia DR3 and the photometry is from Gaia DR3 
(Gaia Collaboration 2023 ), 2MASS (Skrutskie et al. 2006 ), PanSTARRS (Chambers et al. 
2016 ; Flewelling et al. 2020 ). The TESS magnitude is from ExoFOP (Ricker et al. 2014 ). 
We list parameters of NGTS-28A and NGTS-28B found using SPECMATCH-EMP as priors for 
ARIADNE . Due to the low SNR of the spectra and the blending in photometry available, the 
errors in the parameters are likely underestimated and represent numerical errors. 

Parameter NGTS-28A NGTS-28B 

Gaia Source ID 6 172969891098581120 6172969891098581248 
RA 14:11:43.0 14:11:42.9 
Dec. −29:58:28.39 −29:58:26.32 
pmRA (mas yr −1 ) −78.61 ± 0.02 −79.06 ± 0.04 
pmDec (mas yr −1 ) 24.74 ± 0.02 23.77 ± 0.03 
Parallax (mas) 8.113 ± 0.020 8.085 ± 0.034 
Distance (pc) 123.25 ± 0.31 123.86 ± 0.53 
Magnitudes 
Gaia G 14.137 ± 0.001 15.249 ± 0.001 
Gaia BP 15.250 ± 0.006 16.550 ± 0.005 
Gaia RP 13.088 ± 0.003 14.097 ± 0.002 
TESS ( T ) 13.074 ± 0.009 14.064 ± 0.008 
2MASS J 11.664 ± 0.039 12.552 ± 0.025 
2MASS H 11.057 ± 0.047 11.958 ± 0.038 
2MASS Ks 10.832 ± 0.037 11.757 ± 0.027 
PanSTARRS g 15.623 ± 0.004 16.923 ± 0.007 
PanSTARRS r 14.373 ± 0.003 15.716 ± 0.010 
PanSTARRS i n/a 14.568 ± 0.006 
Fitted Parameters 
T eff (K) 3626 + 47 

−44 3441 + 70 
−52 

log g (dex) 4.74 + 0 . 10 
−0 . 09 4.85 + 0 . 13 

−0 . 14 

[Fe / H] (dex) −0.14 + 0 . 16 
−0 . 17 −0.02 + 0 . 26 

−0 . 23 

M A (M �) 0.56 + 0 . 02 
−0 . 02 0.43 + 0 . 01 

−0 . 02 

R A (R �) 0.59 + 0 . 03 
−0 . 03 0.42 + 0 . 03 

−0 . 03 

Age (Gyr) 6.99 + 5 . 09 
−6 . 49 2.06 + 10 . 08 

−1 . 49 

Table 4. Estimate Matern-3/2 baseline parameters from 

ALLESFITTER . These were used as priors within the final 
fit. 

Parameter NGTS TESS 

ln σ −4.6161 + 0 . 0587 
−0 . 0587 −4.4589 + 0 . 1135 

−0 . 1135 

ln ρ −1.4840 + 0 . 0764 
−0 . 0764 −0.9483 + 0 . 1049 

−0 . 1049 
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Figure 8. SED fit produced by ARIADNE . Black line shows the PHOENIX 

V2 model, light blue points show the various catalogue photometry points 
for NGTS-28A and the purple diamonds show the synthetic photometry fit. 
Plotted underneath are the residuals for the data and synthetic photometry. 

3

3

F  

2  

s
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/318/7612266 by H
ealth Services M

anagem
ent C

entre Library user on 02 M
ay 2024
ill be incorrect (Howell et al. 2011 ; Furlan & Howell 2017 ). High-
esolution imaging of the host star is one way to determine if the host
tar is actually an unresolved binary. 

We performed speckle imaging with ZORRO on 2023 May 08 
Scott et al. 2021 ; Howell & Furlan 2022 ). The resultant 5 σ contrast
urve can be seen in Fig. 7 , where the two filters used (562 nm and
32 nm, blue and red, respectively) are plotted. We obtained 12 sets
f 1000 images with an exposure time of 0.06 s, which was processed
sing the standard pipeline, detailed in Howell et al. ( 2011 ). 
Fig. 7 shows no nearby stellar companions detected near NGTS- 

8A to within the contrast (4 mag at 562 nm and 5.8 mag at 832 nm)
nd the angular separation (0.02–1.2 arcsec) limits of the observation. 
eaning we detected no stellar companion between around 2.5 and 

47.9 au around NGTS-28A. A reconstructed 832 nm image can be 
een in the inset of Fig. 7 . 
 ANALYSI S  

.1 NGTS-28B 

ig. 1 shows the DSS image of NGTS-28Ab and shows NGTS-
8A is blended with another star (NGTS-28B), with an on sky
eparation of ∼3.6 arcsec. We compared the Gaia DR3 kinematics 
Gaia Collaboration 2016 , 2023 ) for NGTS-28B and NGTS-28A 
MNRAS 530, 318–339 (2024) 
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Figure 9. The NGTS bandpass (blue) and TESS bandpass (indigo) with 
NGTS-28A (black) and NGTS-28B (red) model spectra plotted. The NGTS 
bandpass curve is the product of the quantum efficiency curve of the CCD, 
the filter transmission curve and an atmospheric absorption curve (G ̈unther 
et al. 2018 ; Wheatley et al. 2018 ). The TESS bandpass curve is the product of 
the filter transmission curve and detector quantum efficiency curve (Ricker 
et al. 2014 ). 
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Table 3 ). NGTS-28B has a proper motion and parallax in Gaia DR3
hat is similar to that of NGTS-28A, although the proper motion
s not consistent within the errors. Ho we ver , Mugrauer , R ̈uck &

ichel ( 2023 ) have found NGTS-28A and NGTS-28B to be co-
oving within their multiplicity study. Combining the distance to
GTS-28A and angular separation (3.6 arcsec) of NGTS-28AB, the

eparation is ∼443 au. This wide separation also means NGTS-28B
ill not have any substantial gravitational effect on NGTS-28A, and

o will not affect orbital RV measurements for NGTS-28Ab o v er the
ime span of the observations taken. 

Within 15 arcsec, there is a third object which has a Gaia G
agnitude of 20.3 (Gaia Collaboration 2023 ), but it does not have a

arallax or proper motion which is consistent with being a common
roper motion companion. This object is too faint to have a significant
ffect on our photometry. We also searched the wider field within
 arcsec for proper motion companions, but none were found. Within
0 arcsec, there are 18 objects, but none of which are brighter than
he host star. It is unlikely any of these objects have a significant
ontribution to the photometry of the system due to their separation,
specially compared to NGTS-28B. NGTS-28B has been taken into
onsideration within our analysis, as blending within the aperture
ill affect the depth of the measured transit (Ciardi et al. 2015 ). This

s discussed further in Section 3.3.1 . 

.2 NGTS-28A: host star parameters 

e analysed NGTS-28A using spectral fitting and spectral energy
istribution (SED) fitting. Table 3 gives the proper motion, parallax,
nd magnitudes from Gaia DR3 (Gaia Collaboration 2016 , 2023 ),
ESS , 2MASS (Skrutskie et al. 2006 ), and PanSTARRS (Chambers
t al. 2016 ; Flewelling et al. 2020 ). 

.2.1 Spectral analysis 

e analysed the HARPS spectra with SPECMATCH-EMP (Yee, Pe-
igura & von Braun 2017 ) for both NGTS-28A and NGTS-28B.
irst, we shifted the spectra into the rest frame to remo v e the RV
ariations, then co-added the spectra to obtain a single spectrum
ith a higher signal-to-noise ratio (SNR) than the individual spectra,

lthough the total SNR of the co-added spectrum of NGTS-28A was
till low per pixel (5.5). We then used SPECMATCH-EMP to compare
NRAS 530, 318–339 (2024) 
ur spectra to the KECK/HIRES libraries of template spectra in order
o select a few ‘best-fitting’ objects to the target spectra. Linearly
ombined spectra of the comparison objects were then created and
ompared to the target spectra, to get a best fit. The output parameters
re calculated using the weighted averages of the linearly combined
pectra. SPECMATCH-EMP then uses χ2 statistics to test how good of
 fit the estimated parameters are to the data. 

We determined that NGTS-28A has a mass of 0.56 ± 0.08 M �,
adius of 0.53 ± 0.1 R �, and a T eff of 3630 ± 70 K. We also found it
as a log g of 4.74 ± 0.12 and a [Fe/H] of 0.36 ± 0.09. For NGTS-
8B, we determined a mass of 0.39 ± 0.08 M � radius of 0.39 ± 0.1
 � and a T eff of 3500 ± 70 K. We also found a log g of 4.87 ± 0.12
nd a [Fe/H] of 0.00 ± 0.09. The errors estimated by SPECMATCH-
MP are likely underestimates due to the low SNR of the spectra,
hich is not considered within SPECMATCH-EMP . The SPECMATCH-

MP code uses fixed errors for all results, which depend only on the
roperty’s value. For example, the T eff will have an adopted error of
0 K if it is less than 4500 K and an adopted error of 110 K if T eff is
reater than or equal to 4500 K. For more information, we refer the
eader to the software paper (Yee, Petigura & von Braun 2017 ). 

The two objects are of a similar T eff with NGTS-28B being slightly
ooler than NGTS-28A. We also find that NGTS-28B is less massive
ith a smaller radius than NGTS-28A. These values are consistent
ith NGTS-28B being fainter than NGTS-28A. The age of both
bjects are also found to be in agreement within errors, supporting
hat they are likely common proper motion companions. We used the
og g , radius, and T eff of NGTS-28A and NGTS-28B as priors for
RIADNE . 

.2.2 SED fitting 

e fit the broadband photometry in Table 3 for NGTS-28A and
GTS-28B using ARIADNE , a SED fitting tool (Vines & Jenkins
022 ) that uses six atmospheric models ( PHOENIX : Husser et al.
013 ; BT-SETTL : Allard, Homeier & Freytag 2012 ; BT-NEXTGEN :
auschildt, Allard & Baron 1999 ; Allard, Homeier & Freytag 2012 ;
T-COND : Allard, Homeier & Freytag 2012 ; CASTELLI & KURUCZ :
astelli & Kurucz 2004 ; KURUCZ : Kurucz 1993 ) to determine various

tellar parameters. 
For NGTS-28A and NGTS-28B, we used T eff , radius, and log g

rom SPECMATCH-EMP as priors for the ARIADNE fit. This produced
he values in Table 3 . It is likely that these values have slightly
nderestimated errors due to how blended NGTS-28A and NGTS-
8B are in the optical photometry. 
The SED for NGTS-28A is shown in Fig. 8 with the PHOENIX

2 model spectra. Synthetic photometry points, and the residuals
etween the synthetic and real photometry points are also seen in
ig. 8 . The data in Table 3 were taken from the Bayesian Model
verage output from ARIADNE . 
The ages from ARIADNE are in agreement with each other but the

rrors very large. The mass and radius of NGTS-28B are smaller
han NGTS-28A, as expected when compared to SPECMATCH-EMP . 

To obtain rough estimates for the spectral types of both NGTS-
8A and NGTS-28B, the T eff values were compared to fig. 5
f Rajpurohit et al. ( 2013 ). In Rajpurohit et al. ( 2013 )’s figure,
he T eff values are plotted with spectral type to show a trend for
o w T eff v alues change as you progress to later M dwarf types,
long with multiple atmospheric models for comparison. Using the
 eff values for NGTS-28A and NGTS-28B, we compared to this
gure (Rajpurohit et al. 2013 ) to estimate a spectral type for both
bjects. We estimate a spectral type of ∼M1 for NGTS-28A and
M2 for NGTS-28B. We compared this to the Mamajek spectral
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Table 5. The fitted parameters for NGTS-28Ab, produced by ALLESFITTER . 

Parameter Symbol Prior, parameter space Value 

Fitted parameters 
Limb darkening parameters 
NGTS LDC 1 q 1; NGTS 0.4544, N (0 . 4544 , 0 . 0088) 0 . 4517 + 0 . 0074 

−0 . 0078 

NGTS LDC 2 q 2; NGTS 0.2901, N (0 . 2901 , 0 . 0022) 0 . 2900 + 0 . 0018 
−0 . 0019 

TESS Sector 38 LDC 1 q 1; TESS 0.3379, N (0 . 3379 , 0 . 0054) 0 . 3383 + 0 . 0046 
−0 . 0043 

TESS Sector 38 LDC 2 q 2; TESS 0.2640, N (0 . 2640 , 0 . 0019) 0 . 2638 + 0 . 0017 
−0 . 0017 

SPECULOOS-S I + z ’ band LDC 1 q 1; SPEC i zp 0.2284, N (0 . 2284 , 0 . 0037) 0 . 2290 + 0 . 0032 
−0 . 0033 

SPECULOOS-S I + z ’ band LDC 2 q 2; SPEC i zp 0.2199, N (0 . 2199 , 0 . 0020) 0 . 2195 + 0 . 0016 
−0 . 0017 

SPECULOOS-S z ’ band LDC 1 q 1; SPEC z p 0.2015, N (0 . 2015 , 0 . 0031) 0 . 2015 + 0 . 0026 
−0 . 0026 

SPECULOOS-S z ’ band LDC 2 q 2; SPEC z p 0.2027, N (0 . 2027 , 0 . 0019) 0 . 2030 + 0 . 0016 
−0 . 0017 

SPECULOOS-S g ’ band LDC 1 q 1; SPEC g p 0.8945, N (0 . 8945 , 0 . 0143) 0 . 8911 + 0 . 0118 
−0 . 0118 

SPECULOOS-S g ’ band LDC 2 q 2; SPEC g p 0.3271, N (0 . 3271 , 0 . 0016) 0 . 3270 + 0 . 0014 
−0 . 0014 

SPECULOOS-S i ’ band LDC 1 q 1; SPEC i p 0.3531, N (0 . 3531 , 0 . 0070) 0 . 3550 + 0 . 0059 
−0 . 0059 

SPECULOOS-S i ’ band LDC 2 q 2; SPEC i p 0.2678, N (0 . 2678 , 0 . 0024) 0 . 2676 + 0 . 0020 
−0 . 0019 

SPECULOOS-S r ’ band LDC 1 q 1; SPEC r p 0.7794, N (0 . 7794 , 0 . 0151) 0 . 7790 + 0 . 0127 
−0 . 0129 

SPECULOOS-S r’ band LDC 2 q 2; SPEC r p 0.3161, N (0 . 3161 , 0 . 0020) 0 . 3162 + 0 . 0018 
−0 . 0018 

TRAPPIST-S I + z ’ band LDC 1 q 1; TRAP i zp 0.2284, N (0 . 2284 , 0 . 0074) 0 . 2293 + 0 . 0067 
−0 . 0062 

TRAPPIST-S I + z ’ band LDC 2 q 2; TRAP i zp 0.2199, N (0 . 2199 , 0 . 0040) 0 . 2199 + 0 . 0034 
−0 . 0034 

TRAPPIST-S z ’ band LDC 1 q 1; TRAP z p 0.2015, N (0 . 2015 , 0 . 0062) 0 . 2020 + 0 . 0053 
−0 . 0054 

TRAPPIST-S z ’ band LDC 2 q 2; TRAP z p 0.2027, N (0 . 2027 , 0 . 0038) 0 . 2030 + 0 . 0032 
−0 . 0033 

SAAO I band LDC 1 q 1; SAAO I 0.5, U (0 . 0 , 1 . 0) 0 . 2191 + 0 . 1091 
−0 . 0892 

SAAO I band LDC 2 q 2; SAAO I 0.5, U (0 . 0 , 1 . 0) 0 . 6158 + 0 . 2615 
−0 . 3336 

System parameters 
Radius ratio R b / R � 0.116, U (0 . 0 , 0 . 3) 0 . 1667 + 0 . 0011 

−0 . 0010 

Scaled summed radius ( R � + R b )/ a b 0.16, U (0 . 0 , 0 . 3) 0 . 1579 + 0 . 0027 
−0 . 0024 

Cosine inclination cos i b 0, U (0 . 0 , 0 . 5) 0 . 0808 + 0 . 0032 
−0 . 0030 

Epoch (BJD) T 0; b 2459360.305123, U (2459350 , 2459370) 2458953 . 9685 + 0 . 0001 
−0 . 0001 

Orbital period (d) P orb 1.25412, U (1 . 245 , 1 . 265) 1 . 2541 + 0 . 0000 
−0 . 0000 

RV Semi-amplitude (km s −1 ) K b 15, U (12 , 22) 18 . 4107 + 0 . 2367 
−0 . 1659 √ 

e b cos ω b f c 0, U ( −1 , 1) −0 . 0289 + 0 . 0236 
−0 . 0173 √ 

e b sin ω b f s 0, U ( −1 , 1) −0 . 1981 + 0 . 0267 
−0 . 0156 

Dilution values 
NGTS dilution D NGTS 0.4364, N (0 . 4364 , 0 . 0186) 0 . 4222 + 0 . 0095 

−0 . 0111 

TESS dilution D TESS 0.4466, N (0 . 4466 , 0 . 0156) 0 . 4145 + 0 . 0089 
−0 . 0097 

SPECULOOS-S I + z ’ dilution D SPEC i zp – 0.0 (fixed) 

SPECULOOS-S z ’ dilution D SPEC z p – 0.0 (fixed) 

SPECULOOS-S g ’ d D SPEC g p – 0.0 (fixed) 

SPECULOOS-S i ’ dilution D SPEC i p 0, U (0 , 1) 0 . 0226 + 0 . 0191 
−0 . 0145 

SPECULOOS-S r ’ dilution D SPEC r p – 0.0 (fixed) 

TRAPPIST-S I + z ’ dilution D TRAP i zp 0, U (0 , 1) 0 . 3599 + 0 . 0268 
−0 . 0265 

TRAPPIST-S z ’ dilution D TRAP z p 0, U (0 , 1) 0 . 3648 + 0 . 0268 
−0 . 0262 

SAAO I -band dilution D SAAO I 0, U (0 , 1) 0 . 1791 + 0 . 0276 
−0 . 0269 

White noise 
– ln σNGTS −5, U ( −10 , −1) −5 . 0915 + 0 . 0073 

−0 . 0073 

– ln σTESS −5, U ( −10 , −1) −5 . 1962 + 0 . 0081 
−0 . 0078 

– ln σSPEC i zp −5, U ( −10 , −1) −5 . 5845 + 0 . 0230 
−0 . 0231 

– ln σSPEC z p −5, U ( −10 , −1) −5 . 6716 + 0 . 0334 
−0 . 0328 

– ln σSPEC g p −5, U ( −10 , −1) −5 . 6037 + 0 . 0672 
−0 . 0617 

– ln σSPEC i p −5, U ( −10 , −1) −5 . 2349 + 0 . 0304 
−0 . 0304 

– ln σSPEC r p −5, U ( −10 , −1) −5 . 6961 + 0 . 0429 
−0 . 0435 

– ln σTRAP i zp −5, U ( −10 , −1) −5 . 4060 + 0 . 0345 
−0 . 0335 

– ln σTRAP z p −5, U ( −10 , −1) −5 . 6070 + 0 . 0433 
−0 . 0411 
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Table 5 – continued 

Parameter Symbol Prior, parameter space Value 

– ln σSAAO I −5, U ( −10 , −1) −4 . 6564 + 0 . 0174 
−0 . 0172 

–(km s −1 ) ln σ jitter ( RV HARPS ) −2, U ( −4 , −1) −2 . 1615 + 0 . 5819 
−0 . 6698 

Baseline parameters for GP 

ln σNGTS offset (NGTS) −4.6161, N ( −4 . 6161 , 0 . 0587) −4 . 5927 + 0 . 0386 
−0 . 0359 

ln ρNGTS offset (NGTS) −1.4840, N ( −1 . 4840 , 0 . 0764) −1 . 6515 + 0 . 0497 
−0 . 0577 

ln σ TESS offset (TESS) −4.4589, N ( −4 . 4589 , 0 . 1135) −4 . 4356 + 0 . 0633 
−0 . 0582 

ln ρTESS offset (TESS) −0.9483, N ( −0 . 9483 , 0 . 1049) −0 . 9319 + 0 . 0697 
−0 . 0678 
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ypes (Pecaut & Mamajek 2013 ) that were estimated with ARIADNE .
RIADNE estimates a M1.5 and M3 spectral classification for NGTS-
8A and NGTS-28B, respectively. Comparing the results from both
hese methods provides a good estimate for the spectral type of both
tars. Although more detailed methods can be used, they are not
ecessary for understanding NGTS-28Ab, and are limited by the
ow signal-to-noise spectra that are available. 

.3 NGTS-28Ab Parameters 

ue to the complexity of the system, NGTS-28Ab’s parameters
nvolved a multistep process to get the most accurate results possible.
GTS-28Ab was analysed using ALLESFITTER (G ̈unther & Daylan
019 , 2021 ). ALLESFITTER is a statistical tool used to fit light
urve and RV data to produce estimations for parameters of the
ystem (G ̈unther & Daylan 2019 , 2021 ). It utilizes MCMC and
ynamic nested sampling ( DNS ) methods to estimate the best fitting
arameters to the data, which can simultaneously be provided from
ultiple instruments and bandpasses, making use of various software

ncluding models such as ELLC (Maxted 2016 ) and samplers such as
YNESTY (Speagle 2020 ) and EMCEE (F oreman-Macke y et al. 2013 ).

.3.1 Estimating dilution values 

he first step involved calculating estimates for the dilution values
or each instrument. We do this in a similar manner to G ̈unther et al.
 2018 ). To do this, we used PYSYNPHOT (STScI Development Team
013 ). We first obtained the bandpass response function for NGTS
nd TESS (NGTS: G ̈unther et al. 2018 ; Wheatley et al. 2018 ; TESS :
icker et al. 2014 ). We then obtained model spectra for both NGTS-
8A and NGTS-28B using the PHOENIX models (Husser et al. 2013 )
ithin PYSYNPHOT . We randomly sampled 10 000 T eff values between

he errors of each object’s T eff , which created 10 000 possible spectra
or each object. 

The bandpass functions for each instrument and an example model
pectra for each object produced by the PHOENIX models are plotted
n Fig. 9 . Once we had obtained these, we interpolated the bandpass
nd spectra, multiplied the stellar spectra by the transmission curve
nd then integrated over the entire region. This provided flux values
or NGTS-28A and NGTS-28B which could be used in equations
 1 ) and ( 2 ) from G ̈unther et al. ( 2018 ) to calculate the dilution for
GTS-28A. D B and D A are the dilution values for NGTS-28B and
GTS-28A, respectively. F B and F A are the flux values for NGTS-
8B and NGTS-28A, respectively. 

 B = 1 − F B 

F A + F B 

(1) 

 A = 1 − D B (2) 
NRAS 530, 318–339 (2024) 
The dilutions were calculated for each of the 10 000 spectra, and
 mean was calculated. To estimate the error on this value we
lso calculated a standard deviation for the sample. From this we
etermined that NGTS-28A has a dilution value of 0.4364 ± 0.0186
nd 0.4466 ± 0.0156 in NGTS and TESS , respectively. TESS
DCSAP estimated a dilution of 0.73 which is larger than the
odelled dilution for NGTS-28A or NGTS-28B. This confirmed

hat the PDCSAP flux has likely been o v er corrected for this object. 

.3.2 Global modelling 

or the global modelling of the system, we modelled the TESS 2-min
adence data, the NGTS data which we binned to 2-min, the SAAO,
PECULOOS-S, and TRAPPIST-S data sets and the HARPS RV
ata simultaneously using ALLESFITTER . We remo v ed some data in
he SAAO I -band data due to variable seeing but kept in as much
s possible. We also remo v e some data from the SPECULOOS-S g ′ 

nd r ′ due to high background noise. 
We estimated the baseline parameters ln σ and ln ρ for NGTS and

ESS , which describe a GP baseline with a Matern-3/2 kernel, as
een in G ̈unther & Daylan ( 2021 ), using the ‘out of transit’ data in
he light curve. These were used as priors for the final fit on the
n-transit data, varying normally with their errors (Table 4 ). HARPS
as fit with a hybrid offset and the rest of the photometric data sets
ere fit with hybrid splines. 
For the dynamic nested sampling ( DNS ) fitting, we fixed the

ilution for SPECULOOS-S I + z ′ , g ′ , r ′ and z ′ to 0 due to there not
eing any contamination within the aperture. We used the dilution
alues for NGTS and TESS for NGTS-28A from Section 3.3.1 as
riors for the fit, and allowed them to vary normally within their
rrors. For all other data sets we used an initial prior of 0 and allowed
t to vary uniformly between 0 and 1. We did not calculate dilution
alues due to the method of photometry described in Sections 2.1.3 –
.1.5 . 
The limb darkening values for TESS , NGTS, and all

PECULOOS-S and TRAPPIST-S data were calculated using LDTK

Husser et al. 2013 ; Parviainen & Aigrain 2015 ), using the Kipping
 2013 ) limb darkening relations. These were fitted with a normal
istribution around the priors within the errors produced by LDTK .
or SAAO I data, the limb darkening constants had initial priors of
.5, varying uniformly between 0 and 1. 
All priors, their parameter spaces and resultant values can be seen

n Table 5 . The epoch is given a prior value and parameter space but
s allowed to shift in order to prevent biasing towards one data set
hich would cause correlations between epoch and period. We used
00 live points and a tolerance of 0.001. We fit the data with a 0.4
hase width around the transit. 
The derived parameters are in Table 6 . The corner plot for the

eri ved v alues from this fit are also in the appendix in Fig. A1 . Plots
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Table 6. The final DNS derived parameters for NGTS-28Ab, produced by ALLESFITTER . These values are used in future analysis. 

Parameter Value 

Derived parameters 

Host radius o v er semi-major axis b; R � / a b 0 . 1353 + 0 . 0023 
−0 . 0020 

Semi-major axis b o v er host radius; a b / R � 7 . 3872 + 0 . 1127 
−0 . 1210 

Companion radius b o v er semimajor axis b; R b / a b 0 . 0226 + 0 . 0005 
−0 . 0004 

Companion radius b; R b (R jup ) 0 . 9534 + 0 . 0488 
−0 . 0484 

Semimajor axis b; a b (R �) 4 . 3387 + 0 . 2313 
−0 . 2282 

Semimajor axis b; a b (au) 0 . 0202 + 0 . 0011 
−0 . 0011 

Inclination b; i b (deg) 85 . 3628 + 0 . 1735 
−0 . 1863 

Eccentricity b; e b 0 . 0404 + 0 . 0067 
−0 . 0101 

Argument of periastron b; w b (deg) 261 . 7232 + 6 . 7190 
−4 . 9514 

Mass ratio b; q b 0 . 1181 + 0 . 0077 
−0 . 0069 

Companion mass b; M b (M jup ) 69 . 0125 + 5 . 3172 
−4 . 8181 

Companion mass b; M b ( M �) 0 . 0659 + 0 . 0051 
−0 . 0046 

Impact parameter b; b tra; b 0 . 6200 + 0 . 0147 
−0 . 01367 

Total transit duration b; T tot; b (h) 1 . 3404 + 0 . 0105 
−0 . 0093 

Full-transit duration b; T full; b (h) 0 . 7537 + 0 . 0117 
−0 . 0135 

Host density from orbit b; ρ� ; b (cgs) 4 . 8485 + 0 . 2253 
−0 . 2344 

Companion density b; ρb (cgs) 98 . 7270 + 23 . 9807 
−18 . 6470 

Companion surface gravity b; g b (cgs) 210796 . 5463 + 7782 . 8359 
−8754 . 0340 

Equilibrium temperature b; T eq; b (K) 863 . 2442 + 13 . 1585 
−12 . 5882 

Transit depth (undil.) b; δtr;undil;b;NGTS 2 (ppt) 30 . 2106 + 0 . 7684 
−0 . 7502 

Transit depth (dil.) b; δtr;dil;b;NGTS 2 (ppt) 17 . 4391 + 0 . 3714 
−0 . 2668 

Transit depth (undil.) b; δtr;undil;b;TESS 2 MIN (ppt) 29 . 8102 + 0 . 6466 
−0 . 6463 

Transit depth (dil.) b; δtr;dil;b;TESS 2 MIN (ppt) 17 . 4538 + 0 . 2612 
−0 . 2484 

Transit depth (undil.) b; δtr;undil;b;SPEC1506 i zp (ppt) 29 . 4026 + 0 . 3149 
−0 . 3047 

Transit depth (dil.) b; δtr;dil;b;SPEC1506 i zp (ppt) 29 . 4026 + 0 . 3149 
−0 . 3047 

Transit depth (undil.) b; δtr;undil;b;SPEC1506 z p (ppt) 29 . 2768 + 0 . 3060 
−0 . 3085 

Transit depth (dil.) b; δtr;dil;b;SPEC1506 z p (ppt) 29 . 2768 + 0 . 3060 
−0 . 3085 

Transit depth (undil.) b; δtr;undil;b;SPEC1804 g p s hort (ppt) 31 . 5803 + 0 . 3587 
−0 . 3317 

Transit depth (dil.) b; δtr;dil;b;SPEC1804 g p s hort (ppt) 31 . 5803 + 0 . 3587 
−0 . 3317 

Transit depth (undil.) b; δtr;undil;b;SPEC1804 i p (ppt) 29 . 8533 + 0 . 7533 
−0 . 6928 

Transit depth (dil.) b; δtr;dil;b;SPEC1804 i p (ppt) 29 . 1418 + 0 . 4886 
−0 . 5315 

Transit depth (undil.) b; δtr;undil;b;SPEC1804 r p s hort (ppt) 31 . 2219 + 0 . 3354 
−0 . 3301 

Transit depth (dil.) b; δtr;dil;b;SPEC1804 r p s hort (ppt) 31 . 2219 + 0 . 3354 
−0 . 3301 

Transit depth (undil.) b; δtr;undil;b;TRAP1804 i zp (ppt) 29 . 3713 + 1 . 7601 
−1 . 6165 

Transit depth (dil.) b; δtr;dil;b;TRAP1804 i zp (ppt) 18 . 7979 + 0 . 7569 
−0 . 7499 

Transit depth (undil.) b; δtr;undil;b;TRAP2903 z p (ppt) 29 . 3008 + 1 . 7784 
−1 . 6831 

Transit depth (dil.) b; δtr;dil;b;TRAP2903 z p (ppt) 18 . 5946 + 0 . 8035 
−0 . 7835 

Transit depth (undil.) b; δtr;undil;b;SAAO I s (ppt) 29 . 4383 + 1 . 4229 
−1 . 3570 

Transit depth (dil.) b; δtr;dil;b;SAAO I s (ppt) 24 . 2032 + 0 . 7457 
−0 . 8746 

Limb darkening; u 1;NGTS 2 0 . 3897 + 0 . 0045 
−0 . 0045 

Limb darkening; u 2;NGTS 2 0 . 2823 + 0 . 0033 
−0 . 0035 

Limb darkening; u 1;TESS 2 MIN 0 . 3069 + 0 . 0029 
−0 . 0029 

Limb darkening; u 2;TESS 2 MIN 0 . 2748 + 0 . 0027 
−0 . 0028 

Limb darkening; u 1;SPEC1506 i zp 0 . 2100 + 0 . 0022 
−0 . 0022 

Limb darkening; u 2;SPEC1506 i zp 0 . 2684 + 0 . 0026 
−0 . 0026 

Limb darkening; u 1;SPEC1506 z p 0 . 1822 + 0 . 0019 
−0 . 0020 

Limb darkening; u 2;SPEC1506 z p 0 . 2666 + 0 . 0024 
−0 . 0023 

Limb darkening; u 1;SPEC1804 g p s hort 0 . 6173 + 0 . 0053 
−0 . 0050 

Limb darkening; u 2;SPEC1804 g p s hort 0 . 3265 + 0 . 0034 
−0 . 0033 
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Table 6 – continued 

Parameter Value 

Limb darkening; u 1;SPEC1804 i p 0 . 3188 + 0 . 0038 
−0 . 0035 

Limb darkening; u 2;SPEC1804 i p 0 . 2768 + 0 . 0035 
−0 . 0035 

Limb darkening; u 1;SPEC1804 r p s hort 0 . 5583 + 0 . 0054 
−0 . 0057 

Limb darkening; u 2;SPEC1804 r p s hort 0 . 3244 + 0 . 0044 
−0 . 0042 

Limb darkening; u 1;TRAP1804 i zp 0 . 2107 + 0 . 0048 
−0 . 0049 

Limb darkening; u 2;TRAP1804 i zp 0 . 2682 + 0 . 0047 
−0 . 0046 

Limb darkening; u 1;TRAP2903 z p 0 . 1823 + 0 . 0042 
−0 . 0039 

Limb darkening; u 2;TRAP2903 z p 0 . 2668 + 0 . 0047 
−0 . 0045 

Limb darkening; u 1;SAAO I s 0 . 5458 + 0 . 2411 
−0 . 2874 

Limb darkening; u 2;SAAO I s −0 . 1005 + 0 . 3080 
−0 . 2210 
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howing the model fits to the various sources of data can be seen in
igs 10 and 11 . 
The radius of NGTS-28Ab was therefore found to be 0.95 ± 0.05

 J , with a mass of 69 . 0 + 5 . 3 
−4 . 8 M J . These clearly put NGTS-28Ab within

he BD regime. The derived eccentricity is 0 . 0404 + 0 . 0067 
−0 . 0101 , meaning

he orbit is close to circular, but still has some eccentricity. 
In order to test if the eccentricity is significant, we repeated

he model fit with the eccentricity parameters ( 
√ 

e b cos ω b and
 

e b sin ω b ) fixed to 0, which fixes the eccentricity of the system
o 0. We kept all other priors and parameter spaces the same. 

Using the Bayesian evidence calculated during the DNS fit for
oth the eccentric and circular model, we calculate a logarithmic
ayes factor of 4.5. Using the criteria from Jeffreys ( 1998 ) and
ass & Raftery ( 1995 ), this means there is strong evidence for

he eccentricity to be a significant measurement, but not definitive.
o we ver, due to the Bayes factor being close to the limit of decisive

greater than 4.6), and the fact there is still strong evidence for some
evel of eccentricity, we assume the eccentric model to be the most
ikely. We perform other tests within Section 4.3 of this paper. 

 DISCUSSION  

.1 Population comparisons: bridging the gap 

GTS-28Ab has a mass of 69 . 0 + 5 . 3 
−4 . 8 M J and a radius of 0.95 ± 0.05

 J , putting it at the upper boundary of the BD regime. The small
adius also suggests that it is a BD, as most M-dwarfs are predicted
y model isochrones to have radii above this value, although there
s often a large scatter in the radii of late M-dwarfs (e.g. Parsons
t al. 2018 ). Fig. 12 shows the mass–radius plot for known transiting
bjects within 12–150 M J , along with the Baraffe et al. ( 2003 , 2015 )
sochrones for 0.1, 0.5, 1, 5, and 10 Gyr ages. Objects plotted within
ig. 12 are shown in Table A1 . Fig. 12 and Table A1 have been
dapted and updated from Grieves et al. ( 2021 ). RIK 72B (David
t al. 2019 ) and 2MASS J05352184–0546085 (Stassun, Mathieu &
alenti 2006 ) are not included within this distribution due to their
outh and hence large radii. 
Fig. 12 shows NGTS-28Ab (plotted as the black triangle) clearly

ies within the BD regime, with a system mass ratio of 0 . 1181 + 0 . 0069 
−0 . 0077 .

owler, Blunt & Nielsen ( 2020 ) discuss the population statistics of
Ds and hot Jupiters, splitting them based on mass and mass ratio.
hey found that high-mass ratios (greater than 0.01) are more likely

o have high eccentricities and indicate stellar formation mechanisms
Bowler, Blunt & Nielsen 2020 ). The high-mass ratio of this system
NRAS 530, 318–339 (2024) 

(  
 ould mak e NGTS-28Ab more lik ely to have formed via stellar
ormation mechanisms. 

NGTS-28Ab sits between the 0.5 and 1 Gyr isochrones on Fig.
2 . Although this is in agreement with the ages from SED modelling
f NGTS-28A and NGTS-28B within errors, the large range of ages
stimated for the system indicate it has a likely age range of > 0.5
yr. 
Low-mass M dwarfs have a wide distribution of radii at the low-
ass end with Parsons et al. ( 2018 ) determining that only 25 per cent

f the M dwarfs the y observ ed had radii consistent with models, while
2 per cent were inflated. It is not yet known whether this scatter
ontinues into the BD regime, although the recent disco v ery of high-
ass inflated BDs indicates it may very well do (e.g. Casewell et al.

020b ; Acton et al. 2021 ; Schaffenroth et al. 2021 ). 
We determined the metallicity of NGTS-28A using SPECMATCH-

MP and ARIADNE , determining a value of [Fe/H] = −0 . 14 + 0 . 16 
−0 . 17 . Fig.

2 shows the mass and metallicity of the known late M dwarf and
D systems in Table A1 . NGTS-28Ab is not an outlier in metallicity
ithin the population for BDs and low-mass stars. 
Using ARIADNE , we determined an ef fecti ve temperatures of

626 + 47 
−44 K for NGTS-28A and 3441 + 70 

−52 K for NGTS-28B. NGTS-
8B has a lower temperature than NGTS-28A and it is a redder
bject. Both objects have early M spectral types. Fig. A3 shows the
istribution of objects from Table A1 based on ef fecti ve temperature.
t also shows there is a lack of closely transiting objects around K
warfs, with NGTS-28A as one of the hottest M Dwarf hosts to
ransiting BDs, lying close to this gap. A similar gap is seen with
clipsing binaries, where tidal forces cause the companions of K-type
tars to spiral inward, as discussed in Chaturvedi et al. ( 2018 ). 

.2 Rotation and age 

s stated, Fig. 12 shows NGTS-28Ab has mass and radius values
hich are consistent with the 0.5–1 Gyr isochrone from Baraffe et al.

 2003 , 2015 ). This is also consistent with the age estimates of NGTS-
8A from ARIADNE . A range of ages is not unexpected due to the
ifficulty in determining ages of low mass stars. Other checks we
erformed to test the age of the system are discussed in this section.
We performed a check to confirm whether NGTS-28A and NGTS-

8B are part of a known young cluster or association. The BANYAN
 

online tool (Gagn ́e et al. 2018 ) was used. BANYAN 

∑ 

uses RA,
ec., proper motions, and parallax to calculate cluster membership
robabilities for various young clusters (up to 800 Myr) within
50 pc, as well as the probability of the object being field age
 ∼5 Gyr). For both stars, BANYAN 

∑ 

estimates a 99.9 per cent
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(a) (b)

(c) (d)

(e) (f)

Figure 10. Model fits to (a) NGTS data (binned to 2 min), (b) TESS 2 min data, (c) SPECULOOS-S I + z ′ band data, (d) SPECULOOS-S z ′ band data, (e) 
SPECULOOS-S g ′ band data, (f) SPECULOOS-S i ′ band data. All model plots are produced with ALLESFITTER . All plots show the inputted data in grey and the 
‘phased average’ flux in blue, with 20 model lines sampled from the posterior. 
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robability of their being field objects, and are therefore unlikely to 

e members of young clusters. This high probability of both NGTS- 
8A and NGTS-28B being field age is consistent with the estimates 
rom ARIADNE . 

Another check for youth is whether NGTS-28Ab is in spin- 
rbit sychronization with NGTS-28A. Spin-orbit synchronization is 
xpected for an object of this orbital radius/period. Fig. 4 shows the
ull TESS data for NGTS-28AB in the top panel. From the bottom of
ig. 4 , an apparent signature due to rotation can be seen, along with
he transits and a flare. If it is believed to be the rotation of NGTS-
8A alone, it appears the rotation period of the object is very close to,
ut not quite equal to, the orbital period of NGTS-28Ab. Ho we ver,
t is likely that the light curve modulation shows a composite effect
f both NGTS-28A and NGTS-28B. 
From the large uncertainties in the ages and the high probability

f the objects being field age, it is likely that NGTS-28Ab is old.
MNRAS 530, 318–339 (2024) 
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(a) (b)

(c) (d)

(e) (f)

Figure 11. Model fits to (a) SPECULOOS-S r ′ band data, (b) TRAPPIST-S I + z ′ band data, (c) TRAPPIST-S z ′ band data, (d) SAAO I- band data, (e) 
phase-folded HARPS data, and (f) timeseries HARPS data. All model plots are produced with ALLESFITTER . All plots show the inputted data in grey and the 
‘phased average’ flux in blue, with 20 model lines sampled from the posterior. 
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f we make the assumption that the modulation seen in the TESS

nd NGTS data is from NGTS-28A alone, we can calculate the
otation period using a Lomb–Scargle (LS) periodogram (Lomb
976 ; Scargle 1982 ). We used ASTROPY ’s LOMBSCARGLE package
 ASTROPY : Astropy Collaboration 2013 , 2018 , 2022 ), using a period
ange between 0.9 and 2 d. The errors associated with the period
ere calculated by randomly sampling the time-flux array for TESS

nd NGTS, allowing for duplication of values, and repeating the
NRAS 530, 318–339 (2024) 
S process for each random sample, known as ‘bootstrapping’. We
epeated the process 1000 times and the standard deviation of the
esultant periods was used as the error on the period. We determined
he rotation period to be 1.42 ± 0.02 d from the TESS data and
.42 ± 0.11 d from the NGTS data. Unfortunately, due to the
igh level of blending in the photometry from TESS and NGTS,
e are unable to conclusively say if this rotation period of NGTS-
8A is accurate or is a modulation effect caused by the blended
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Figure 12. Mass–radius plot for the known transiting BDs (blue circles) and low-mass stars (magenta stars), with NGTS-28Ab (black triangle), adapted from 

fig. 10 in Grieves et al. ( 2021 ). The vertical dashed lines show the upper and lower boundaries of the BD regime. The lines plotted along the graph show the 
expected radii of objects at all masses for 0.1 Gyr (green dashed), 0.5 Gyr (red solid), 1 Gyr (blue dotted), 5 Gyr (black dash–dotted), and 10 Gyr (pink dashed) 
objects. These isochrones are from Baraffe et al. 2003 , 2015 . The Baraffe et al. ( 2003 ) isochrones are based on the BT-COND models and Baraffe et al. ( 2015 ) 
impro v e on that with the inclusion of BT-SETTL models (Allard, Homeier & Freytag 2012 ). The lowest masses of the isochrones are taken from Baraffe et al. 
( 2003 ). The disconnect in the isochrone lines is due to using the both models. Objects on this plot are listed within Table A1 . RIK-72b (David et al. 2019 ) and 
the binary system disco v ered by Stassun, Mathieu & Valenti ( 2006 ) are not included due to their youth and large radii. 

Table 7. Estimated values for tidal circularization time-scale for NGTS- 
28Ab. These v alues sho w a range of possible time-scales for Q b v alues from 

10 4.5 to 10 6 . 

Q b τ e (Myr) 

10 4.5 0.96 
10 4.75 0.97 
10 5 0.98 
10 5.25 0.99 
10 5.5 0.99 
10 5.75 0.99 
10 6 1.00 
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GTS-28B. This uncertainty means we cannot use this rotation 
eriod for gyrochronology or to determine any level of spin-orbit 
ynchronization accurately. Therefore, the mass–radius relation and 
RIADNE is used to provide a best estimate for the age of NGTS-28Ab
f > 0.5 Gyr. 

.3 System eccentricity and tidal effects 

he eccentricity of NGTS-28Ab is 0 . 0404 + 0 . 0067 
−0 . 0101 . To test if the

ccentricity is a significant detection, we use the method from Lucy 
 Sweeney ( 1971 ), where the detected eccentricity is only significant
f the eccentricity value is 2.45 σ e abo v e the errors: 

 = ˆ e , if ˆ e > 2 . 45 σe , (3) 

 = 0 , if ˆ e ≤ 2 . 45 σe , (4) 

Where ˆ e is estimated eccentricity and σ e is the standard error on 
he value. Using this relationship from Lucy & Sweeney ( 1971 ), our
ccentricity is a significant detection. 

We expect NGTS-28Ab to be circularized when considering the 
idal circularization time-scale. Tidal circularization is where tidal 
nteractions between a star and its companion cause the orbit to
ecome less eccentric, first discussed in Zahn & Bouchet ( 1989 ).
rom there, objects then undergo rotational and orbital synchroniza- 

ion. To calculate an estimate for the circularization time-scale, we 
se equations ( 5 ), ( 6 ), and ( 7 ) from Jackson, Greenberg & Barnes
 2008 ). 
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Figure 13. (a) Mass–eccentricity plot, with a vertical dashed line marking 42.5 M J . (b) Period–eccentricity plot. Both figures show the objects from Table A1 
with NGTS-28Ab plotted as an black triangle. Low-mass stars are plotted as magenta stars. BDs with masses abo v e 42.5 M J are dark blue circles and BDs with 
below 42.5 M J are light blue circles. RIK-72b (David et al. 2019 ) and the binary system disco v ered by Stassun, Mathieu & Valenti ( 2006 ) are not included due 
to their youth. 

 

t  

c  

r  

q  

a  

l  

B
 

d  

B  

2  

C  

o  

T  

s  

o  

d  

t
 

i  

f  

M  

w  

G  

d
 

w  

2

5

N  

t  

T  

u  

b  

a  

2  

t
 

h  

c  

t  

&  

T  

G  

f  

v
 

w  

s

A

T  

a  

O  

t  

C  

S  

E  

T  

F  

P  

A  

d  

/  

a  

/  

n  

G
 

M  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/318/7612266 by H
ealth Services M

anagem
ent C

entre Library user on 02 M
ay 2024
Where τ circ, � , τ circ, b , and τ e are the circularization time-scales for
he star, companion, and system respectively. G is the gravitational
onstant, M � and M b are the masses of the star and companion
espectively, a is the orbital radius and Q � and Q b are the tidal
uality factors. This will estimate a circularization time-scale with
ssumptions such as the orbit is not tidally locked, having a period
ess than 10 d and the eccentricity being low (Jackson, Greenberg &
arnes 2008 ). 
Using our results and a value of 10 5 for Q � (as suggested for M

warfs in Mardling & Lin 2004 ; Heller et al. 2010 ; Heller, Leconte &
arnes 2011 ), we estimated the circularization timescale for NGTS-
8Ab for a range of Q b values (10 4.5 –10 6 ) following the methods in
armichael et al. ( 2020 ) and Acton et al. ( 2021 ). We use a range
f values as the tidal quality factor is not well constrained for BDs.
he results can be seen in Table 7 . From this test, NGTS-28Ab
hould have a circularized orbit due to the low time-scales, regardless
f Q b value. This is in disagreement to our significant eccentricity
etection. With more RV points we may be able to confirm whether
he eccentricity is real. 

How the object sits within the BD/low-mass star population is
mportant. Fig. 13 , shows the mass-eccentricity relation for all objects
rom Table A1 . In Fig. 13 , the objects that are more massive than 42.5
 J (shown by the dotted line) show a flat eccentricity distribution
ith increasing mass. This is in agreement with Ma & Ge ( 2014 ) and
rieves et al. ( 2017 ). NGTS-28Ab lies comfortably within this flat
istribution. 
From the period-eccentricity plot in Fig. 13 , it is clear that objects

ith the highest eccentricities also tend to have long periods. NGTS-
8Ab is one of the shortest period transiting BDs within the desert. 

 C O N C L U S I O N  

GTS-28Ab is a 69 . 0 + 5 . 3 
−4 . 8 M J , 0.95 ± 0.05 R J BD, transiting within

he sparsely populated BD desert (Grether & Lineweaver 2006 ).
herefore, NGTS-28Ab provides a new opportunity to gain a deeper
nderstanding of this region. The BD desert is believed to be caused
y the minimal o v erlap of the tail of distributions between planetary
NRAS 530, 318–339 (2024) 
nd stellar formation mechanisms (Ma & Ge 2014 ; Grieves et al.
021 ). Therefore, it is important to model parameters that can indicate
he formation of each object. 

We used spectral fitting and SED fitting methods to analyse the
ost star NGTS-28A as well as the probable common proper motion
ompanion NGTS-28B (Mugrauer, R ̈uck & Michel 2023 ). We were
hen able to use the global modelling method ALLESFITTER (G ̈unther
 Daylan 2019 , 2021 ) to model the parameters of NGTS-28Ab.
hrough this we found NGTS-28Ab is likely to have an age > 0.5
yr and has a high mass ratio of 0 . 1181 + 0 . 0069 

−0 . 0077 , meaning it likely
ormed via stellar formation mechanisms, with a low eccentricity
alue of 0 . 0404 + 0 . 0067 

−0 . 0101 . 
We found that NGTS-28Ab is orbiting one of the hottest M dwarfs

ithin the transiting BD desert. It is also found to be one of the
hortest period transiting BDs within the desert. 
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equest to the corresponding author. 
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Figure A1. The corner plot for the derived values in the final fit. 
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Figure A2. Mass–metallicity plot of objects in Fig. A1 . The metallicity is for the host star in each system. NGTS-28Ab is plotted as a black triangle. Low-mass 
stars are plotted as magenta stars. BDs with masses abo v e 42.5 M J are dark blue circles and BDs with below 42.5 M J are light blue circles. RIK-72b (David 
et al. 2019 ) and the binary system disco v ered by Stassun, Mathieu & Valenti ( 2006 ) are not included due to their youth. 

Figure A3. Mass–T eff plot of objects in A1 . The T eff values are for the host star in each system. NGTS-28Ab is plotted as a black triangle. Low-mass stars are 
plotted as magenta stars. BDs with masses abo v e 42.5 M J are dark blue circles and BDs with below 42.5 M J are light blue circles. RIK-72b (David et al. 2019 ) 
and the binary system disco v ered by Stassun, Mathieu & Valenti ( 2006 ) are not included due to their youth. 
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Table A1. Parameters of all objects used within the population analysis. RIK-72b (David et al. 2019 ) and the binary system disco v ered by Stassun, Mathieu & 

Valenti ( 2006 ) are not included due to their youth and large radii. 

Object P (d) M 2 ( M J ) R 2 ( R J ) T eff (K) M 1 ( M �) R 1 ( R �) ecc [Fe/H] Source 

HATS-70b 1.89 12 . 9 + 1 . 8 −1 . 6 1 . 38 + 0 . 08 
−0 . 07 7930 + 630 

−820 1 . 78 + 0 . 12 
−0 . 12 1 . 88 + 0 . 06 

−0 . 07 <0.18 0 . 04 + 0 . 10 
−0 . 11 (1) 

TOI-1278b 14.48 18 . 5 + 0 . 5 −0 . 5 1 . 09 + 0 . 24 
−0 . 20 3799 + 42 

−42 0 . 55 + 0 . 02 
−0 . 02 0 . 57 + 0 . 01 

−0 . 01 0 . 013 + 0 . 004 
−0 . 004 −0 . 01 + 0 . 28 

−0 . 28 (2) 

GPX-1b 1.74 19 . 7 + 1 . 6 −1 . 6 1 . 47 + 0 . 10 
−0 . 10 7000 + 200 

−200 1 . 68 + 0 . 10 
−0 . 10 1 . 56 + 0 . 10 

−0 . 10 0 (fixed) 0 . 35 + 0 . 10 
−0 . 10 (3) 

Kepler-39b 21.09 20 . 1 + 1 . 3 −1 . 2 1 . 24 + 0 . 09 
−0 . 10 6350 + 100 

−100 1 . 29 + 0 . 06 
−0 . 07 1 . 40 + 0 . 10 

−0 . 10 0 . 112 + 0 . 057 
−0 . 057 0 . 10 + 0 . 14 

−0 . 14 (4) 

CoRoT-3b 4.26 21 . 7 + 1 . 0 −1 . 0 1 . 01 + 0 . 07 
−0 . 07 6740 + 140 

−140 1 . 37 + 0 . 09 
−0 . 09 1 . 56 + 0 . 09 

−0 . 09 0 (fixed) −0 . 02 + 0 . 06 
−0 . 06 (5) 

KEL T -1b 1.22 27 . 4 + 0 . 9 −0 . 9 1 . 12 + 0 . 04 
−0 . 03 6516 + 49 

−49 1 . 34 + 0 . 06 
−0 . 06 1 . 47 + 0 . 05 

−0 . 04 0 . 010 + 0 . 010 
−0 . 007 0 . 05 + 0 . 08 

−0 . 08 (6)(7) 

NLTT41135b 2.89 33 . 7 + 2 . 8 −2 . 6 1 . 13 + 0 . 27 
−0 . 17 3230 + 130 

−130 0 . 19 + 0 . 03 
−0 . 02 0 . 21 + 0 . 02 

−0 . 01 <0.02 0 (fixed) (8)(9) 

WASP-128b 2.21 37 . 2 + 0 . 8 −0 . 9 0 . 94 + 0 . 02 
−0 . 02 5950 + 50 

−50 1 . 16 + 0 . 04 
−0 . 04 1 . 15 + 0 . 02 

−0 . 02 <0.007 0 . 01 + 0 . 12 
−0 . 12 (10) 

CWW89Ab 5.29 39 . 2 + 1 . 1 −1 . 1 0 . 94 + 0 . 02 
−0 . 02 5755 + 49 

−49 1 . 10 + 0 . 05 
−0 . 05 1 . 03 + 0 . 02 

−0 . 02 0 . 189 + 0 . 002 
−0 . 002 0 . 20 + 0 . 09 

−0 . 09 (11)(12) 

KOI-205b 11.72 39 . 9 + 1 . 0 −1 . 0 0 . 81 + 0 . 02 
−0 . 02 5237 + 60 

−60 0 . 93 + 0 . 03 
−0 . 03 0 . 84 + 0 . 02 

−0 . 02 <0.031 0 . 14 + 0 . 12 
−0 . 12 (13) 

TOI-1406b 10.57 46 . 0 + 2 . 6 −2 . 7 0 . 86 + 0 . 03 
−0 . 03 6290 + 100 

−100 1 . 18 + 0 . 08 
−0 . 09 1 . 35 + 0 . 03 

−0 . 03 0 . 026 + 0 . 013 
−0 . 010 −0 . 08 + 0 . 09 

−0 . 09 (14) 

EPIC212036875b 5.17 52 . 3 + 1 . 9 −1 . 9 0 . 87 + 0 . 02 
−0 . 02 6238 + 59 

−60 1 . 29 + 0 . 07 
−0 . 06 1 . 50 + 0 . 03 

−0 . 03 0 . 132 + 0 . 004 
−0 . 004 0 . 01 + 0 . 10 

−0 . 10 (12)(15) 

TOI-503b 3.68 53 . 7 + 1 . 2 −1 . 2 1 . 34 + 0 . 26 
−0 . 15 7650 + 140 

−160 1 . 80 + 0 . 06 
−0 . 06 1 . 70 + 0 . 05 

−0 . 04 0 (fixed) 0 . 30 + 0 . 08 
−0 . 09 (16) 

TOI-852b 4.95 53 . 7 + 1 . 4 −1 . 3 0 . 83 + 0 . 04 
−0 . 04 5768 + 84 

−81 1 . 32 + 0 . 05 
−0 . 04 1 . 71 + 0 . 04 

−0 . 04 0 . 004 + 0 . 004 
−0 . 003 0 . 33 + 0 . 09 

−0 . 09 (17) 

AD3116b 1.98 54 . 2 + 4 . 3 −4 . 3 1 . 02 + 0 . 28 
−0 . 28 3184 + 29 

−29 0 . 28 + 0 . 02 
−0 . 02 0 . 29 + 0 . 08 

−0 . 08 0 . 146 + 0 . 024 
−0 . 016 0 (fixed) (18) 

CoRoT-33b 5.82 59 . 0 + 1 . 8 −1 . 7 1 . 10 + 0 . 53 
−0 . 53 5225 + 80 

−80 0 . 86 + 0 . 04 
−0 . 04 0 . 94 + 0 . 14 

−0 . 08 0 . 070 + 0 . 002 
−0 . 002 0 . 44 + 0 . 10 

−0 . 10 (19) 

TOI-811b 25.17 59 . 9 + 13 . 0 
−8 . 6 1 . 26 + 0 . 06 

−0 . 06 6107 + 77 
−77 1 . 32 + 0 . 05 

−0 . 07 1 . 27 + 0 . 06 
−0 . 09 0 . 509 + 0 . 075 

−0 . 075 0 . 40 + 0 . 07 
−0 . 09 (17) 

TOI-263b 0.56 61 . 6 + 4 . 0 −4 . 0 0 . 91 + 0 . 07 
−0 . 07 3471 + 33 

−33 0 . 44 + 0 . 04 
−0 . 04 0 . 44 + 0 . 03 

−0 . 03 0 . 017 + 0 . 009 
−0 . 010 0 . 00 + 0 . 10 

−0 . 10 (20)(21) 

KOI-415b 166.79 62 . 1 + 2 . 7 −2 . 7 0 . 79 + 0 . 12 
−0 . 07 5810 + 80 

−80 0 . 94 + 0 . 06 
−0 . 06 1 . 25 + 0 . 15 

−0 . 10 0 . 698 + 0 . 002 
−0 . 002 −0 . 24 + 0 . 11 

−0 . 11 (22) 

WASP-30b 4.16 62 . 5 + 1 . 2 −1 . 2 0 . 95 + 0 . 03 
−0 . 02 6202 + 42 

−51 1 . 25 + 0 . 03 
−0 . 04 1 . 39 + 0 . 03 

−0 . 03 <0.004 0 . 08 + 0 . 07 
−0 . 05 (23) 

LHS6343c 12.71 62 . 7 + 2 . 4 −2 . 4 0 . 83 + 0 . 02 
−0 . 02 3130 + 20 

−20 0 . 37 + 0 . 01 
−0 . 01 0 . 38 + 0 . 01 

−0 . 01 0 . 056 + 0 . 032 
−0 . 032 0 . 04 + 0 . 08 

−0 . 08 (24) 

CoRoT-15b 3.06 63 . 3 + 4 . 1 −4 . 1 1 . 12 + 0 . 30 
−0 . 15 6350 + 200 

−200 1 . 32 + 0 . 12 
−0 . 12 1 . 46 + 0 . 31 

−0 . 14 0 (fixed) 0 . 10 + 0 . 20 
−0 . 20 (25) 

TOI-569b 6.56 64 . 1 + 1 . 9 −1 . 4 0 . 75 + 0 . 02 
−0 . 02 5768 + 110 

−92 1 . 21 + 0 . 05 
−0 . 05 1 . 48 + 0 . 03 

−0 . 03 0 . 002 + 0 . 002 
−0 . 001 0 . 29 + 0 . 09 

−0 . 08 (14) 

TOI-2119b 7.20 64 . 4 + 2 . 3 −2 . 2 1 . 08 + 0 . 03 
−0 . 03 3621 + 48 

−46 0 . 53 + 0 . 02 
−0 . 02 0 . 50 + 0 . 02 

−0 . 02 0 . 337 + 0 . 002 
−0 . 001 0 . 06 + 0 . 08 

−0 . 08 (26) 

TOI-1982b 17.17 65 . 9 + 2 . 8 −2 . 7 1 . 08 + 0 . 04 
−0 . 04 6325 + 110 

−110 1 . 41 + 0 . 08 
−0 . 08 1 . 51 + 0 . 05 

−0 . 05 0 . 272 + 0 . 014 
−0 . 014 −0 . 10 + 0 . 09 

−0 . 09 (27) 

NGTS-28Ab 1.25 69 . 0 + 5 . 3 −4 . 8 0.95 ± 0.05 3626 + 47 
−44 0 . 56 + 0 . 02 

−0 . 02 0 . 59 + 0 . 03 
−0 . 03 0 . 040 + 0 . 007 

−0 . 010 −0 . 14 + 0 . 16 
−0 . 17 This work 

EPIC201702477b 40.74 66 . 9 + 1 . 7 −1 . 7 0 . 76 + 0 . 07 
−0 . 07 5517 + 70 

−70 0 . 87 + 0 . 03 
−0 . 03 0 . 90 + 0 . 06 

−0 . 06 0 . 228 + 0 . 003 
−0 . 003 −0 . 16 + 0 . 05 

−0 . 05 (28) 

TOI-629b 8.72 67 . 0 + 3 . 0 −3 . 0 1 . 11 + 0 . 05 
−0 . 05 9100 + 200 

−200 2 . 16 + 0 . 13 
−0 . 13 2 . 37 + 0 . 11 

−0 . 11 0 . 298 + 0 . 008 
−0 . 008 0 . 10 + 0 . 15 

−0 . 15 (27) 

TOI-2543b 7.54 67 . 6 + 3 . 5 −3 . 5 0 . 95 + 0 . 09 
−0 . 09 6060 + 82 

−82 1 . 29 + 0 . 08 
−0 . 08 1 . 86 + 0 . 15 

−0 . 15 0 . 009 + 0 . 003 
−0 . 002 −0 . 28 + 0 . 10 

−0 . 10 (27) 

LP261-75b 1.88 68 . 1 + 2 . 1 −2 . 1 0 . 90 + 0 . 01 
−0 . 01 3100 + 50 

−50 0 . 30 + 0 . 02 
−0 . 02 0 . 31 + 0 . 00 

−0 . 00 <0.007 – (29) 

NGTS-19b 17.84 69 . 5 + 5 . 7 −5 . 4 1 . 03 + 0 . 06 
−0 . 05 4716 + 39 

−28 0 . 81 + 0 . 04 
−0 . 04 0 . 90 + 0 . 04 

−0 . 04 0 . 377 + 0 . 006 
−0 . 006 0 . 11 + 0 . 07 

−0 . 07 (30) 

NGTS-7Ab 0.68 75 . 5 + 3 . 0 −13 . 7 1 . 38 + 0 . 13 
−0 . 14 3359 + 106 

−89 0 . 48 + 0 . 03 
−0 . 12 0 . 61 + 0 . 06 

−0 . 06 0 (fixed) 0 (fixed) (31) 

TOI-148b 4.87 77 . 1 + 5 . 8 −4 . 6 0 . 81 + 0 . 05 
−0 . 06 5990 + 140 

−140 0 . 97 + 0 . 12 
−0 . 09 1 . 20 + 0 . 07 

−0 . 07 0 . 005 + 0 . 006 
−0 . 004 −0 . 24 + 0 . 25 

−0 . 25 (32) 

KOI-189b 30.36 78 . 0 + 3 . 4 −3 . 4 1 . 00 + 0 . 02 
−0 . 02 4952 + 40 

−40 0 . 76 + 0 . 05 
−0 . 05 0 . 73 + 0 . 02 

−0 . 02 0 . 275 + 0 . 004 
−0 . 004 −0 . 12 + 0 . 10 

−0 . 10 (33) 

TOI-587b 8.04 81 . 1 + 7 . 1 −7 . 0 1 . 32 + 0 . 07 
−0 . 06 9800 + 200 

−200 2 . 33 + 0 . 12 
−0 . 12 2 . 01 + 0 . 09 

−0 . 09 0 . 051 + 0 . 049 
−0 . 036 0 . 08 + 0 . 11 

−0 . 12 (32) 

TOI-746b 10.98 82 . 2 + 4 . 9 −4 . 4 0 . 95 + 0 . 09 
−0 . 06 5690 + 140 

−140 0 . 94 + 0 . 09 
−0 . 08 0 . 97 + 0 . 04 

−0 . 03 0 . 199 + 0 . 003 
−0 . 003 −0 . 02 + 0 . 23 

−0 . 23 (32) 

EBLM-J0555 − 57Ab 7.76 87 . 9 + 4 . 0 −4 . 0 0 . 82 + 0 . 13 
−0 . 06 6368 + 124 

−124 1 . 18 + 0 . 08 
−0 . 08 1 . 00 + 0 . 14 

−0 . 07 0 . 090 + 0 . 004 
−0 . 004 −0 . 04 + 0 . 14 

−0 . 14 (34)(35) 

TOI-681b 15.78 88 . 7 + 2 . 5 −2 . 3 1 . 52 + 0 . 25 
−0 . 15 7440 + 150 

−140 1 . 54 + 0 . 06 
−0 . 05 1 . 47 + 0 . 04 

−0 . 04 0 . 093 + 0 . 022 
−0 . 019 −0 . 08 + 0 . 05 

−0 . 05 (32) 

OGLE-TR −123b 1.80 89 . 0 + 11 . 5 
−11 . 5 1 . 29 + 0 . 09 

−0 . 09 6700 + 300 
−300 1 . 29 + 0 . 26 

−0 . 26 1 . 55 + 0 . 10 
−0 . 10 0 (fixed) – (36) 

TOI-694b 48.05 89 . 0 + 5 . 3 −5 . 3 1 . 11 + 0 . 02 
−0 . 02 5496 + 87 

−81 0 . 97 + 0 . 05 
−0 . 04 1 . 00 + 0 . 01 

−0 . 01 0 . 519 + 0 . 001 
−0 . 001 0 . 21 + 0 . 08 

−0 . 08 (37) 

KOI-607b 5.89 95 . 1 + 3 . 3 −3 . 4 1 . 09 + 0 . 09 
−0 . 06 5418 + 87 

−85 0 . 99 + 0 . 05 
−0 . 05 0 . 92 + 0 . 03 

−0 . 03 0 . 395 + 0 . 009 
−0 . 009 0 . 38 + 0 . 08 

−0 . 09 (12) 

J1219-39b 6.76 95 . 4 + 1 . 9 −2 . 5 1 . 14 + 0 . 07 
−0 . 05 5412 + 81 

−65 0 . 83 + 0 . 03 
−0 . 03 0 . 81 + 0 . 04 

−0 . 02 0 . 055 + 0 . 000 
−0 . 000 −0 . 21 + 0 . 07 

−0 . 08 (23) 

TIC-320687387 B 29.77 96 . 2 + 1 . 9 −2 . 0 1 . 14 + 0 . 02 
−0 . 02 5780 + 80 

−80 1 . 08 + 0 . 03 
−0 . 03 1 . 16 + 0 . 02 

−0 . 02 0 . 366 + 0 . 003 
−0 . 003 0 . 30 + 0 . 08 

−0 . 08 (38) 

OGLE-TR −122b 7.27 96 . 4 + 9 . 4 −9 . 4 1 . 17 + 0 . 23 
−0 . 13 5700 + 300 

−300 0 . 98 + 0 . 14 
−0 . 14 1 . 05 + 0 . 20 

−0 . 09 0 . 205 + 0 . 008 
−0 . 008 0 . 15 + 0 . 36 

−0 . 36 (39) 

TOI-1213b 27.22 97 . 5 + 4 . 4 −4 . 2 1 . 66 + 0 . 78 
−0 . 55 5590 + 150 

−150 0 . 99 + 0 . 07 
−0 . 06 0 . 99 + 0 . 04 

−0 . 04 0 . 498 + 0 . 003 
−0 . 002 0 . 25 + 0 . 13 

−0 . 14 (32) 

K2-76b 11.99 98 . 7 + 2 . 0 −2 . 0 0 . 89 + 0 . 05 
−0 . 03 5747 + 70 

−64 0 . 96 + 0 . 03 
−0 . 03 1 . 17 + 0 . 06 

−0 . 03 0 . 255 + 0 . 007 
−0 . 007 0 . 01 + 0 . 04 

−0 . 04 (40) 

CoRoT-101186644 20.68 100 . 6 + 11 . 5 
−11 . 5 1 . 01 + 0 . 25 

−0 . 06 6090 + 200 
−200 1 . 20 + 0 . 20 

−0 . 20 1 . 07 + 0 . 07 
−0 . 07 0 . 402 + 0 . 006 

−0 . 006 0 . 20 + 0 . 20 
−0 . 20 (41) 

J2343 + 29Ab 16.95 102 . 7 + 7 . 3 −7 . 3 1 . 24 + 0 . 07 
−0 . 07 5150 + 90 

−60 0 . 86 + 0 . 10 
−0 . 10 0 . 85 + 0 . 05 

−0 . 06 0 . 161 + 0 . 002 
−0 . 003 0 . 07 + 0 . 01 

−0 . 17 (42) 

EBLM-J0954 − 23Ab 7.57 102 . 8 + 5 . 9 −6 . 0 0 . 98 + 0 . 17 
−0 . 17 6406 + 124 

−124 1 . 17 + 0 . 08 
−0 . 08 1 . 23 + 0 . 17 

−0 . 17 0 . 042 + 0 . 001 
−0 . 001 −0 . 01 + 0 . 14 

−0 . 14 (35) 
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Table A1 – continued 

Object P (d) M 2 ( M J ) R 2 ( R J ) T eff (K) M 1 ( M �) R 1 ( R �) ecc [Fe/H] Source 

KOI-686b 52.51 103 . 4 + 4 . 8 −4 . 8 1 . 22 + 0 . 04 
−0 . 04 5834 + 100 

−100 0 . 98 + 0 . 07 
−0 . 07 1 . 04 + 0 . 03 

−0 . 03 0 . 556 + 0 . 004 
−0 . 004 −0 . 06 + 0 . 13 

−0 . 13 (33) 

TIC-220568520b 18.56 107 . 2 + 5 . 2 −5 . 2 1 . 25 + 0 . 02 
−0 . 02 5589 + 81 

−81 1 . 03 + 0 . 04 
−0 . 04 1 . 01 + 0 . 01 

−0 . 01 0 . 096 + 0 . 003 
−0 . 003 0 . 26 + 0 . 07 

−0 . 07 (37) 

HATS550-016B 2.05 115 . 2 + 5 . 2 −6 . 3 1 . 43 + 0 . 03 
−0 . 04 6420 + 90 

−90 0 . 97 + 0 . 05 
−0 . 06 1 . 22 + 0 . 02 

−0 . 03 0 . 080 + 0 . 020 
−0 . 020 −0 . 60 + 0 . 06 

−0 . 06 (43) 

OGLE-TR −106b 2.54 121 . 5 + 22 . 0 
−22 . 0 1 . 76 + 0 . 13 

−0 . 13 – – 1 . 31 + 0 . 09 
−0 . 09 0 . 000 + 0 . 020 

−0 . 020 – (44) 

EBLM-J1431 − 11Ab 4.45 126 . 9 + 3 . 8 −3 . 9 1 . 45 + 0 . 07 
−0 . 05 6161 + 124 

−124 1 . 20 + 0 . 06 
−0 . 06 1 . 11 + 0 . 04 

−0 . 03 0 (fixed) 0 . 15 + 0 . 14 
−0 . 14 (35) 

HAT-TR-205-013B 2.23 129 . 9 + 10 . 5 
−10 . 5 1 . 63 + 0 . 06 

−0 . 06 6295 + 200 
−200 1 . 04 + 0 . 13 

−0 . 13 1 . 28 + 0 . 04 
−0 . 04 0 . 012 + 0 . 021 

−0 . 021 – (45) 

TIC-231005575b 61.78 134 . 1 + 3 . 1 −3 . 1 1 . 50 + 0 . 08 
−0 . 08 5500 + 85 

−85 1 . 05 + 0 . 04 
−0 . 04 0 . 99 + 0 . 05 

−0 . 05 0 . 298 + 0 . 001 
−0 . 004 −0 . 44 + 0 . 06 

−0 . 06 (46) 

HATS551-021B 3.64 138 . 3 + 14 . 7 
−5 . 2 1 . 50 + 0 . 06 

−0 . 08 6670 + 220 
−220 1 . 10 + 0 . 10 

−0 . 10 1 . 20 + 0 . 08 
−0 . 01 0 . 060 + 0 . 020 

−0 . 020 −0 . 40 + 0 . 10 
−0 . 10 (43) 

EBLM-J2017 + 02Ab 0.82 142 . 2 + 6 . 6 −6 . 7 1 . 49 + 0 . 13 
−0 . 10 6161 + 124 

−124 1 . 11 + 0 . 07 
−0 . 07 1 . 20 + 0 . 08 

−0 . 05 0 (fixed) −0 . 07 + 0 . 14 
−0 . 14 (35) 

KIC-1571511B 14.02 148 . 1 + 0 . 5 −0 . 4 1 . 74 + 0 . 00 
−0 . 01 6195 + 50 

−50 1 . 27 + 0 . 04 
−0 . 03 1 . 34 + 0 . 01 

−0 . 01 0 . 327 + 0 . 003 
−0 . 003 0 . 37 + 0 . 08 

−0 . 08 (47) 

WTS-19G-4-02069B 2.44 149 . 8 + 6 . 3 −6 . 3 1 . 69 + 0 . 06 
−0 . 06 3300 + 140 

−140 0 . 53 + 0 . 02 
−0 . 02 0 . 51 + 0 . 01 

−0 . 01 0 (fixed) – (48) 

Note . The table has been adapted and updated from Grieves et al. ( 2021 ). 
Sources : (1): Zhou et al. ( 2019 ), (2): Artigau et al. ( 2021 ), (3): Benni et al. ( 2021 ), (4): Bonomo et al. ( 2015 ), (5): Deleuil et al. ( 2008 ), (6): Siverd et al. ( 2012 ), 
(7): Beatty et al. ( 2014 ), (8): Irwin et al. ( 2010 ), (9): Csizmadia ( 2016 ), (10): Hod ̌zi ́c et al. ( 2018 ), (11): Nowak et al. ( 2017 ), (12): Carmichael, Latham & 

Vanderburg ( 2019 ), (13): D ́ıaz et al. ( 2013 ), (14): Carmichael et al. ( 2020 ), (15): Persson et al. ( 2019 ), (16): ̌Subjak et al. ( 2020 ), (17): Carmichael et al. ( 2021 ), 
(18): Gillen et al. ( 2017 ), (19): Csizmadia et al. ( 2015 ), (20): Parviainen et al. ( 2020 ), (21): Palle et al. ( 2021 ), (22): Moutou et al. ( 2013 ), (23): Triaud et al. 
( 2013 ), (24): Johnson et al. ( 2011 ), (25): Bouchy et al. ( 2011 ), (26): Carmichael et al. ( 2022 ), (27): Psaridi et al. ( 2022 ), (28): Bayliss et al. ( 2017 ), (29): Irwin 
et al. ( 2018 ), (30): Acton et al. ( 2021 ), (31): Jackman et al. ( 2019 ), (32): Grieves et al. ( 2021 ), (33): D ́ıaz et al. ( 2014 ), (34): von Boetticher et al. ( 2017 ), (35): 
von Boetticher et al. ( 2019 ), (36): Pont et al. ( 2006 ), (37): Mireles et al. ( 2020 ), (38): Gill et al. ( 2022 ),(39):Pont et al. ( 2005a ), (40): Shporer et al. ( 2017 ), (41): 
Tal-Or et al. ( 2013 ), (42): Chaturvedi et al. ( 2016 ), (43): Zhou et al. ( 2014 ), (44): Pont et al. ( 2005b ), (45): Beatty et al. ( 2007 ), (46): Gill et al. ( 2020 ), (47): Ofir 
et al. ( 2012 ), (48): Nefs et al. ( 2013 ). 
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