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A B S T R A C T 

As the diversity of e x oplanets continues to grow, it is important to revisit assumptions about habitability and classical 
habitable zone definitions. In this w ork, w e introduce an expanded ‘t emperat e’ zone, defined by instellation fluxes in the 
range 0 . 1 < S/ S ⊕ < 5 , thus encompassing a broader range of potentially habitable worlds. We also introduce the TEMPOS 

survey, which aims to produce a catalogue of precise radii for t emperat e planets orbiting M dwarfs with T eff ≤ 3400 K. 
This work reports the discovery and characterization of two planets in this temperate regime orbiting mid-type M dwarfs: 
TOI-6716 b, a R b = 0 . 98 ± 0 . 07 R ⊕ planet orbiting its M4 host star ( R � = 0 . 231 ± 0 . 015R �, M � = 0 . 223 ± 0 . 011 M �, 
T eff = 3110 ± 80 K ) with a period P = 4 . 7185898 

+0 . 0000054 
−0 . 0000041 d , and TOI-7384 b, a R b = 3 . 56 ± 0 . 21 R ⊕ planet orbiting an 

M4 ( R � = 0 . 319 ± 0 . 018R �, M � = 0 . 318 ± 0 . 016 M �, T eff = 3185 ± 75 K ) star every P = 6 . 2340258 

+0 . 0000034 
−0 . 0000036 d . The radii 

of TOI-6716 b and TOI-7384 b have precisions of 6.8 per cent and 5.9 per cent, respectively. We validate these planets 
with multiband ground-based photometric observations, high-resolution imaging, and statistical analyses. We find these 
planets t o hav e inst ellation fluxes close t o the inner (hott er) edge of the t emperat e zone, with S b = 4 . 4 ± 1 . 1 S ⊕ and 

S b = 4 . 9 ± 1 . 1 S ⊕ for TOI-6716 b and TOI-7384 b , respectively. Also , with a predicted transmission spectroscopy metric 
similar to the TRAPPIST-1 planets, TOI-6716 b is likely to be a good rock y -world James Webb Space Telescope target, should 

it have retained its atmosphere. 

Key words: planets and satellites: detection – planets and satellites: fundamental parameters – planets and satellites: 
gaseous planets – planets and sat ellit es: t errestrial planets – stars: low-mass. 
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 INTRODUCTION  

he search for tr ansiting temper ate planets, where for the pur-
ose of this paper we define ‘t emperat e’ as a planet with in-
tellation flux 0 . 1 ≤ S/ S ⊕ ≤ 5 , around solar -lik e stars is notori-
usly challenging. This is because planet equilibrium tempera- 
ure scales with both semimajor axis and stellar effective temper- 
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ture, leading to low transit probabilities. How ev er, due t o the
ow er effectiv e t emperatures of M-type stars, and in particular

id- t o lat e-type M dwarfs ( ≤ 3400 K), t emperat e planets orbiting
uch stars are far more likely to transit, and therefore become
ore accessible in transit surveys (e.g. L. Delrez et al. 2022 ; G.
ransfield et al. 2023 ; S. Dholakia et al. 2024 ). Additionally, due

 o the relativ ely small sizes of the M dwarf host stars, Earth-sized
 emperat e planets produce deeper and more detectable transit 
ignals than a similar planet orbiting a solar-type star (e.g. depths

0 . 3 –13 ppt for the M dw arf r adius r ange 0 . 08 ≤ R � / R � ≤ 0 . 5 ,
ompared with ∼ 0 . 1 ppt for a R � = 1R � star). This allows for
or e pr ecise constr aints on par ameters such as planetary r adius,

nclination, and orbital period from photometric data using both 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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pace-based (e.g. TESS ; G. R. Ricker et al. 2015 ) and ground-
ased telescopes (e.g . SPECUL OOS; D. Sebastian et al. 2021 ).
 further benefit is that the measurement of precise planetary
asses of smaller planets via radial velocities may be facilitated

y the higher planet-to - star mass ratios (see e.g. J. A. Dittmann
t al. 2017 ; D. A. Turner et al. 2025 ). 

To dat e, 281 t emperat e planets hav e been confirmed (90 transit-
ng. 1 ), with just less than half (118) orbiting M dwarfs ( ≤ 4000 K).
f these, 39 have been identified by TESS (see e.g. C. Cadieux

t al. 2022 ; F. Murgas et al. 2023 ; M. Timmermans et al. 2024 ).
emperate planets account for only 2.6 per cent of all confirmed
lanets to date; this is unsurprising given most known systems are
osted by FGK stars and transit survey missions to date have had

imited sensitivity to long orbital periods. For example, typical
ESS observations of targets outside the continuous viewing zone
pan only ∼27 d every 2 yr; we calculate that for a t emperat e
lanet around an FGK-type star, the expected orbital periods
ould be in the range of ∼21 d ( ∼K9V, T eff � 3930 K) to ∼7200 d

 ∼F0V, T eff � 7220 K). Even the shortest of these periods often
esult in, at most, a single observed transit per sector, making
hem difficult to identify as a planet candidate. In contrast, for

id- t o lat e-type M dwarfs, the corresponding period range shifts
rom 0.9 d ( ∼M9V, T eff � 2380 K) to 147 d ( ∼M3V, T eff = 3400 K),
ringing a much larger fraction of the t emperat e planet popula-
ion within the detectability window of TESS and other transit
urv eys. Consequently, lat e-type M dwarfs r epr esent a favourable
tellar population for identifying temperate-zone planets. A key
xample of this is the t emperat e TRAPPIST-1 planets, whose or-
ital periods lie in the range 1 . 5 –18 . 8 d with instellation fluxes in
he range 0 . 13 � S/ S ⊕ � 4 . 3 (M. Gillon et al. 2017 ). 

A ‘t emperat e zone’ has not formally been defined in the lit-
r ature, but its v alue lies in br oadening curr ent ideas of Earth-
entric habitability. This appr oach e xpands the classical HZ de-
cribed by J. F. Kasting, D. P. Whitmire & R. T. Reynolds ( 1993 )
nd R. K. Kopparapu et al. ( 2014 ). Planets that may fall outside
his traditional metric, such as Hycean or water worlds (N. Mad-
usudhan, A. A. A. Piette & S. Constantinou 2021 ) and t emperat e
ub-Neptunes (S. Seager et al. 2021 ), could contain environments
hat satisfy a range of habitability r equir ements, which at pr esent
emain poorly understood. By broadening parameters associated
ith habitability, a wider range of planetary conditions can be en-

ompassed, thus enabling more diverse interpr etations of wher e
ife might exist beyond Earth. 

In the era of James Webb Space Telescope ( JWST ; J. P. Gardner
t al. 2006 ; The JWST Transiting Exoplanet Community Early
elease Science Team et al. 2022 ; J. P. Gardner et al. 2023 ), feasible
 x oplanet atmospheric char acterization observ ations are limited
ot only by the amplitude of atmospheric features, by also by the

requency with which repeated observations can be obtained. The
ow stellar luminosities of mid-to-late-type M dwarfs place their
 emperat e zones at short orbtial periods, and their small radii
llow for relatively deep transits even from small planets (see e.g.
. H. M. J. Triaud et al. 2013a ). These factors make temperate
lanets around nearby bright late-type M dwarfs among the most
a vourable JWS T targets, allowing for high signal-to-noise ratio
SNR) detections of key atmospheric features with only a few
NRAS 547, 1–22 (2026) 

 NASA e x oplanet ar chive, 2025 June; https://e x oplanetar chive.ipac. 
alt ech.edu . Recalculat ed from quoted stellar luminosities and semimajor 
xes. 
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ours of telescope time (D. Charbonneau & D. Deming 2007 ; C.
. Morley et al. 2017 ). 
This paper increases this small, but growing sample of planets

ith both Earth- and Neptune-sized exoplanets orbiting mid-to-
ate-type M dwarfs. While these planets are not in the HZ, they
it at the inner (hotter) edge of the temperate zone, facilitating
tudies of how different types of warm planets form and ev olv e
round fully conv ectiv e M dwarfs, i.e. in systems with environ-
ents much differ ent fr om the environment in our own Solar

ystem. In this work we also introduce a survey designed to pro-
uce a catalogue of precise radii for t emperat e planets orbiting

ate-type M ( ≤ 3400 K) dwarfs using the SPECULOOS (Search for
abitable Planets EClipsing ULtra-cOOl Stars; D. Sebastian et al.
021 ; S. Zúñiga-Fernández et al. 2025 ), described in Section 3 . 

Our paper is organized as follows: first, we start with defining
he t emperat e zone in Section 2 , followed by an introduction to
he TEMPOS survey in Section 3 . In Section 4 , w e charact erize the
ost stars using reconnaissance spectroscopy and their spectral
nergy distributions (SEDs). N e xt, we describe the identification
f the planet candidates from TESS data in Section 5 . Section 6
utlines the methods t o validat e the planet candidates, and de-
cribes our ground-based follow-up efforts that contribute to this.

e then describe the global analysis of all photometric data for
ach planet in Section 7 , followed by a discussion and conclusion
f our results in Section 8 . 

 D E F I N I T I O N  OF  T H E  ‘ T E M P E R AT E  ZONE ’  

hr oughout the e x oplanet literatur e, especially in the context of 
mall and potentially habitable planets, we encounter the word
t emperat e’. In general, each work makes it clear how they define
his term. For instance, M. Greklek-McKeon et al. ( 2025 ), present-
ng the TOI-1266 system, define ‘temperate’ to mean having an
quilibrium below 450 K. This definition includes both transiting
lanets in this system, the inner of which has T eq = 415 K and in-
tellation flux of 4 . 72 S ⊕. However, J. Yang & R. Hu ( 2024 ) define
t emperat e sub-Neptunes’ as those having T eq � 500 K. ‘Temper-
te’ is stated to mean an equilibrium temperature of 400 K in T.
ncrenaz et al. ( 2022 ) and A. A. A. Piette, N. Madhusudhan &
. M. Mandell ( 2022 ), while in M. S. Peterson et al. ( 2023 ) it is
efined as < 400 K. In this latt er w ork, the ‘t emperat e’ planet LP
91-18 d is presented, with T eq = 395 . 5 K and instellation flux of 
 . 83 S ⊕. In M. N. Günther et al. ( 2019 ) TOI-270 d is presented as
 ‘t emperat e’ 2 . 13 R ⊕ planet with a T eq = 387 K and an instel-
ation flux of 3 . 92 S ⊕. Here ‘t emperat e’ is defined as the having
quilibrium t emperatures betw een the survival t emperature for
 xtr emophiles (395 K) and the freezing point of water (273.15 K).

We also find that several works describe a planet as ‘temperate’
ithout giving a specific definition. Examples include HD 35 843

, a ‘t emperat e’ 2 . 54 R ⊕ planet with a T eq = 479 K and an instel-
ation flux of 11 . 38 S ⊕ (K. Hesse et al. 2025 ), while TOI-2285 b
s reported as a ‘venus-zone temperate’ planet with 1 . 77 R ⊕ and
 eq = 358 K and instellation flux of 3 . 91 S ⊕ (A. Fukui 2025 ; E.
. Miles et al. 2025 ). A dditionally, M. Mallor quín et al. ( 2023 )
resent the young ‘temperate’ mini-N eptune T OI-1801 b with a
 eq = 493 K and instellation flux of 10 . 73 S ⊕. These planets have
imilar equilibrium temperatures, but instellation fluxes in the
ange 3 . 91 − 11 . 4 S ⊕, putting them beyond classical habitability
rguments found in works like R. K. Kopparapu et al. ( 2014 ). 

Some works define a ‘t emperat e zone’ in terms of stellar irra-
iation, as is done for the so - called ‘habitable zone’. For instance
. B. Cowan et al. ( 2015 ) define ‘t emperat e t errestrial planet’ as

https://exoplanetarchive.ipac.caltech.edu
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Figure 1. Our adopted definition of the temperate zone. In the lower 
panel we plot transiting planets r etrieved fr om the NASA Ex oplanet 
Archiv e in t erms of equilibrium t emperature and inst ellation. The small 
pink points in the for egr ound r epr esent the full sample, darker purple 
points have R p ≤ 4 R ⊕, and lighter brown points have R p ≤ 1 . 5 R ⊕. The 
sev en t emperat e planets of the TRAPPIST-1 syst em ar e shown as r ed, 
outlined points, and in green outline we highlight K2-18 b and LHS 1140 
b, two canonical temperate planets. The green shaded area indicates the 
conservative habitable zone as defined by R. K. Kopparapu et al. ( 2014 ); 
the t emperat e zone is enclosed by the green dashed lines. The tw o upper 
panels show the KDE curves for the planet samples, with the colours 
matching the points in the lower panel. 
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ne having 0 . 5 R ⊕ < R < 1 . 5 R ⊕ and 0 . 5 S ⊕ < S < 1 . 5 S ⊕. On
he other hand, S. Seager et al. ( 2021 ) define ‘t emperat e’ simply
o mean receiving ‘Earth-like’ irradiation flux from a host star, as
his could lead to liquid water in the atmosphere or on the surface.
. H. M. J. Triaud et al. ( 2024 ) again give a specific instellation
 ange, defining ‘temper ate’ in their work to mean 0 . 25 S ⊕ < S <
 S ⊕. We also find that in some works, like A. Reiners et al. ( 2018 )
nd L. Sun et al. ( 2025 ), ‘t emperat e zone’ is used interchangeably
ith ‘habitable zone’. R. Wells, K. Poppenhaeger & C. A. Wat- 

on ( 2019 ) present K2-133 e as a ‘t emperat e zone’ planet with
 T eq = 296 K and insolation flux of 1 . 8 S ⊕. They note that the
nstellation puts it outside the HZ boundaries but they use the
arth Similarity Index (ESI; D. Schulze-Makuch et al. 2011 ) to
ssess ‘habitability’ instead. The ESI is part of a two-tier system
o quantify how an Earth-like planet is in terms of its size, density,
scape velocity, and mean surface temperature. 

And of course, all seven planets in the TRAPPIST-1 sys- 
em are presented as ‘temperate’, with equilibrium temperatures 
72 –398 K and instellation fluxes of 0 . 14 − 4 . 15 S ⊕ (M. Gillon
018 ). For the inner planets, arguments about potential habit- 
bility are centred around the possibility of a localized habitable 
egion on the planets, potentially at the terminator of these tidally 
ocked worlds (K. Menou 2013 ). 

For our w ork, w e seek to formalize the definition of a ‘tem-
erate zone’ in terms of an instellation range, in a manner that

ncorporates as many as possible of the above definitions. We 
ueried the NASA Exoplanet Archive for confirmed transiting ex- 
planets from the Composite Data table having irradiation fluxes 
 10 S ⊕. These are plotted in Fig. 1 . As 400 and 450 K are the

wo most common cut-offs we find in the literature for calling a
lanet ‘t emperat e’, w e perform a kernel density estimation (KDE)
nalysis of the instellation flux distribution, restricted to planets 
ith R p ≤ 4R ⊕ and equilibrium temperatures either ≤ 400 K or 
450 K. In each case, we assess the distribution of all planets in

he sample, as well as a sample that is further restrict ed t o planets
maller than 1 . 5R ⊕ to see any differences for planets most likely
o be rocky. The KDE curves are plotted in the upper panels of 
ig. 1 . 
For the ≤ 400 K, we find median and 75 th percentile values of 

 . 687 S ⊕ and 4 . 242 S ⊕, respectively, for the R p ≤ 4 R ⊕ distri-
ution, and 2 . 214 S ⊕ and 4 . 205 S ⊕, respectively, for the R p ≤
 . 5 R ⊕ distribution. These values are highlighted on the upper
anel of Fig. 1 . The corresponding values for median and 75 th 
ercentile for the ≤ 450 K sample are 3 . 914 S ⊕ and 6 . 1425 S ⊕,
espectively, for the R p ≤ 4 R ⊕ distribution, and 4 . 09 S ⊕ and
 . 1 S ⊕, respectively, for the R p ≤ 1 . 5 R ⊕ distribution. We high-
ight these values in the middle panel of Fig. 1 . 

We ther efor e place our upper boundary of the t emperat e zone
t S p = 5 S ⊕, just below the median of the 75 th percentiles
 5 . 17 S ⊕). By using the 75 th percentiles we ensure that we cap-
ure the majority of these t emperat e planets while e x cluding the
igh-irradiation tail of the distributions. We also adopt an upper 
quilibrium temperature boundary of 400 K, and a lower instella- 
ion boundary of S p = 0 . 1 S ⊕ to incorporate the e xtr emes of the
RAPPIST-1 planets. 
This definition is both statistical and astrophysical. The upper 

 eq limit follows M. N. Günther et al. ( 2019 ), who motivated
t by the 395 K survivability limit of terrestrial extremophiles. 
dditionally, all seven TRAPPIST-1 planets fall in this regime, 
here 3D climate models predict that liquid water could exist on

idally locked worlds through dayside cloud feedback (J. Yang, 
. B. Cowan & D. S. Abbot 2013 ) or t erminat or habitability (K.
enou 2013 ; A. H. Lobo et al. 2023 ). Thus our ‘t emperat e zone’
efinition extends the classical habitable zone concept beyond 

he limits defined by R. K. Kopparapu et al. ( 2014 ) to incorporate
 wider diversity of potentially clement worlds. 

 TEMPOS:  T E M P E R AT E  M  DWARF  P L A N ET S  

I T H  SPEC ULOOS  

s described briefly in Section 1 , this paper aims to intro-
uce for the first time a programme running on the SPECU-
OOS t elescopes, TEMPOS ( TE mperat e M dwarf P lanets with
PECULO OS ). This programme aims to produce a catalogue of 
recise t emperat e e x oplanet r adii for planets tr ansiting mid- to

at e-type M dwarfs. Ultimat ely, w e aim t o achiev e precisions �
 per cent ( PLATO goal, H. Rauer et al. 2025 ), but have a mini-
um r equir ement of at least < 7 per cent . 
All targets in our TEMPOS sample are obtained from the TESS

bjects of Interest (TOIs) list. We retain TOIs that meet the fol-
owing criteria: T eff ≤ 3400 K , 0 . 1 ≤ S/ S ⊕ ≤ 5 , and are confirmed
lanets or planet candidates. This sample is not planet-radius 
MNRAS 547, 1–22 (2026) 
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imited. At the time of writing, the TEMPOS sample contains 40
onfirmed or candidate planets (21 and 19, respectively). For the
onfirmed planets, we update the TOI parameters with published
alues. 

F rom the av ailable planet r adii in this sample, we find current
ean and median precisions of 21.3 per cent and 7.7 per cent,

espectiv ely. Few er than half of these planets (19) have precisions
ess than our minimum target threshold of 7 per cent, 13 of which
re confirmed planets. In t otal, only tw o planets (both confirmed)
ave precisions ≤ 3 per cent . 
Why r equir e a planetary radius pr ecision of ≤ 7 per cent , with

 goal of ≤ 3 per cent ? Many studies r equir e pr ecisely measur ed
 x oplanet radii (see e.g. L. Parc et al. 2024 ), especially since e x o-
lanet masses are typically much less precise (average precision
 20 per cent 2 ). A radius precision below 7 per cent is sufficient

or e x oplanet population-level studies and for selecting targets for
tmospheric follow-up with JWST . 

For smaller planets ( ≤ 2 R ⊕), how ev er, a higher precision is
rucial. A ∼ 3 per cent uncertainty is typically needed to dis-
inguish between purely rocky planets and those with volatile
nvelopes. For example, L. A. Rogers ( 2015 ) show that a R p =
 . 6 R ⊕ planet with a 5 per cent uncertainty could sit either side
f the r adius v alley, at either R p = 1 . 5 R ⊕ or R p = 1 . 7 R ⊕. The ra-
ius valley is defined as the observed dearth in close-in ( P < 100 
) e x oplanets with r adii in the r ange 1 . 5 R ⊕ < R p < 2 R ⊕ (B. J.
ulton et al. 2017 ), and is thought to separate terrestrial super-
arths and gaseous sub-Neptunes, potentially through mecha-
isms such as photoev apor ation of primordial H/He atmospheres
e.g. H. Chen & L. A. Rogers 2016 ; J. E. Owen & Y. Wu 2017 ),
or e-power ed mass-loss (A. Gupta & H. E. Schlichting 2019 ), or
gas-poor’ formation (E. D. Lopez & K. Rice 2018 ). Thus, a planet

ith a 5 per cent radius uncertainty could be classified as either
 super-Earth or sub-N eptune. Ther efor e, in or der accurately dis-
inguish between these compositions, we adopt a target precision
f 3 per cent on planet radius, which matches the PLATO mission
oals. While a ∼ 7 per cent precision does not necessarily allow
or finer differentiation between planet compositions, it is suffi-
ient for robust statistical studies of small planet demographics. 

 ST E L L A R  C H A R ACT E R I Z AT I O N  

OI-6716 (TIC 112115898) and TOI-7384 (TIC 192833836) are
wo M dw arfs of spectr al type M4, located at 18 . 9 and 66 . 8 pc
rom the Sun, respectively (C. A. L. Bailer-Jones et al. 2021 ). As
ll our planetary information will be derived using the host stars’
aramet ers, w e begin in the sections that follow by characterizing
OI-6716 and TOI-7384. All photometric and stellar parameters
dopted for this work can be found in Table 1 . 

.1 Reconnaissance spectroscopy 

.1.1 TOI-6716 

e observed TOI-6716 with the Kast double spectrograph (J.
. Miller & R. P. S. Stone 1994 ) on the 3-m Shane telescope
t Lick Observatory on 2025 March 8 ( ut ) in clear conditions
ith 1.2 arcsec seeing. We used the 1.5 arcsec slit aligned to the
arallactic angle to obtain blue and red optical spectra split at
700 Å by the d57 dichroic, and dispersed by the 600/4310 grism
NRAS 547, 1–22 (2026) 

 NASA e x oplanet ar chive, 2025 July. 3
nd 600/7500 grating, resulting in spectral resolutions of λ/ �λ

1100 and ≈ 1500 for the blue and red spectra, respectively. We
btained a single 500 s e xposur e in the blue channel and two
50 s e xposur es in the red channel at an average airmass of 2.7.
he G2 V star HD 60 513 ( V = 6 . 7 ) was observed at a slightly

ower airmass of 2.0 for telluric absorption calibration, and the
pectrophot ometric calibrat or Hiltner 600 (M. Hamuy et al. 1992 ,
994 ) was observed shortly thereafter for flux calibration. We
sed HeHgCd and HeNeArHg arc lamp exposures to wavelength
alibrate our blue and red data, and flat-field lamp exposures for
ix el r esponse calibration. Data wer e r educed using the kas-
redux code 3 using standard settings. The resulting spectra have
edian SNRs of 22 at 5425 Å and 88 at 7350 Å. 
The reduced spectrum is shown in Fig. 2 , with a comparison

o the best-fitting M4 dw arf SDSS spectr al t emplat e from J. J.
ochanski et al. ( 2007 ). This classification was confirmed using

ndex-based methods described in I. N. Reid, S. L. Hawley & J.
. Gizis ( 1995 ), J. E. Gizis ( 1997 ), E. L. Martín et al. ( 1999 ), S.
épine, R. M. Rich & M. M. Shara ( 2003 ), and F. C. Riddick, P.
. Roche & P. W. Lucas ( 2007 ), which span M3 to M4. We detect
 weak signature of H α emission at 6563 Å with an equivalent
idth EW = −1 . 20 ± 0 . 18 Å, corresponding to log ( L H α/L bol ) =
4 . 37 ± 0 . 09 using the χ factor relation of S. T. Douglas et al.

 2014 ). The presence of weak H α emission indicates an activity
ge of no more than 4–6 Gyr (A. A. West et al. 2008 ), while the
bsence of detectable Li i absorption at 6708 Å rules out a sub-
tellar mass and age less than ∼ 30 Myr . W e measure the metal-
icity index ζ = 1 . 124 ± 0 . 005 (S. Lépine et al. 2013 ), which corre-
ponds to a roughly solar metallicity of [Fe/H] = +0 . 17 ± 0 . 20 us-
ng the A. W. Mann et al. ( 2013 ) calibration, consistent with solar

etallicity. 
We also observed TOI-6716 with the SpeX spectrograph (J. T.

ayner et al. 2003 ) on the 3.2-m N ASA Infr ared Telescope Facility
IRTF) on 2024 November 10 ( ut ) under clear conditions with
 . 5 arcsec seeing. Using the short- w avelength cross-dispersed
SXD) mode and the 0 . 3 arcsec × 15 arcsec slit ( λ/ �λ∼2000 ,
.80–2.42 μm) aligned to the parallactic angle, we obtained eight
0-s e xposur es at an airmass of 1.6, nodding in an ABBA pattern.
e followed with a standard set of SXD flat field and arc lamp

alibrations and 12 30-s e xposur es of the A0 V standard HD 56751
 V = 7 . 1 ) at a similar airmass. Data reduction with the Spextool
4.1 pipeline (M. C. Cushing, W. D. Vacca & J. T. Rayner 2004 )
ollowed the standard approach (K. Barkaoui et al. 2024 ; M. Gha-
houi et al. 2024 ; K. Barkaoui et al. 2025 ). The final spectrum has
 median SNR per pixel of 144. 

The SXD spectrum of TOI-6716 is shown in Fig. 3 . With re-
pect to single-star standards in the IRTF Spectral Library (M.
. Cushing, J. T. Rayner & W. D. Vacca 2005 ; J. T. Rayner, M.
. Cushing & W. D. Vacca 2009 ), we find the closest match to

he M4 V standard Ross 47 using the SpeX Prism Library Anal-
sis Toolkit (SPLAT; A. J. Burgasser & Splat Development Team
017 ) and adopt a spectral type of M4.0 ± 1.0, consistent with
he optical classification. From the K-band Na i and Ca i lines
nd the H 2 O–K2 index (B. R ojas-Ay ala et al. 2012 ), we estimate
Fe / H] = −0 . 09 ± 0 . 12 using the A. W. Mann et al. ( 2013 ) rela-
ion and the Monte Carlo approach detailed previously (L. Delrez
t al. 2022 ; M. Ghachoui et al. 2023 ), again consistent with solar
etallicity. 
 https://github.com/aburg asser/kastr edux. 

https://github.com/aburgasser/kastredux
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Table 1. Stellar parameters adopted for this work. 

Star TOI-6716 TOI-7384 

Designations 

TIC 112115898, 2MASS J07263809-3033087, 
Gaia DR2 5605438925569442432, 
UCAC4 298–022880 

TIC 192833836, 2MASS J05322483-3950016, 
Gaia DR2 4808732662634331520, 
UCAC4 251–006761, WISE J053224.78-395002.7 

Parameter Value Value Source 

T mag 11.774 ±0.007 13.694 ±0.008 K. G. Stassun et al. ( 2019 ) 
B mag 16.362 ±0.061 17.63 ±0.17 N. Zacharias et al. ( 2013 ) 
V mag 14.8 ±0.2 16.704 ±0.206 N. Zacharias et al. ( 2013 ) 
G mag 13.1269 ±0.0006 15.0456 ±0.0008 Gaia Collaboration ( 2022 ) 
J mag 10.093 ±0.026 12.001 ±0.026 R. M. Cutri et al. ( 2003 ) 
H mag 9.535 ±0.026 11.382 ±0.026 R. M. Cutri et al. ( 2003 ) 
K mag 9.196 ±0.021 11.096 ±0.023 R. M. Cutri et al. ( 2003 ) 
W1 mag – 10.942 ±0.023 R. M. Cutri et al. ( 2021 ) 
W2 mag – 10.779 ±0.021 R. M. Cutri et al. ( 2021 ) 
W3 mag – 10.551 ±0.064 R. M. Cutri et al. ( 2021 ) 
W4 mag – > 8.92 R. M. Cutri et al. ( 2021 ) 
Distance 18.89 ±0.02 pc 66.79 ±0.20 pc C. A. L. Bailer-Jones et al. ( 2021 ) 
α 07:26:37.7 05:32:24.76 Gaia Collaboration ( 2022 ) 
δ −30:33:07.85 −39:50:03.3 Gaia Collaboration ( 2022 ) 
μα −316 . 5 mas yr −1 −46 . 0 mas yr −1 Gaia Collaboration ( 2022 ) 
μδ 59 . 0 mas yr −1 −101 . 8 mas yr −1 Gaia Collaboration ( 2022 ) 
SpT M4 M4 This work (opt. spec.) 

M4 M3 ±0 . 5 This work (NIR spec.) 
R � 0 . 231 ± 0 . 015 R � 0 . 319 ± 0 . 018 R � This work (SED) 
M � 0 . 223 ± 0 . 0110 M � 0 . 318 ± 0 . 016 M � This work (SED) 
T eff 3110 ±80 K 3185 ±75 K This work (SED) 
log g � 5.06 ±0.06 4.93 ±0.05 This work (from SED) 
[Fe / H] 0.0 ±0.5 dex 0.0 ±0.5 dex This work (SED) 

+ 0.17 ±0.20 dex + 0.17 ±0.20 dex This work (opt. spec.) 
−0.09 ±0.12 dex + 0.18 ±0.11 dex This work (NIR spec.) 
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.1.2 TOI-7384 

e g ather ed an optical spectrum of T OI-7384 using the Low
ispersion Survey Spectrograph (LDSS-3C; K. B. St ev enson et al. 

016 ) on the 6.5-m Magellan II (Clay) Telescope on 2022 January
 ( ut ) during clear conditions with 0 . 5 arcsec seeing. We used
he standard set-up for the long-slit mode (fast readout speed, 
ow gain, and 1 ×1 binning) along with the VPH-Red grism, OG-
90 blocking filter, and the 0 . 75 arcsec × 0 . 4 arcsec centre slit.
his configuration provides spectra covering 6000–10 000 Å with 

 spectral resolving power of R ∼1810 . We collected six, 300-s
 xposur es at an average airmass of 1.023. We followed the science
bservations with three, 1-s exposures of the F8 V star HR 1651
R. O. Gray et al. 2006 ). At each pointing, w e collect ed a 1-s
eN eAr ar c lamp e xposur e and thr ee 10-s flats with the ‘quartz
igh’ lamp. We used a custom Python-based pipeline (G. Drans- 
eld et al. 2023 ) to reduce the data, including bias removal, flat-
eld correction, and spectr al extr action. We used the HeNeAr arc
 xposur e for wavelength calibration. While we did not apply a
 elluric correction, w e used the ratio of the F8 V spectrum t o the
8 V t emplat e from A. J. Pickles ( 1998 ) to calculate a relative flux
orrection. The final spectrum has a maximum SNR per pixel of 
77 at 9183 Å, a mean SNR per pixel of 113 in the 6000–10 000 Å
ange, and an average of 2.3 pixels per resolution element. 

The LDSS-3 spectrum of TOI-7384 is also shown in Fig. 2 , also
ompared to its best-fitting M4 dw arf SDSS spectr al t emplat e,
hich is again consistent with index-based classifications span- 
ing M3.5–M4.5. We detect H α in absorption in this spectrum 

EW = + 1.12 ±0.17 Å) indicating weak or absent magnetic ac-
ivity and an activity age of at least 4.5 Gyr (A. A. West et al. 2008 ).
or this source we measure ζ = 1 . 127 ± 0 . 003 , which again cor-
esponds to a roughly solar metallicity of [Fe/H] = +0 . 17 ± 0 . 20
sing the A. W. Mann et al. ( 2013 ) calibration. 
We also observed TOI-7384 with the FIRE spectrograph (R. 

. Simcoe et al. 2008 ) on the 6.5-m Magellan Baade Telescope
n 2023 February 2 ( ut ) under clear conditions with 1.0 arcsec
eeing. We used the high-resolution echellette mode with the 
.45 ar csec slit, pr oviding 0.9–2.4 μm spectra with a r esolving
ow er of R ∼8000 . We collect ed tw o e xposur es of 306.5-s each,
odding between frames. Following the science observations, we 
ollected a 30-s arc lamp e xposur e and two, dither ed e xposur es of 
he A0 V standard HD 38433 ( V = 9 . 4 ). Along with a set of internal
nd dome flats collected the previous afternoon, we used these 
alibrations to reduce the data with the FIREHOSE pipeline. 4 The 
nal spectrum has a median SNR per pixel of 151 and an average
f 2.4 pixels per resolution element. 

The FIRE spectrum of TOI-7384 is shown in Fig. 3 . We used
PLAT to compare the spectrum to SXD spectra of single-star
tandards in the IRTF Spectral Library (M. C. Cushing et al. 2005 ;
. T. Rayner et al. 2009 ). We found the best spectral match to the

3.5 standard GJ 273 with similar but poorer mat ches t o the M3
tandard GJ 388 and M4 standard GJ 213, and so we adopt an
nfr ared spectr al type of M3.5 ± 0.5, again consistent with the op-
ical type. To address an issue with continuum normalization at 
he long- w av elength end of the spectrum, w e applied a correction
MNRAS 547, 1–22 (2026) 

ht tps://github.com/r asimcoe/FIREHOSE 

https://github.com/rasimcoe/FIREHOSE
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M

Figure 2. Shane/Kast optical spectrum of TOI-6716 (top) and 
Magellan/LDSS-3 spectrum of TOI-7384 (bottom), compared to 
their best-fitting M4 SDSS spectral t emplat e from J. J. Bochanski et 
al. ( 2007 , magenta (lighter-coloured) line). Key spectral features are 
labelled, including r egions of r esidual telluric absorption ( ⊕). Inset bo x es 
show the 6520–6770 Å region encompassing H α and Li i features. The 
gap in the Kast spectrum between 5600 and 5900 Å corresponds to the 
gap between that instrument’s blue and red channels. 
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spectively, both shown in grey (lighter line) and offset vertically. Strong 
M-dw arf spectr al features and spectral regions with strong telluric absorp- 
tion are indicated. 
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o the data at wavelengths > 2 . 25 μm using the spectrum of GJ 273
s a r efer ence. We used the corr ect ed spectrum t o estimat e the
tellar metallicity using the A. W. Mann et al. ( 2013 ) relation be-
ween the equivalent widths of the K-band Na i and Ca i doublets
nd the H2O–K2 inde x (B . R ojas-Ay ala et al. 2012 ). This gives
n iron abundance of [Fe / H] = +0 . 18 ± 0 . 11 , consistent with the
ptical metallicity. 

.2 Spectral energy distribution 

s an independent determination of the basic stellar parameters,
e performed an analysis of the broad-band SED of each of the

tars together with the Gaia DR3 parallax (with no systematic off-
et applied; see e.g. K. G. Stassun & G. Torres 2021 ). This yielded,
pon following the pr ocedur es described in K. G. Stassun & G.
orres ( 2016 ), K. G. Stassun, K. A. Collins & B. S. Gaudi ( 2017 ),
nd K. G. Stassun et al. ( 2018 ), an emperical measurement of each
tellar radius. We pulled the the JHK S magnitudes from 2MASS ,
he W1–W3 magnitudes from WISE , and the G BP G RP magnitudes
rom Gaia . Finally, we utilized the absolute flux-calibrated Gaia
pectr ophotometry wher e available. Together, the available pho-
ometry spans the full stellar SED over the w avelength r ange 0.4–
0 μm (see Fig. 4 ). 
NRAS 547, 1–22 (2026) 
We performed a fit using N e xtGen stellar atmosphere mod-
ls (P. H. Hauschildt, F. Allard & E. Baron 1999 ), with the free
arameters being the effective temperature ( T eff ) and metallic-

ty ([Fe/H]), as well as the extinction A V , which w e limit ed t o
aximum line- of- sight value from the Galactic dust maps of D.

 . Schlegel, D . P. Finkbeiner & M. Davis ( 1998 ). Integrating the
unreddened) model SED gives the bolometric flux at Earth, F bol .
aking the F bol and T eff together with the Gaia parallax gives the
tellar radius, R � . In addition, we can estimate the stellar mass
rom the empirical M K relations of A. W. Mann et al. ( 2019 ). For
 OI-6716 b, the r esulting fit (Fig . 4 ) has a best fit A V ≡ 0 , T eff =
110 ± 80 K, [Fe/H] = 0 . 0 ± 0 . 5 , with a reduced χ2 of 2.2. Thus,
e find F bol = 4 . 027 ± 0 . 094 × 10 −10 erg s −1 cm 

−2 , R � = 0 . 231 ±
 . 015 R �, and M � = 0 . 223 ± 0 . 011 M �. For TOI-7384 b, the result-
ng fit (Fig. 4 ) has a best fit A V = 0 . 01 ± 0 . 01 , T eff = 3185 ± 75
, [Fe/H] = 0 . 0 ± 0 . 5 , with a reduced χ2 of 1.9. Thus, we find
 bol = 6 . 75 ± 0 . 40 × 10 −11 erg s −1 cm 

−2 , R � = 0 . 319 ± 0 . 018 R �,
nd M � = 0 . 318 ± 0 . 016 M �. 

While a set of stellar parameters may also be obtained using
mpirical relations, we choose to use those calculated from the
ED. This choice is motivated by the fact that empirical relations
ely on the Gaia DR3 BP-RP colour to estimate the T eff , which
s known to be unreliable for cooler stars (see e.g. C. Jordi et al.
010 ), and is highly sensitiv e t o metallicity, which is challenging
o robustly derive for M dwarfs (see e.g. S. Lindgren & U. Heiter
017 ; V. M. Passegger et al. 2022 ). In contr ast, the SED fit ting
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Figure 4. SEDs of TOI-6716 (top) and TOI-7384 (bottom). The red sym- 
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zontal bars r epr esent the effective width of the passband. The blue sym- 
bols are the model fluxes from the best-fitting NextGen atmosphere model 
(black). The inset axes show the absolute flux-calibrated Gaia spectropho- 
tometry as a grey swathe overlaid on the best-fitting model. 
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pproach uses a wide range of broad-band photometry and allows 
oth T eff and metallicity to be fr ee parameters. The r esulting stel-

ar parameters derived from this are thus more robust and have 
ore conservative uncertainties. 

 P LANET  I D E N T I F I C AT I O N  

.1 Candidate identification 

rior to TOI-7384 b being identified as a planet candidate by 
ESS , observations were first triggered by the NEMESIS (Exo- 
lanet Tra N sit Survey of N E arby M Dwarfs in T ES S FF Is )
ipeline, presented in D. L. Feliz et al. ( 2021 ). This pipeline was
esigned to produce detrended photometry of M dwarfs visible 

n TESS full-frame images (FFIs) and conduct a transit search on
he resulting light curves. In the first release the pipeline analysed 

ESS data from Sectors 1–5, which included 33 054 M dwarfs
ithin 100 pc , and produced 29 planet candidat es. Of these, fiv e
atched known TOIs and the remaining 24 were new detec- 

ions. We selected the 12 candidates found orbiting the hosts with
ffectiv e t emperatures < 3300 K as these aligned the best with
he e xisting SPECUL OOS target list. These wer e given internal
esignations of NEMESIS 1–12 for the purpose of our follow- 
p campaign. Nemesis-12 was identified as a planet candidate 
nd designated the CTOI (Community TESS Object of Interest) 
IC 192833836.01. In 2025 April, it was identified as TOI-7384.01, 
hich will remain its designation throughout this paper. 
TOI-6716 was observed in TESS FFIs at cadence 1800 s in

ector 7, 600 s in Sector 34, 200 s in Sectors 61, 87, and 88, 120
 in Sectors 7, 34, 61, 87, and 88, and 20 s in Sectors 87 and 88.
t was reported as a planet candidate on 2023 October 5. Fig. 5
hows the TESS 120 s cadence photometric observations reduced 

y the SPOC (Science Processing Operations Center) pipeline (J. 
. Jenkins et al. 2016 ). It has a candidate orbital period and plane-

ary radius of P b, 6716 = 4 . 72 d and R b, 6716 = 1 . 01 R ⊕, respectively.
OI-7384 was observed in TESS FFIs in Sectors 5 (as mentioned
bove) and 6 in 1800 s cadence, 32 and 33 in 600 s cadence, and 87
n 200 and 120 s cadence. In Fig. 6 we present the TESS photom-
try as reduced by the TESS-SPOC (Sectors 5,6,32,33) and SPOC 

Sector 87) pipelines. TOI-7384 b has a candidate orbital period 

nd planetary radius of P b, 7384 = 6 . 23 d and R b, 7384 = 3 . 93 R ⊕, re-
pectively. The data for both TOI-6716 and T OI-7384 ar e available
n the NASA Mikulski Archive for Space Telescopes. 

We use the python package tpfplotter 

5 (A. Aller et al. 2020 )
o plot the field of view around each star along with the TESS
pertur es fr om their most recent TESS sectors at the time of 
riting; these are shown in Fig. 7 . We can conclude that there is
o significant contamination from bright sources in or near the 

arget stars/ TESS aperture, which could be either diluting our 
ransit event, or be the source of the transit event itself. This is
iscussed further in Section 6.5 . 

.2 Search for additional candidates and detection limits 

e used the custom pipeline SHERLOCK 6 (see e.g . B . O. De-
ory et al. 2020 ; F. J. Pozuelos et al. 2020 ) to analyse the TESS

ata described in Section 5.1 . This has the dual aims of inde-
endently r ecovering T OI-6716 b and T OI-7384 b, and sear ching
or additional planetary candidat es pot entially ov erlooked by of-
cial pipelines such as SPOC and QLP due to their detection

hresholds. The SHERLOCK pipeline is specifically designed to 
dentify low -SNR tr ansit -lik e signals indicative of planetary tran-
its. It int egrat es various modules that facilitat e data access and
apid inspection, aut omat ed transit searches, candidat e v etting
nd validation, Bayesian modelling to derive precise planetary pa- 
ameters and ephemerides, and the computation of observational 
indows to guide follow-up campaigns (M. Dévora-Pajares et al. 

024 ). We successfully r ecover ed the pr eviously known T OI alerts
n our initial runs but did not detect any additional transit -lik e
eatures attributable to planetary origins. 

The lack of additional detections may r esult fr om several pos-
ibilities (see e.g. N. Schanche et al. 2021 ; R. D. Wells et al. 2021 ;
. J. Pozuelos et al. 2023 ): the system may not contain any ad-
itional transiting planets with orbital periods within the range 
 xplor ed her e ( ≤ 10 d), any additional transiting planets, or even
n y an y additional planets. Alt ernativ ely, additional transiting
lanets may remain undet ect ed due to the limited photometric
recision of the data. To assess this possibility, we conducted 
MNRAS 547, 1–22 (2026) 

https://github.com/jlillo/tpfplotter
https://github.com/franpoz/SHERLOCK
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M

Figure 5. TESS 2-min cadence photometry (grey) for TOI-6716 for Sectors 7 (top), 34 (top-middle), 61 (bottom-middle), 87, and 88 (bottom). Purple 
solid line shows the data binned by 1 h. Transits are indicated with green triangles, although are not visually obvious in the TESS data. 

Figure 6. TESS photometry (grey) for TOI-7384 in 2-min cadence (top), 10-min cadence (middle), and 30-min cadence (bottom). Purple solid line shows 
the data binned by 1 h. Transits are indicated with green triangles. 
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njection-and-recov ery t ests with the MATRIX code 7 (M. Dévora-
ajares & F. J. Pozuelos 2022 ). 
NRAS 547, 1–22 (2026) 

 The MATRIX ( M ulti-ph A se T ransits R ecovery from I njected 
 Xoplanets) code is open access on GitHub: https://github.com/ 
lanetHunters/tkmatrix. 

a  

l  

a  

p  
The code e xplor es a thr ee-dimensional parameter space (or-
ital period, planetary radius, and transit epoch) by generating
 grid of synthetic scenarios, which are injected into the original
ight curve. In our case, the grid comprises 30 periods, 30 radii,
nd 5 epochs, resulting in 4500 different scenarios. A synthetic
lanet is considered as retrieved when a period and an epoch are

https://github.com/PlanetHunters/tkmatrix
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(a) Target pixel file image for TOI-6716. (b) Target pixel file image for TOI-7384.

Figure 7. TESS target pixel file image created with tpfplotter for TOI-6716 ( left ) and TOI-7384 ( right ) observed in Sector 88 (2025 January 14–2025 
February 11) and Sector 87 (2024 December 18–2025 January 14), respectively. The target stars are indicated by a white cross, and the TESS aperture 
is r epr esented by the r ed hatch. The r ed dots highlight Gaia -DR3 sour ces with varying sizes corr esponding to their magnitude r elativ e t o the respectiv e 
target stars. 

Figur e 8. Injection-and-r ecovery e xperiment performed to establish the 
detection limits using all the available TESS sectors in each case. Colour 
code indicat es recov ery rat e: bright y ellow for high recov ery, dark pur- 
ple/black for low recovery. The solid blue line indicates the 90 per cent 
recov ery cont our, the dashed whit e line marks the 50 per cent, and the 
solid white line corresponds to the 10 per cent. The blue dots correspond 
to planets TOI-6716 b (top) and TOI-7384 b (bottom). 
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ound that differ by at most 1 per cent and up to 1 h from the
njected values, respectively. 

The results, displayed in Fig. 8 , indicate that for TOI-6716, 
lanets as small as 0.6 R ⊕ are detectable only on short orbits ( P �
 d), with a 100 per cent recovery rate for transiting planets larger
han 1.0 R ⊕ and P ≤ 10 d, effectively ruling out their presence. In
ontrast, for TOI-7384, the smallest planets recovered with ≥90 
er cent rate are ∼2.5 R ⊕ at short periods; Earth-sized planets
emain undetectable at any period, and their existence cannot be 
 x cluded with the current data. 

 V ET T I N G  AND  VAL I DAT I O N  

n this section we describe the results of the multifacility follow-
p campaign conduct ed betw een 2023 October and 2025 April for
OI-6716 b, and between 2021 April and 2023 February for TOI-
384 b. We begin with the high-resolution imaging observations, 
nd then outline the photometric observations collected from 

PECULOOS Southern Observatory (SSO), TRAPPIST-South, 
nd L C O. Finally, we describe how all our follow -up observ ations
ere used to validate the planetary natures of TOI-6716 b and
OI-7384 b. 
All follow-up observations are summarized in Tables 2 and 3 . 

.1 Archival imaging 

n order to check for a potential blend with our target stars
nd back gr ound objects, we make use of various ar chival images
vailable to us and compare to images taken fr om r ecent gr ound-
ased observations. These are shown in Fig. A1 for TOI-6716 (top)
nd TOI-7384 (bottom). This investigation is made possible by 
he stars’ large proper motion ( PM 6716 = 322 mas yr −1 , PM 7384 = 

12 mas yr −1 ; Gaia Collaboration 2022 ), and is a crucial step in
ssessing whether the observed transit events happen on blended 

ources. 
For TOI-6716, we examined archival imaging spanning 69 yr 
from a 1956 red DSS/POSS-I plate through blue (1980) and 

ed (1995) DSS/POSS-II/UKSTU plates and compared them with 

 ecent SPECUL OOS-South observations. N o back gr ound sour ce
s present at the star’s current position. We perform the same
nalysis for TOI-7384, using a DSS/POSS-II/UKSTU blue plate 
MNRAS 547, 1–22 (2026) 



10 M. G. Scott et al. 

M

Table 2. Summary of ground-based follow-up observations carried out for TOI-6716. 

TOI-6716 follow-up observations 

High-resolution imaging 
Observatory Filter Date Sensitivity limit Result 

Gemini South 562 nm �m = 4 . 6 at 0 . 5 arcsec N o sour ces det ect ed 
Gemini South 832 nm �m = 7 . 0 at 0 . 5 arcsec N o sour ces det ect ed 

Photometric follow-up 

Observatory Filter Date Coverage Result 

L C O - CTIO −1m0/SINISTRO Sloan- i ′ 2023 Oct 28 Full Detection 
L C O -SSO -M4/MUSCAT4 Sloan- g ′ 2023 Dec 28 Full Detection 
L C O -SSO -M4/MUSCAT4 Sloan- r ′ 2023 Dec 28 Full Detection 
L C O -SSO -M4/MUSCAT4 Sloan- i ′ 2023 Dec 28 Full Detection 
L C O -SSO -M4/MUSCAT4 z s 2023 Dec 28 Full Detection 
L C O-HAL-M3/MUSCAT3 Sloan- g ′ 2024 Feb 4 Full Detection 
L C O-HAL-M3/MUSCAT3 Sloan- r ′ 2024 Feb 4 Full Detection 
L C O-HAL-M3/MUSCAT3 Sloan- i ′ 2024 Feb 4 Full Detection 
L C O-HAL-M3/MUSCAT3 z s 2024 Feb 4 Full Detection 
SSO-E ur opa Sloan- r ′ 2025 Apr 3 Full Detection 

Spectroscopic observations 
Instrument Wavelength range Date Number of spectra Use 

Shane/Kast 450 –900 nm 2025 Mar 8 1 St ellar charact erization 

IRTF/SpeX 800 –2420 nm 2024 Nov 10 1 St ellar charact erization 

Table 3. Summary of ground-based follow-up observations carried out for TOI-7384. 

TOI-7384 follow-up observations 

High-resolution imaging 
Observatory Filter Date Sensitivity limit Result 

Gemini South 562 nm �m = 5 . 6 at 0 . 5 arcsec N o sour ces det ect ed 
Gemini South 832 nm �m = 5 . 4 at 0 . 5 arcsec N o sour ces det ect ed 

Photometric follow-up 

Observatory Filter Date Coverage Result 

TRAPPIST-South I + z ′ 2021 Sept 19 Full Detection 
SSO - Callisto I + z ′ 2021 Oct 14 Full Detection 
SSO - Ganymede Sloan- g ′ 2021 Oct 14 Full Detection 
TRAPPIST-South I + z ′ 2022 Apr 13 Full Detection 
SSO-Io I + z ′ 2022 Oct 23 Full Detection 
SSO - Callisto zY J 2022 Oct 23 Full Detection 
TRAPPIST-South I + z ′ 2022 Oct 26 Partial Detection 
SSO-Io Sloan- g ′ 2022 Nov 17 Full Detection 
SSO-E ur opa Sloan- z ′ 2022 Nov 17 Full Detection 
SSO - Callisto zY J 2022 Nov 17 Full Detection 
SSO-Io I + z ′ 2022 Dec 12 Full Detection 
SSO - Ganymede Sloan- i ′ 2023 Jan 6 Full Detection 
SSO-Io I + z ′ 2023 Jan 6 Full Detection 
SSO-E ur opa Sloan- r ′ 2023 Jan 6 Full Detection 

Spectroscopic observations 
Instrument Wavelength range Date Number of spectra Use 

Magellan/LDSS3 380 –1000 nm 2022 Jan 6 1 St ellar charact erization 
Magellan/FIRE 380 –1000 nm 2023 Feb 2 1 St ellar charact erization 
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aken 47 yr before the 2023 SPECULOOS-South images (1976),
long with red (1992) and IR (1996) DSS/POSS-II/UKSTU plates,
e reach the same conclusion: no background star is present at

he star’s current position. 
NRAS 547, 1–22 (2026) 

m  
.2 High-resolution imaging – Zorro 

 critical validation and confirmation process for transiting ex-
planet observations is to use high-resolution imaging to deter-
ine if any close companions exist. The presence of a close com-
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anion star, whether truly bound or line of sight, provides ‘third-
ight’ contamination of the observed transit, leading to derived 

roperties for the exoplanet and host star that are incorrect (D. R.
iardi et al. 2015 ; E. Furlan & S. B. Howell 2017 , 2020 ). Given that
early one-half of FGK stars are in binary or multiple star systems
R. A. Matson et al. 2018 ) high-resolution imaging yields cru-
ial information towards our understanding of each discovered 

 x oplanet as well as more global information on exoplanetary 
ormation, dynamics, and evolution (S. B. Howell et al. 2021 ). 

TOI-6716 (TIC 112115898) was observed on 2024 January 2 ut 

nd TOI-7384 (TIC 192833836) was observed on 2022 October 7 
t using the Zorro speckle instrument on the Gemini South 8- 
 telescope (N. J. Scott et al. 2021 ). Zorro provides simultaneous

peckle imaging in two bands (562 and 832 nm) with output data
roducts including a reconstructed image with robust magnitude 
ontrast limits on companion det ections. Fiv e sets of 1000 × 0 . 06
 images were obtained for TOI-6716 and 15 similar sets were 
btained for TOI-7384. All these data wer e pr ocessed with our
tandar d r eduction pipeline (S. B . Howell et al. 2011 ). Fig. B1
hows our final contrast curves and the 832 nm reconstructed 

peckle images for both stars. We find that TOI-6716 and TOI-
384 are both single stars with no companion brighter than 5–8 
nd 5–6 mag, respectively, below that of the target star from the
emini Telescope 8-m telescope diffraction limit (20 mas) out to 
.2 arcsec . At the distance of TOI-6716 ( d = 19 pc) and TOI-7384
 d = 67 pc) these angular limits correspond to spatial limits of 
.38 to 23 au and 1.34 to 80 au, respectively. 

.3 High-resolution imaging – SOAR 

e also searched for stellar companions to TOI-6716 with speckle 
maging on the 4.1 m Southern Astrophysical Research (SOAR) 
elescope (A. Tokovinin 2018 ) on 2024 January 8 ut , observing
n Cousins I band, a similar visible bandpass as TESS . This ob-
erv ation w as sufficiently sensitiv e t o obtain a 5 σ det ection of a
.0-mag fainter star at an angular distance of 1 arcsec from the
arget. More details of the observations within the SOAR TESS 

urvey are available in C. Ziegler et al. ( 2020 ). The 5 σ detection
ensitivity and speckle autocorrelation functions from the ob- 
ervations are shown in Fig. C1 . No nearby stars w ere det ect ed
ithin 3 arcsec of TOI-6716 in the SOAR observations. 

.4 Photometric follow-up 

.4.1 SPE CUL OOS 

he SSO is comprised of four Ritchey–Chrétien 1.0 m-class 
elescopes installed at ESO Par anal Observ atory in the Ata- 
ama desert (L. Delrez et al. 2018 ). Designed to hunt for small
abitable-zone planets orbiting ultra-cool stars (M. Gillon 2018 ; 
. Sebastian et al. 2021 ), three out of four telescopes are equipped
ith a deep - depletion Andor CCD camera with 2048 × 2048 13.5-
m pixels. Each telescope has a field of view of 12 arcmin ×
2 arcmin and a pixel scale of 0 . 35 arcsec (A. Burdanov et al.
018 ; S. Zúñiga-Fernández et al. 2024 ). Since mid-2022, the fourth
elescope of SSO has been equipped with SPIRIT (SPeculoos’ 
nfr a-R ed photometric Imager for Transits) (see e.g. C. Janó

uñoz et al. 2025 ), which is an InGaAs CMOS-based instru-
ent, with a custom wide-pass filter called zYJ (P . P . Pedersen

t al. 2024 ), designed to be optimized for observing SPECULOOS’ 
ooler targets and to minimize the effects of precipitable water 
apour (P. P. Pedersen et al. 2023 ). This instrument has a smaller
eld of view of 6 . 7 arcmin × 5 . 3 arcmin given its detector size of 
280 × 1024 at 12- μm pitch. 

All SPECULOOS observations are processed in the first in- 
tance by an automatic data reduction pipeline, presented in C. 
. Murray et al. ( 2020 ). Successful observations of non-survey

argets are then reprocessed using prose , a publicly available 
ython framework for processing astronomical images 8 as de- 
cribed in L. J. Garcia et al. ( 2021 , 2022 ). Images are calibrated
nd aligned before performing aperture photometry on the 500 
rightest sources detected; prose then performs differential pho- 
ometry (C. Broeg, M. Fernández & R. Neuhäuser 2005 ) on the
arget star to extract the light curve. 

For TOI-6716 b, we observed one full transit with SSO/E ur opa
n 2025 April 3 in the Sloan-r’ band with an e xposur e time of 26
. For TOI-7384 b, we observed 11 full transits. The first observa-
ions were observed simultaneously with SSO/Callisto (in I + z’ )
nd SSO - Ganymede (in Sloan- g’ ) on 2021 October 14, with expo -
ure times of 17 and 120 s, respectively. We then observed again
imultaneously on 2022 Octobet 23 with SSO/Io in the I + z’
and, and SSO/Callisto in the zYJ band, with e xposur e times of 
7 and 20 s, respectively. Our third simultaneous observation of a
ull TOI-7384 b transit was on 2022 November 17, with SSO/Io
in Sloan-g’ , e xposur e time of 120 s), SSO/E ur opa (in Sloan-z’ ,
 xposur e time of 26 s), and SSO/Callisto (in zYJ , e xposur e time of 
0 s). The final four transits were obtained on 2022 December 12
ith SS0/Io (in I + z ′ , with an e xposur e time of 17 s) and three si-
ultaneous observations on 2023 January 6 with SSO/Ganymede 

in Sloan − i ′ , with an e xposur e time of 36 s), SSO/Io (in I + z ′ ,
ith an e xposur e time of 17 s), and SSO/E ur opa (in Sloan − r ′ ,
ith an e xposur e time of 72 s). 

.4.2 TRAPPIST-South 

e observ ed tw o full transits and one partial transit of TOI-7384 b
ith TRAPPIST-South (TS) (M. Gillon et al. 2011 ; E. Jehin et al.

011 ), located in ESO La Silla Observatory in Chile. This 0.6-m
elescope is equipped with a FLI ProLine PL3041-BB camera and 

 back-illuminated CCD with a pixel size of 0.64 arcsec , providing
 total field of view of 22 arcmin × 22 arcmin for an array of 
048 × 2048 pixels. TS is an f/8 Rit chey–Chrétien t elescope on
 German equatorial mount. 

The full-transit observations took place on ut 2021 September 
9 and 2022 April 13, and the partial on 2022 October 26, with
n e xposur e time of 120 s. All transits w ere observ ed with the
ust om I + z ′ filt er t o maximize the phot ometric precision. We
educed the images using prose pipeline (L. J. Garcia et al. 2021 ,
022 ) to extract optimal light curves. 

.4.3 L C O - CTIO -1m0 

 full transit of TOI-6716 b was observed with the Las Cum-
res Observatory Global Telescope (L C OGT; T. M. Brown et al.
013 ) 1.0-m network at Cerro Tololo Inter-American Observatory 
C TIO). The t elescope is equipped with a 4096 × 4096 SINISTRO
et ect or, with an image scale of 0 . 389 arcsec per pixel and a FOV
f 26 arcmin × 26 arcmin . The observ ation w as conducted on
023 October 28 ut in the Sloan- i ′ filter with an e xposur e time
f 49 s. The image calibration was performed using the standard
 C OGT BANZAI pipeline (C. McCully et al. 2018 ). The closest
MNRAS 547, 1–22 (2026) 
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aia star is TIC 777 580 018 at 18 . 24 arcsec with a T mag of 16.23.
e performed the aperture photometry in an uncontaminated

pertur e of 3.5 ar csec using AstroImageJ (K. A. Collins et al.
017 ). 

.4.4 L C OGT-2m0 

wo full transits of TOI-6716 b were observed with L C OGT-
m0 Faulkes Telescope North (FTN) at Haleakala Observatory
n Hawaii (HAL) and the L C OGT-2m0 Faulkes Telescope South
FTS) at Siding Spring Observatory in Australia (SSO). The FTN
elescope is equipped with the MuSCAT3 multiband imager,
hile the FTS telescope is equipped with the MuSCAT4 multi-
and imager (N. Narita et al. 2020 ). The first tr ansit w as observed
ith MuSCAT4 on ut 2023 October 28, while the second transit
as observed with MuSCAT3 on ut 2024 February 4. The ob-

ervations were conducted simultaneously in the Sloan- g ′ , - r ′ , -
 

′ , and Pan-STARRS- z s filters, with e xposur e times of 180, 38, 16,
nd 14 s, respectively. The data processing was performed using
he standard LCOGT BANZAI pipeline (C. McCully et al. 2018 ).

e performed the aperture photometry using uncontaminated
pertures of 4.6–4.8 ′′ using AstroImageJ . 

.5 Statistical validation 

e make use of the statistical validation package triceratops
S. Giacalone & C. D. Dressing 2020 ; S. Giacalone et al. 2021 ) to
alidate the planetary nature of both candidates. This follows the
ame pr ocedur es outlined in e.g . G. Dransfield et al. ( 2023 ), M.
. Silv erst ein et al. ( 2024 ), K. Hesse et al. ( 2025 ), M. G. Scott et
l. ( 2025 ), and L. Thomas et al. ( 2025 ); how ev er, w e outline this
r ocess ag ain her e for clarity. 
triceratops evaluates the likelihood that TOI-6716 b and

 OI-7384 b ar e in fact true planets orbiting the target stars.
riceratops also estimates the contributed flux from any nearby
tars in order to determine whether one could be the actual source
f the observed transit signal. Following this, it fits light-curve
odels to the phase-folded photometric data in order to calcu-

at e relativ e probabilities for various scenarios, such as transiting
lanet (TP) and eclipsing binary (EB) on both the target star and
earby stars. triceratops then calculates a false positive proba-
ility (FPP) with a threshold for statistical validation at ≤ 0 . 015 . 

For TOI-6716 b we use the two z s -band light curves from MUS-
A T3 and MUSCA T4, and for TOI-7384 b we use the three I + z ′ -
and light curves from SSO/Io. We find FPP < 10 −8 , NFPP < 10 −7 

nd FPP < 10 −14 , NFPP < 10 −17 for T OI-6716 b and T OI-7384 b,
espectively. 

 GL  OBAL  P H O  T  OME  T R I C  AN  A LY S I S  

e use allesfitter (M. N. Günther & T. Daylan 2019 , 2021 ) to
ointly model the full photometric data sets described in Section
.4 (as well as the available TESS data) of each planet. alles-
itter is a flexible inference package for e x oplanet modelling
ritten in Python . It uses ellc (P. F. L. Maxted 2016 ) to gener-

t e light-curv e models and celerite (D . F oreman-Mackey et al.
017 ) t o creat e Gaussian Process (GP) models. allesfitter then
ses either a nested sampling (with dynesty J. S. Speagle 2020 ) or
CMC (with emcee D. Foreman-Mackey et al. 2013 ) algorithm

o select the best fitting model. As it is important to be able
o quantify why a specific model is favoured over another (for
NRAS 547, 1–22 (2026) 
 xample, a cir cular versus eccentric model), we choose to use
he nested sampling algorithm for this work as at each step in
he sampling it calculates the Bayesian evidence from the Bayes
actor (R. E. Kass & A. E. Raftery 1995 ), allowing us to compare
he evidence and determine the most statistically favoured model.
his section follows process used in similar works (see e.g. G.
ransfield et al. 2023 ; M. G. Scott et al. 2025 ); how ev er, w e outline

he steps again here for clarity. 
We adopt the tr ansit par ameters from Section 5 as uniform

riors, and the stellar parameters described in Section 4 (and
isplayed in Table 1 ) as normal priors. The fit ted par ameters are
 p /R � , (R p + R � ) /a , cos i , T 0 , and P . Additionally, we make use of
yLDTK (H. Parviainen & S. Aigrain 2015 ) and Phoenix stellar at-
osphere models (T. O. Husser et al. 2013 ) t o calculat e quadratic

imb darkening coefficients. We reparameterize them following
. M. Kipping ( 2013 ) and adopt them as normal priors in our fit.
or observations taken in the same photometric band, the limb
arkening coefficients are coupled. All prior distributions can be
ound in Table D1 . 

We fit for two models (circular and free eccentricity) using the
ested sampling algorithm. As in A. H. M. J. Triaud et al. ( 2011 ),

he eccentricity is parameterized as √ e b cos ω b and 

√ e b sin ω b . We
alculate the difference in the log marginal likelihoods (Bayes
actor), � log Z, in order to determine which model is favoured.

ere, we adopt the circular fit as the null hypothesis, H 0 , and the
ccentric fit as the alt ernat e hypothesis, H 1 . H 1 is pr eferr ed over
 0 if � log Z > 3 , and str ongly pr eferr ed if � log Z > 5 (R. Tr otta

008 ). We find that for T OI-6716 b, ther e is no str ong pr efer ence
or either model, with � log Z = −0 . 4 , and similarly for TOI-
384 b, with � log Z = −1 . 5 . How ev er, since eccentricity cannot
e well constrained from photometry alone, we do not assume
hat the orbits of these planets are perfectly circular, and thus
dopt the eccentric model fit parameters where we place an upper
imit (95 per cent confidence) on the eccentricities of both planets
o be e ≤ 0 . 88 and e ≤ 0 . 40 for TOI-6716 b and TOI-7384 b, re-
pectiv ely. We not e that our deriv ed results hav e no significant
hange between circular and eccentric fits. 

In Figs 9 and 10 we present the transits obtained for TOI-
716 b and T OI-7348 b, r espectively. Wher e multiple transits were
bserved with the same instrument and filter, the transits are
resented phase-folded. All fitted and derived parameters are
resented in Tables 4 and 5 . 
As an additional validation check, we perform the fit again

sing the priors in Table D1 ; how ev er, w e allow free dilution
 U[ −1 , 1] ) in order to check for chromaticity. Dilution is coupled
etween observations taken in the same band. allesfitter pro-
ides the fitted diluted minimum in-transit flux from each instru-
ent, which we then correct with the calculated impact param-

t er and respectiv e limb darkening coefficients t o obtain R p /R � 

n each band. If TOI-6716 b and T OI-7384 b ar e, in fact, planets
rather than, e.g. eclipsing binaries), w e w ould expect consistent
epths across the photometric bands they were observed in, i.e.
chr omaticity. In Fig . 11 , we pr esent these averaged depths for
oth targets transits, and show that all depths are consistent
o 1 σ . 

Finally, we also compare the stellar host densities calculated by
llesfitter from the transit parameters (following S. Seager &
. Mallén-Ornelas 2003 ) to that of the stellar density priors calcu-

ated from the SED parameters for each star. For both TOI-6716
nd TOI-7384, we find these values to be within 1 σ of the stel-
ar density priors ( 25 . 44 ± 5 . 11 and 13 . 78 ± 2 . 43 , respectively),
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Figure 9. Phase-folded transits of TOI-6716 b from TESS 2-min cadence 
and follow-up ground-based observations. Raw flux points are shown in 
grey and binned (8 min) in white circles. Transit models are corrected by 
subtracting the baseline, and all have a relative offset applied for plotting 
purposes. Model lines comprise of 20 random draws from the posterior 
transit model. 

Figure 10. Phase-folded transits of TOI-7384 b from TESS 2-,10-, and 30- 
min cadence and follow-up ground-based observations. Raw flux points 
are shown in grey and binned (10 min) in white circles. Transit models are 
corrected by subtracting the baseline, and all have a relative offset applied 
for plotting purposes. Model lines comprise of 20 random draws from the 
posterior transit model. 
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Table 4. Fitted parameters fr om achr omatic eccentric fits for TOI-6716 b. 
and TOI-7384 b. 

Parameter 6716 b 7384 b 

Fitted parameters 

R b /R � 0 . 03898 +0 . 00081 
−0 . 00075 0 . 10238 ± 0 . 00082 

(R � + R b ) /a b 0 . 0348 +0 . 0027 
−0 . 0023 0 . 0371 +0 . 0023 

−0 . 0018 
cos i b 0 . 0096 +0 . 0072 

−0 . 0062 0 . 0211 +0 . 0032 
−0 . 0023 

T 0 ;b ( BJD ) 2459632 . 34484 +0 . 00062 
−0 . 00086 2459565 . 10114 +0 . 00018 

−0 . 00017 
P b ( d ) 4 . 7185898 +0 . 0000054 

−0 . 0000041 6 . 2340258 +0 . 0000034 
−0 . 0000036 √ e b cos ω b −0 . 04 +0 . 48 

−0 . 62 0 . 03 +0 . 39 
−0 . 37 √ e b sin ω b −0 . 16 ± 0 . 23 −0 . 00 +0 . 18 
−0 . 16 

q 1 ;TESS 0 . 302 +0 . 046 
−0 . 043 0 . 2853 ± 0 . 0045 

q 2 ;TESS 0 . 309 +0 . 040 
−0 . 042 0 . 3044 ± 0 . 0049 

q 1 ;i ′ 0 . 395 +0 . 041 
−0 . 043 0 . 3431 ± 0 . 0047 

q 2 ;i ′ 0 . 294 +0 . 039 
−0 . 043 0 . 3083 ± 0 . 0046 

q 1 ;g ′ 0 . 760 +0 . 048 
−0 . 043 0 . 6875 ± 0 . 0044 

q 2 ;g ′ 0 . 323 ± 0 . 046 0 . 3585 ± 0 . 0047 
q 1 ;r ′ 0 . 685 ± 0 . 042 0 . 5983 ± 0 . 0044 
q 2 ;r ′ 0 . 361 ± 0 . 040 0 . 3772 ± 0 . 0045 
q 1 ;z s 0 . 270 ± 0 . 042 - 
q 2 ;z s 0 . 261 ± 0 . 039 - 
q 1 ;I+z ′ – 0 . 2644 ± 0 . 0046 
q 2 ;I+z ′ – 0 . 2884 ± 0 . 0045 
q 1 ;z ′ – 0 . 1288 ± 0 . 0045 
q 2 ;z ′ – 0 . 2881 ± 0 . 0046 
q 1 ;spirit – 0 . 1338 ± 0 . 0044 
q 2 ;spirit – 0 . 2874 ± 0 . 0044 
ln σTESS 120s −5 . 5237 ± 0 . 0068 −4 . 300 ± 0 . 018 
ln σTESS 600 – −5 . 408 ± 0 . 026 
ln σTESS 1800 – −5 . 850 ± 0 . 050 
ln σL C O1m0 i ′ −6 . 205 +0 . 068 

−0 . 058 - 
ln σL C O −SSO −M4 i ′ −6 . 492 ± 0 . 027 - 
ln σL C O −Hal −M3 i ′ −6 . 377 +0 . 032 

−0 . 030 - 
ln σganymede i ′ – −5 . 735 +0 . 025 

−0 . 026 
ln σL C O −SSO −M4 g ′ −6 . 281 ± 0 . 083 - 

ln σL C O −Hal −M3 g ′ −6 . 669 +0 . 087 
−0 . 072 - 

ln σganymede g ′ – −5 . 094 +0 . 053 
−0 . 049 

ln σio g ′ – −5 . 562 +0 . 053 
−0 . 049 

ln σeuropa r ′ −5 . 948 ± 0 . 039 −5 . 337 ± 0 . 035 
ln σL C O −SSO −M4 r ′ −6 . 433 +0 . 042 

−0 . 037 - 
ln σL C O −Hal −M3 r ′ −6 . 488 +0 . 039 

−0 . 037 - 
ln σL C O −SSO −M4 z s −6 . 544 +0 . 026 

−0 . 021 - 
ln σL C O −Hal −M3 z s −6 . 434 ± 0 . 024 - 
ln σIo I+z ′ – −5 . 712 ± 0 . 013 
ln σTRAPPIST SOUTH I+z ′ – −5 . 869 +0 . 051 

−0 . 048 
ln σcallisto I+z ′ – −5 . 855 ± 0 . 024 
ln σeuropa z ′ – −5 . 982 ± 0 . 029 
ln σspirit – −5 . 370 ± 0 . 014 
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uggesting the planetary transit signal is produced over the target
tar. 

 DISCUSSION  AND  CONCLUSION  

OI-6716 and TOI-7384 join the select club of mid-type fully con-
 ectiv e M-dwarfs known to host temperate planets. TOI-6716 b
s an Earth-sized, R b = 0 . 98 ± 0 . 07 R ⊕, e x oplanet orbiting with
 period of P = 4 . 7185898 +0 . 0000054 

−0 . 0000041 d , thus receiving an instel-
ation flux of S b = 4 . 4 ± 1 . 1 S ⊕. This places it near the inner
dge of the t emperat e zone. TOI-7384 b is a Neptune-sized ex-
planet, with R b = 3 . 56 ± 0 . 21 R ⊕, that orbits with a period of 
 = 6 . 2340258 +0 . 0000034 

−0 . 0000036 d and receives a similar instellation flux
f S b = 4 . 9 ± 1 . 1 S ⊕. While neither of these planets fall even
ithin the optimistic HZs of their stars (orbital periods between

.9–43.1 and 14.4–62.5 d for TOI-6716 and T OI-7384, r espectively;
. K. Kopparapu et al. 2013 ), these planets populate an otherwise

parse region of t emperat e planet paramet er space, offering op-
ortunities for future studies as definitions of e x oplanet habitabil-

ty broaden. 
In this section we describe TOI-6176 b and TOI-7384 b within

he current population of exoplanets, and then describe briefly
he future prospects for follow-up studies. 

.1 TOI-6716 b and TOI-7384 b within the current 
opulation 

.1.1 Stellar mass and instellation flux 

ig. 12 shows TOI-6716 b and TOI-7384 b within the current
opulation of e x oplanets obtained fr om the NASA Ex oplanet
rchiv e’s Composit e Database 9 , for transiting planets with 0 . 4 <
 p < 4 R ⊕ and M p < 500 M ⊕. For consist ency, w e recalculat e all
lanetary instellation fluxes. 
The gr een bo x highlights planets that fall within the tem-

erate r egime, wher e we see that T OI-6716 b and T OI-7384 b
re at the inner (hotter) edge. We also highlight those planets
hat had SPECULOOS observations that aided in their valida-
ion/confirmation, for which the planets in this work also add to
his sample. 

.2 Futur e pr ospects 

.2.1 Mor e pr ecise planetary radii? 

he goal of the TEMPOS programme is to achieve very precise
 emperat e e x oplanet radii, ideally ≤ 3 per cent (see Section 3 ).
urr ently, T OI-6716 b and TOI-7384 b have radii precisions of 6.8
er cent and 5.9 per cent, respectively, both of which are domi-
ated by their stellar radius precisions (which set planet radius
rror floors at 6.5 per cent and 5.7 per cent). Thus, in order to sig-
ificantly improve the planet radius error the stellar radius error
ust decrease. Surveys such as the EBLM (Eclipsing Binaries-

ow Mass) project (A. H. M. J. Triaud et al. 2013b ; A. Boetticher
t al. 2019 ; P. F. L. Maxted, A. H. M. J. Triaud & D. V. Martin 2023 ;
. I. Swayne et al. 2024 ) are aiming to create an empirical mass–

adius–metallicity–luminosity relation using single-lined eclips-
ng binaries and recently some double-lined systems (D. Sebas-
 Retrieved on 2025 July 15, https://e x oplanetar chiv e.ipac.calt ech.edu/ 
gi- bin/TblView/nph- tblView?app=ExoTbls&config = PSCompPars. 

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls\&config=PSCompPars
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Table 5. Deriv ed paramet ers fr om achr omatic eccentric fit for T OI-6716 b and T OI-7384 b. Since eccentricity is 
unconstrained, w e quot e here the 95 per cent confidence upper limit. We thus do not report ω as it was also 
unconstrained. 

Parameter 6716 b 7384 b 

Derived parameters 

Host radius over semimajor axis b; R � /a b 0 . 0335 +0 . 0027 
−0 . 0022 0 . 0337 +0 . 0021 

−0 . 0017 
Semimajor axis b over host radius; a b /R � 29 . 9 ± 2 . 2 29 . 7 +1 . 6 

−1 . 8 
Companion radius b over semimajor axis b; R b /a b 0 . 001304 +0 . 00011 

−0 . 000087 0 . 00345 +0 . 00022 
−0 . 00018 

Companion radius b; R b ( R ⊕) 0 . 982 ± 0 . 067 3 . 56 ± 0 . 21 
Companion radius b; R b ( R jup ) 0 . 0876 ± 0 . 0060 0 . 318 ± 0 . 018 
Semimajor axis b; a b ( R �) 6 . 87 ± 0 . 67 9 . 45 ± 0 . 78 
Semimajor axis b; a b (AU) 0 . 0319 ± 0 . 0031 0 . 0439 ± 0 . 0036 
Inclination b; i b (deg) 89 . 45 +0 . 36 

−0 . 42 88 . 79 +0 . 13 
−0 . 18 

Eccentricity b; e b ≤ 0 . 88 ≤ 0 . 40 
Impact parameter b; b tra ;b 0 . 27 ± 0 . 17 0 . 611 +0 . 031 

−0 . 037 
Total transit duration b; T tot ;b (h) 1 . 237 ± 0 . 015 1 . 452 ± 0 . 015 
Full-tr ansit dur ation b; T full ;b (h) 1 . 135 +0 . 014 

−0 . 016 1 . 041 ± 0 . 018 
Host density from orbit b; ρ� ;b (cgs) 22 . 6 +5 . 1 

−4 . 6 12 . 8 ± 2 . 2 
Equilibrium temperature b; T eq ;b (K) 369 +17 

−16 378 +15 
−13 

Instellation Flux b; S b ( S ⊕) S b = 4 . 4 ± 1 . 1 S ⊕ S b = 4 . 9 ± 1 . 1 S ⊕
Limb darkening; u 1 ;TESS 0 . 338 ± 0 . 059 0 . 3251 ± 0 . 0058 
Limb darkening; u 2 ;TESS 0 . 210 ± 0 . 044 0 . 2089 ± 0 . 0055 
Limb darkening; u 1 ;i ′ 0 . 368 +0 . 052 

−0 . 058 0 . 3611 ± 0 . 0064 
Limb darkening; u 2 ;i ′ 0 . 258 +0 . 057 

−0 . 051 0 . 2246 ± 0 . 0054 
Limb darkening; u 1 ;g ′ 0 . 564 ± 0 . 081 0 . 5944 +0 . 0082 

−0 . 0076 
Limb darkening; u 2 ;g ′ 0 . 310 ± 0 . 083 0 . 2346 ± 0 . 0077 
Limb darkening; u 1 ;r ′ 0 . 597 ± 0 . 073 0 . 5834 ± 0 . 0071 
Limb darkening; u 2 ;r ′ 0 . 230 ± 0 . 067 0 . 1899 ± 0 . 0072 
Limb darkening; u 1 ;z s 0 . 269 +0 . 053 

−0 . 048 - 
Limb darkening; u 2 ;z s 0 . 246 +0 . 045 

−0 . 042 - 
Limb darkening; u 1 ;I+z ′ – 0 . 2966 ± 0 . 0055 
Limb darkening; u 2 ;I+z ′ – 0 . 2176 ± 0 . 0050 
Limb darkening; u 1 ;z ′ – 0 . 2069 +0 . 0046 

−0 . 0050 
Limb darkening; u 2 ;z ′ – 0 . 1521 ± 0 . 0044 
Limb darkening; u 1 ;spirit – 0 . 2103 ± 0 . 0049 
Limb darkening; u 2 ;spirit – 0 . 1554 ± 0 . 0042 
Combined host density from all orbits; ρ� ;combined (cgs) 22 . 6 +5 . 1 

−4 . 6 12 . 8 ± 2 . 2 
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( 2 πG 
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)1 / 3 M P sin (i ) 
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2 / 3 
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, where M P , M � are the planet and 
star masses, P is the orbital period, i is the inclination, and G is the 
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ian et al. 2024 ; T. A. Baycroft et al. 2025 ; D. Sebastian et al. 2025 ;
. H. M. J. Triaud et al. 2025 ). An new analysis of the project’s
 esult r ecently achieved a r adius accur acy of 1.4 per cent (Davis
t al., in preparation) across dozens of systems. When these bi-
ary star results will have been used to derive new mass/radius
 elations, we e xpect to achieve accurate and precise masses and
 adii for low -mass field M dw arfs, which when included into
he TEMPOS program will aid in reaching our planetary radius 
recision goal ( ≤ 3 per cent ). For TOI-6716 b, we estimate that

n order to reach a planet radius precision of ≤ 3 per cent with
 reasonable number of additional observations (e.g. 10), we re- 
uire that the stellar radius precision increase to 2.32 per cent 
assuming a precision of 450 ppm on the transit depth for a single
ransit with SPECULOOS). Similarly for TOI-7384 b, we require 
hat the stellar radius precision increase to 2.9 per cent, assuming
 precision of 500 ppm on the transit depth for a single transit

ith SPECULOOS. 

g

.2.2 Planetary mass and atmospheric prospects 

n order to fully characterize a planet it is crucial to obtain its
ensity, something that r equir es both photometric and spectr o-
copic observations. For small Earth-sized planets, how ev er, ob- 
aining precise radial v elocities oft en prov es challenging, espe-
ially around late-type M dwarfs given the stellar contamination 

see e.g. D. A. Turner et al. 2025 ). Using the mass–radius relations
rom J. Chen & D. Kipping ( 2017 ), we predict the masses of TOI-
716 b and TOI-7384 b to be 0 . 9 ± 0 . 23 M ⊕ and 12 . 4 ± 1 . 2 M ⊕,
eading t o predict ed radial v elocity semi-amplitudes 10 of 0 . 9 ±
 . 25 and 9 . 0 ± 1 . 2 m s −1 , respectively. 
MNRAS 547, 1–22 (2026) 

ravitational constant. 
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M

(a) TOI-6716 b averaged depths with dilution from chromatic fit. (b) TOI-7384 b averaged depths with dilution from chromatic fit.

Figur e 11. Chr omaticity check of T OI-6716 b (left) and T OI-7384 b (right). Depths ar e obtained fr om the chr omatic fit and ar e corr ected for limb- 
darkening . The gr ey band shows the mean depth and colour ed points show the average depths in each band. For T OI-6716 b, all bands agr ee to within 
1.3 σ . For TOI-7384 b, all bands agree to within 1.6 σ . 

Figure 12. Stellar mass versus instellation flux for transiting planets with 0 . 4 < R p < 4 R ⊕ and M p < 500 M ⊕ obtained from the Composite NASA 

e x oplanet ar chive (small, gr ey points). Instellation flux recalculated for all planets for consistency. Appr o ximate spectral types are indicated by the shaded 
back gr ound and highlighted labels. Planets for which SPECULOOS observations contributed to the validation/confirmation are highlighted with blue 
cir cles. T OI-6716 b and T OI-7384 b ar e depicted by r ed diamonds, and sit at the inner (hott er) edge of the t emperat e r egime (shown by the gr een bo x). 

 

e  

m  

T
2  

t  

t  

F  

e  

s  

s  

t  

e
 

B  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/1/stag070/8424240 by U
niversity of Liege user on 12 M

arch 2026
From the MAROON-X exposure time calculator (A. Seifahrt
t al. 2018 ), we could achieve an RV precision of 1 . 8 m s −1 per
easurement with an exposure time of 1800 s at an SNR ∼ 120 for
 OI-6716. Ther efor e, for a 5 σ measurement on the mass (i.e. ∼
0 per cent pr ecision) of T OI-6716 b, ∼ 200 spectra would need
o be collected, where we assume that only appr o ximately two-
hir ds measur ements truly contribut ed t o the mass measurement.
or TOI-7384, we find an RV precision of 11 . 6 m s −1 , and with an
xpect ed SNR ∼ 23 , w e w ould r equir e ∼ 100 spectra for a 5 σ mea-
NRAS 547, 1–22 (2026) 

σ

urement on the mass of TOI-7384 b. We assume here that both
tars rotate relatively slowly, i.e. v sin i � 2 km s −1 , an assumption
hat can be made for old relatively inactive M dwarfs (C. Moutou
t al. 2017 ; A. Reiners et al. 2022 ). 

We also repeat this calculation for observations with NIRPS (F.
ouchy et al. 2025 ), where w e calculat e the e xpected pr ecision on
 singular measurement for an M4 star using 

= 0 . 42 × 10 (0 . 94 H mag −5) / 5 (1) 
RV 
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(É. Artigau et al. 2024 ; F. Bouchy et al. 2025 ). We find precisions
f 2 . 99 and 6 . 65 m s −1 for TOI-6716 and TOI-7384, respectively,
or an e xposur e time of 1800 s. Thus for a 5 σ mass measurement,
 e w ould r equir e ∼600 measur ements for T OI-6716 b, and ∼30
easurements for TOI-7384 b. 
ESPRESSO (F. Pepe et al. 2021 ) is another high-resolution spec-

rograph that could obtain RV measurements for our planetary 
ass measurements. How ev er, from the ESPRESSO ETC, we cal- 

ulate that for a 5 σ mass measurement, we would r equir e ∼770
nd ∼70 measurements of TOI-6716 and TOI-7384, assuming RV
recisions of 3 . 3 and 10 m s −1 , respectively, therefore making this
acility less favourable compared to NIRPS or MAROON-X for 
hese science goals. 

While for TOI-7384 b a fairly reasonable number of measure- 
ents are required to make a significant mass measurement (but 

till difficult to obtain on competitive facilities), this is not the
ase for small likely Earth-mass planet T OI-6716 b, wher e a much
arger amount of telescope time would be r equir ed. 

We emphasize that these RV estimates are based on the as-
umption that the predicted mass is correct; how ev er, this is
ot always the case and can sometimes be largely ov erpredict ed
r underpredicted, which naturally will affect the number of 
V measur ements r equir ed (specifically for the underpr edicted
ase). A r ecent e xample of this is T OI-6478 b (M. G. Scott et al.
025 ), who calculated that based on the predicted mass of the
lanet, 10 RVs from MAROON-X would be sufficient to obtain 

 3 –4 σ constraint. How ev er, the planet is seemingly underdense,
nd as such those 10 RVs could not constrain the mass at all, and
nly provided an upper mass limit. 

N aturally, the ne xt step in understanding these planets could 

e observations of their atmospheres. E. M. R. Kempton et al. 
 2018 ) define a transmission spectroscopy metric (TSM), which 

s proportional to the SNR expected from the strength of possible
ransit features. Large TSMs are indicative of strong features, thus 
acilitating more detailed and accurate atmospheric characteriza- 
ion. For TOI-6716 b we predict TSM ∼ 13 (similar to the outer
RAPPIST-1 planets), and for TOI-7384 b TSM ∼ 69 . An ongo- 

ng question, how ev er, is whether small rocky planets around M
warfs can retain their atmospheres; studies into the M dwarf 
osmic shoreline aim to inform this debate, allowing for more 
argeted follow-up with, e.g. JWST (see e.g. Q. Xue et al. 2025 ).
. K. Pass, D. Charbonneau & A. Vanderburg ( 2025 ) inv estigat e

he cosmic shoreline for lat e-type M dwarfs, and calculat e the
umulativ e hist oric X-ray and ultr aviolet irr adiation received by
 planet, I XUV , as a function of stellar mass. Fig. 2 in their work
hows I XUV, ⊕ versus escape velocity, v esc , with regions of atmo-
pheric loss and retention and planets with R p < 1 . 8 R ⊕. 

We calculate v esc = 

√ 

M P 
M ⊕

R ⊕
R P 

v esc , ⊕ and find v esc = 0 . 96 v esc , ⊕ ( =
0 . 7 km s −1 ) for TOI-6716 b. We then estimate I XUV = 422 I XUV, ⊕
sing values in table 1 11 from E. K. Pass et al. ( 2025 ), placing it
ithin the region of atmospheric loss. E. K. Pass et al. ( 2025 ) also
efine an ‘atmospheric retention metric’ (ARM), which quanti- 
es the position of the planet relativ e t o the cosmic shoreline,

or which we find ARM ∼ −1 . 66 . Ther efor e, we e xpect that T OI-
716 b is unlikely t o hav e retained its atmosphere; how ev er, this
s likely not the case for the more massive TOI-7384 b, making it
n ideal target for future JWST observations. 
1 We take values for TOI-6716 from the M � = 0 . 25 M � row in table 1 from 

. K. Pass et al. ( 2025 ). 
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.3 Summary 

e report the discovery and validation of tw o t emperat e planets
an Earth-sized planet, TOI-6716 b, and a Neptune-sized planet, 
OI-7384 b – transiting fully conv ectiv e M dwarfs. These planets
dd to the small but growing sample of planets in the t emperat e
egion that we have defined in this work, 0 . 1 S ⊕ < S < 5 S ⊕. 

The planets were initially identified with TESS and 

alidated through an ext ensiv e campaign of high-resolution 

maging, ground-based transit observations with SPECULOOS, 
RAPPIS T-South, and L C OGT, as well as r econnaissance
pectroscopy of the host stars. Statistical analysis with 

riceratops yields FPPs of < 10 −8 and < 10 −14 for TOI-6716 b 
nd T OI-7384 b, r espectively. Injection–r ecovery tests show 

hat additional short-period planets larger than ∼ 1 R ⊕ can be 
 x cluded for T OI-6716, while Earth-sized companions r emain
ndetectable for the current data on TOI-7384. 
Given its small radius and high irradiation, TOI-6716 b may 

e airless; how ev er, with a predict ed TSM similar t o that of the
uter TRAPPIST-1 planets, should it have an atmosphere it could 

e a good target for rock y - world atmospheric observ ations with
WST . In terms of TOI-7384 b, its size and predicted mass make
t an at tr active target for atmospheric characterization with JWST
nd future facilities. Together these discoveries show the power of 
ombining TESS with coordinated ground-based efforts to build a 
atalogue of t emperat e planets around fully conv ectiv e M dwarfs
or atmospheric studies in the coming decade. 
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(a) TOI-6716. (b) TOI-7384.

Figure B1. The figure shows 5 σ magnitude contrast curves in both filters as a function of the angular separation out to 1.2 arcsec. The inset shows the 
reconstructed 832 nm image of TOI-6716 (left) and TOI-7384 (right) with a 1 arcsec scale bar. Both stars were found to have no close companions from 

the diffraction limit (0.02 arcsec) out to 1.2 arcsec to within the magnitude contrast levels achieved. 
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arameter Fit parametrization 

6716 b 7384 b 

 b /R � U (0 . 005 , 0 . 05) U (0 . 05 , 0 . 15) 
(R � + R b ) /a b U (0 . 02 , 0 . 06) U (0 . 03 , 0 . 05) 
os i b U (0 . 0 , 0 . 05) U (0 . 0 , 0 . 1) 
 0 ;b ( BJD ) U (2458495 . 1 , 2458495 . 21) U (2459683 . 5 , 2459683 . 6)
 b ( d ) U (4 . 71 , 4 . 72) U (6 . 23 , 6 . 24) 
 e b cos ω b U (−1 , 1) U (−1 , 1) 
 e b sin ω b U (−1 , 1) U (−1 , 1) 
 1 ;TESS N 0 , 1 (0 . 296 , 0 . 05) N 0 , 1 (0 . 285 , 0 . 005) 
 2 ;TESS N 0 , 1 (0 . 295 , 0 . 05) N 0 , 1 (0 . 304 , 0 . 005) 
 1 ;i ′ N 0 , 1 (0 . 400 , 0 . 05) N 0 , 1 (0 . 343 , 0 . 005) 
 2 ;i ′ N 0 , 1 (0 . 288 , 0 . 05) N 0 , 1 (0 . 309 , 0 . 005) 
 1 ;g ′ N 0 , 1 (0 . 763 , 0 . 05) N 0 , 1 (0 . 688 , 0 . 005) 
 2 ;g ′ N 0 , 1 (0 . 333 , 0 . 05) N 0 , 1 (0 . 359 , 0 . 005) 
 1 ;r ′ N 0 , 1 (0 . 667 , 0 . 05) N 0 , 1 (0 . 597 , 0 . 005) 
 2 ;r ′ N 0 , 1 (0 . 361 , 0 . 05) N 0 , 1 (0 . 377 , 0 . 005) 
 1 ;z s N 0 , 1 (0 . 294 , 0 . 05) - 
 2 ;z s N 0 , 1 (0 . 262 , 0 . 05) - 
 1 ;I+z ′ – N 0 , 1 (0 . 266 , 0 . 005) 
 2 ;I+z ′ – N 0 , 1 (0 . 288 , 0 . 005) 
 1 ;z ′ – N 0 , 1 (0 . 128 , 0 . 005) 
 2 ;z ′ – N 0 , 1 (0 . 287 , 0 . 005) 
 1 ;spirit – N 0 , 1 (0 . 133 , 0 . 005) 
 2 ;spirit – N 0 , 1 (0 . 288 , 0 . 005) 
n σall U (−30 , 1) U (−15 , 0) 
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