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A B S T R A C T 

Growing numbers of exoplanet detections continue to reveal the diverse nature of planetary systems. Planet formation around 

late-type M dwarfs is of particular interest. These systems provide practical laboratories to measure exoplanet occurrence rates for 
M dwarfs, thus testing how the outcomes of planet formation scale with host mass, and how they compare to Sun-like stars. Here, 
we report the disco v ery of TOI-6478 b, a cold ( T eq = 204 K) Neptune-like planet orbiting an M5 star ( R � = 0 . 234 ± 0 . 012 R �, 
M � = 0 . 230 ± 0 . 007 M �, T eff = 3230 ± 75 K) that is a member of the Milky Way’s thick disc. We measure a planet radius 
of R b = 4 . 6 ± 0 . 24 R ⊕ on a P b = 34 . 005019 ± 0 . 000025 d orbit. Using radial velocities, we calculate an upper mass limit of 
M b ≤ 9 . 9 M ⊕ ( M b ≤ 0 . 6 M Nep ), with 3 σ confidence. TOI-6478 b is a milestone planet in the study of cold Neptune-like worlds. 
Due to its large atmospheric scale height, it is amenable to atmospheric characterization with facilities such as JWST , and will 
pro vide an e xcellent probe of atmospheric chemistry in this cold regime. It is one of very few transiting exoplanets that orbit 
beyond their system’s ice-line whose atmospheric chemical composition can be measured. Based on our current understanding 

of this planet, we estimate TOI-6478 b’s spectroscopic features (in transmission) can be ∼ 2 . 5 × as high as the widely studied 

planet K2-18 b. 

Key words: planets and satellites: detection – planets and satellites: fundamental parameters – planets and satellites: gaseous 
planets – stars: low-mass. 
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 I N T RO D U C T I O N  

ver 75 per cent of stars in our Galaxy are classified as M dwarfs
Chabrier 2003 ; Henry et al. 2006 ; Reyl ́e et al. 2021 ). Their slow
volution, complex spectra, and low luminosities make accurate 
tellar characterization tricky compared to solar-type stars; ho we ver, 
fforts by studies such as the EBLM project (Eclipsing Binaries–
ow Mass; Triaud et al. 2013 ; Maxted, Triaud & Martin 2023 ) aim to
opulate the mass–radius parameter for these stars. More specifically, 
he y inv estigate the low-mass end of this parameter space, i.e. fully
onv ectiv e M dwarfs ( ≤ 0 . 35 M �; Torres, Andersen & Gim ́enez
010 ; Moya et al. 2018 ), where stellar evolution models likely un-
erestimate stellar radii (see e.g. Casagrande, Flynn & Bessell 2008 ; 
pada et al. 2013 ; Kesseli et al. 2018 ; Duck et al. 2023 ; Davis et al.
024 ; Swayne et al. 2024 ). Improving mass–radius relations for low-
ass stars is crucial because planets disco v ered transiting these stars

rovide astronomers with a particularly good opportunity to make 
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etailed atmospheric characterizations, for instance, with the JWST 

The JWST Transiting Exoplanet Community Early Release Science 
eam et al. 2022 ) (see e.g. Benneke et al. 2019 ; Madhusudhan et al.
020 ; Kempton et al. 2023 ). Planets transiting M dwarfs produce
omparatively larger transit depths than similar planets transiting 
un-like stars. Similarly, transmission spectroscopy is a modulation 
f the transit depth by the transiting planet’s (TP) atmosphere, and
his modulation is also larger when the star is smaller, for a fixed
lanet size. Smaller stellar radii makes it also easier to perform
ollo w-up observ ations using ground-based facilities (e.g. Bro wn 
t al. 2013 ; Sebastian et al. 2021 ; Triaud 2021 ). 

To date, the Transiting Exoplanet Survey Satellite ( TESS ; Ricker
t al. 2015 ) has identified o v er 7000 e xoplanet candidates. Of the 600
onfirmed, 1 there are less than 30 Neptune-sized planets that orbit M
warfs, and less that 10 orbiting late-type M dwarfs ( T eff ≤ 3300 K).
 NASA Exoplanet Archive, 2025 January https://exoplanetarchive.ipac. 
altech.edu/
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Table 1. Stellar parameters adopted for this work. 

Designations 
TOI-6478, TIC 332657786, 2MASS 

J09595797-1609323, Gaia DR2 5673934548598976256, 
UCAC4 370–057370, WISE J095958.01-160934.4, LP 

789–76B 

Parameter Value Source 

T mag 13.0041 ±0.0082 Stassun et al. ( 2019 ) 
V mag 15.99 ±0.2 Stassun et al. ( 2019 ) 
G mag 14.313 ±0.00069 Gaia Collaboration ( 2022 ) 
J mag 11.389 ±0.024 Cutri et al. ( 2003 ) 
H mag 10.91 ±0.022 Cutri et al. ( 2003 ) 
K mag 10.657 ±0.021 Cutri et al. ( 2003 ) 
W1 mag 10.488 ±0.022 Cutri et al. ( 2021 ) 
W2 mag 10.261 ±0.021 Cutri et al. ( 2021 ) 
W3 mag 10.14 ±0.061 Cutri et al. ( 2021 ) 
W4 mag 9.105 ±0.525 Cutri et al. ( 2021 ) 
Distance 38.61 ±0.1 pc Stassun et al. ( 2019 ) 
α 09:59:58.03 Gaia Collaboration ( 2022 ) 
δ -16:09:35.26 Gaia Collaboration ( 2022 ) 
μα 52 . 4 mas yr −1 Gaia Collaboration ( 2022 ) 
μδ - 172 . 3 mas yr −1 Gaia Collaboration ( 2022 ) 
SpT (optical) M5 This work 
SpT (NIR) M4.0 ±0.5 This work 
R � 0.234 ±0.012 R � This work 
M � 0.230 ± 0.007 M � This work 
T eff 3230 ±75 K This work 

3193 ±1 K Gaia Collaboration ( 2022 ) 
log g � 5.016 ±0.005 Gaia Collaboration ( 2022 ) 
[Fe / H] −0 . 18 ±0.20 dex This work (opt. spectroscopy) 
[Fe / H] −0 . 53 ±0.13 dex This work (NIR spectroscopy) 

−0 . 195 ±0.003 dex Gaia Collaboration ( 2022 ) 
Age � 6–7 Gyr This work (spectroscopy) 
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2 https:// github.com/ aburgasser/ kastredux 
These planets present a unique opportunity to probe Neptune-like
lanet formation around stars much different to the Sun. 
TOI-6478 b is a cold, seemingly underdense ( ≤ 0 . 56 g cm 

−3 ),
eptune-sized planet orbiting a cool late-type fully conv ectiv e M
warf. Similar to exoplanets such as TOI-620 b (Reefe et al. 2022 ),
his exoplanet appears to be of low density, indicative of a high
tmospheric mass fraction. 

A sub-category of these low-density exoplanets, namely ‘super-
uffs’, is defined to be those that have densities ≤ 0 . 3 g cm 

−3 (e.g.
ochran et al. 2011 ; Santerne et al. 2019 ). It has been speculated

hat some superpuff planets could be explained as ringed exoplanets
Piro & Vissapragada 2020 ) or planets with hazy atmospheres (Gao &
hang 2020 ), which can explain their apparent inflated radii. 
Underdense e xoplanets pro vide an e xciting opportunity for ob-

ervations with JWST because their large atmospheric scale heights
nhance the detection of transmission spectroscopy features. While
his is desirable for all kinds of exoplanets, it is especially compelling
or planets that lie in the poorly populated region of parameter space
f cold ( < 250 K), short-period ( < 50 d) planets. More specifically,
eptune-sized planets within this temperature range likely have cool
 2 /He-dominated atmospheres, more akin to the giant planets of
ur Solar system than most exoplanets discovered thus far (e.g.
ettelmann et al. 2010 ; Seager & Deming 2010 ). They therefore

epresent an important link between the exoplanet population and
he planets in our Solar system. Cool atmospheres of planets beyond
he ice-line are relatively understudied because most orbit Sun-like
tars and consequently have long orbital periods ( > 100 d), making
ransmission spectroscopy challenging and impractical. Our paper
ighlights the remarkable opportunity that TOI-6478 b presents for
tmospheric and planet formation studies. 

Another interesting property of the TOI-6478 system is in being
art of the thick disc, which implies an age older than the Solar
ystem. A recent population study reveals hints that underdense
lanets appear more likely in older systems (Weeks et al. 2025 ),
 trend TOI-6478 b appears to follow. 

This paper is organized as follows. In Section 2 , we describe the
bservations and methods used to characterize the host star. Section 3
escribes the conclusions we are able to draw from the available
ESS data, and Section 4 presents the photometric and radial-velocity
round-based follow-up observations used for the validation of TOI-
478 b’s planetary nature. Section 5 describes the joint photometric
nd radial-velocity fitting, followed by a discussion and conclusion
f these results in Section 6 . 

 STELLAR  C H A R AC T E R I Z AT I O N  

OI-6478 is a nearby (38 pc; Bailer-Jones et al. 2021 ) M dwarf of
pectral type M5, with an M3 co-moving companion. The planetary
nformation will be derived using the host star’s parameters, therefore
e describe the characterization of TOI-6478 in the following

ections. All photometry and stellar parameters adopted for this work
an be found in Table 1 . 

.1 Reconnaissance spectroscopy 

.1.1 Shane/Kast 

OI-6478 and its brighter co-moving companion LP 789-76 A (aka
MASS J09595660 −1609206, aka TIC 332657787, aka Gaia DR3
673934617318453248; G = 12.68, 23 arcsec separation) were ob-
erved simultaneously with the Shane 3m Kast double spectrograph
Miller & Stone 1994 ) on 2024 April 9 ( UT ). Conditions were clear
NRAS 540, 1909–1927 (2025) 
nd windy with 1 arcsec seeing, and we used the 1.5 arcsec (3.5 pixel)
lit rotated to include both sources. We used the 600/4310 grism on
he blue channel to acquire 3750–5600 Å spectra at a resolution
f λ/�λ ≈ 1200, and the 600/7500 grating on the red channel to
cquire 5800–9000 Å spectra at a resolution of λ/�λ ≈ 1500. Total
ntegrations of 1000 s were acquired in both channels, split into two
xposures of 500 s each in the red, at an average airmass of 1.70.
e observed the nearby G2 V star 43 Hya ( V = 7.62) immediately

fterwards at a similar airmass for telluric absorption correction, and
he flux standard Feige 34 ( V = 11.2; Massey & Gronwall 1990 ; Oke
990 ) later in the night. Arclamps (HeHgCd in the blue, HeNeAr in
he red), quartz flat field lamps, and bias frames were obtained at the
tart of the night for wavelength and pixel response calibration. 

Data were reduced using the kastredux package, 2 following
tandard approaches for optical spectroscopic data reduction. In brief,
e used the flat field lamp exposures to trace the illuminated orders

nd measure pixel response, the lamp exposures and bias frames to
efine a mask array, and the arc lamps to determine the wavelength
cale with a precision of 0.19 Å (13 km s −1 ) in the blue and 0.23 Å
10 km s −1 ) in the red. Source spectra were traced along the tilted
ispersion axes and extracted using a boxcar profile with a linear
t to the background. The red data were also corrected for cosmic
ay contamination using an outlier rejection algorithm between the
wo exposures. Spectral flux density calibration was determined
rom band measurements of Feige 34 from Massey & Gronwall
 1990 ), with a second-order correction made using the G2 V telluric
alibrator and an empirical template from Pickles ( 1998 ). The G2 V

https://github.com/aburgasser/kastredux
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Figure 1. Kast spectra (black lines) of the co-moving companions LP 789-76 (top) and TOI-6478 (bottom) compared to the best-fitting M3 and M5 spectral 
templates from Bochanski et al. ( 2007 ; magenta lines). All spectra are normalized at 7500 Å, with the blue and red orders of Kast relatively scaled to match the 
spectral standard, and the spectrum of LP 789-76 is offset by 0.7 flux units for clarity (zero-points are indicated by dashed lines). Key atomic and molecular 
spectral features are labelled. 

s
t  

2  

2

d
e
f  

6
c  

W  

a
w  

a  

2  

s
2  

t  

d

a
1  

2  

b  

s  

o  

B
w
a  

T  

e  

p  

T  

u
M

2

W
a  

t  

I
w
m  

a
p  

n  

T  

o
f  

W  

2  

2  

o  

1
 

i  

G  

P
T  

C  

S

pectrum was also used to correct for telluric absorption in the science 
argets. Our final data, shown in Fig. 1 , have signal-to-noise (S/N) of
2 at 5400 Å and 121 at 7500 Å for TOI-6478 and 96 at 5400 Å and
81 at 7500 Å for LP 789-76. 
We used tools in kastredux to characterize both spectra, which 

isplay the characteristic molecular bands and red optical slope of 
arly-to-mid M dwarfs. Comparison to SDSS spectral templates 
rom Bochanski et al. ( 2007 ) yields classifications of M5 for TOI
478 and M3 for LP 789-76, which are consistent with index-based 
lassifications based on the system of L ́epine, Rich & Shara ( 2003 ).
e see no evidence of H α or H β emission indicative of magnetic

ctivity in either source. Indeed, TOI 6478 shows H α in absorption 
ith an equi v alent width EW = 0.37 ±0.07 Å, suggesting a system

ctivity age � 6–7 Gyr (West et al. 2008 ; Rebassa-Mansergas et al.
023 ). Such an old age is consistent with the kinematics of the
ystem. The Gaia Catalogue of Nearby Stars (Gaia Collaboration 
021 ) reports [ U, V , W ] = [ + 2, −99, + 36] for LP 789-76, giving
he system a 99 per cent probability of being part of the Galactic thick
isc based on the results of Bensby, Feltzing & Lundstr ̈om ( 2003 ). 
Analysis of the metallicity-sensitive features of TiO and CaH 

round 6800–7100 Å yields discrepant ζ values of 0.85 ±0.01 and 
.01 ±0.01 for TOI 6478 and LP 789-76, respectively (L ́epine et al.
013 ). The former is close to the dw arf/subdw arf boundary defined
y L ́epine, Rich & Shara ( 2007 ), suggesting that the system may be
lightly metal-poor, with an estimate of [Fe/H] = −0 . 18 ±0.20 based
n Mann et al. ( 2013 ). The latter is consistent with solar metallicity.
oth sources have atmosphere parameters reported in Gaia DR3, 
ith metallicities that are consistent with our measurements and 

lso discrepant with each other: [Fe/H] = −0 . 195 ±0.003 for
OI 6478 and −0 . 026 ±0.011 for LP 789-76. Gaia also reports
f fecti ve temperatures of T eff = 3193 and 3428 K (with unrealistic
recisions of 1 K), respectively. The latter is consistent with the
 eff = 3456 ±115 K estimate of Hardegree-Ullman et al. ( 2023 )
sing Gaia photometry and the empirical relationship of Pecaut & 

amajek ( 2013 ). 

.1.2 IRTF/SpeX 

e gathered medium-resolution near-infrared spectra of TOI-6478 
nd its comoving companion LP 789–76 on 2024 May 10 ( UT ) using
he SpeX spectrograph (Rayner et al. 2003 ) on the 3.2-m NASA
nfrared Telescope Facility (IRTF). Conditions were clear, and seeing 
as 0.7 arcsec. We used the short-wavelength cross-dispersed (SXD) 
ode with the 0 . 3 arcsec × 15 arcsec slit aligned to the parallactic

ngle. This set-up provides 0.80–2.42 μm spectra at a resolving 
ower of R ∼2000 with 2.5 pixels per resolution element. While
odding in an ABBA pattern, we collected six 300-s integrations on
OI-6478 and six 120-s integrations on LP 789–76. We gathered a set
f standard SXD flat-field and arc-lamp calibrations after each target, 
ollowed by six 20-s integrations of the A0 V standard HD 86593.

e reduced the data with Spextool v4.1 (Cushing, Vacca & Rayner
004 ), following the approach of previous analyses (Delrez et al.
022 ; Barkaoui et al. 2023 ; Ghachoui et al. 2023 ). The final spectra
f TOI-6478 and LP 789–76 have median per-pixel S/N of 111 and
41, respectively. 
The SpeX SXD spectra of TOI-6478 and LP 789–76 are shown

n Fig. 2 . As in previous SpeX analyses (e.g. Triaud et al. 2023 ;
illon et al. 2024 ; Timmermans et al. 2024 ), we used the SpeX
rism Library Analysis Toolkit (Burgasser & Splat Development 
eam 2017 ) to assign spectral types and estimate stellar metallicities.
omparing the spectra to standard spectra of single stars in the IRTF
pectral Library (Cushing, Rayner & Vacca 2005 ; Rayner, Cushing & 
MNRAS 540, 1909–1927 (2025) 
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M

Figure 2. SpeX SXD spectra of TOI-6478 (coral) and LP 789–76 (teal) 
alongside their best-matching spectral standards. Prominent atomic and 
molecular spectral features of M dwarfs are highlighted. 
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Figure 3. SED of TOI-6478. The red symbols represent the observed 
photometric measurements, where the horizontal bars represent the ef fecti ve 
width of the passband. The blue symbols are the model fluxes from the 
best-fitting PHOENIX atmosphere model (black). The Gaia absolute flux- 
calibrated spectrophotometry is o v erlaid as the gre y swathe (also shown in 
detail in the inset plot). 

c  

M  

a  

U  

n

2

T  

t  

D  

g  

p  

a  

2  

a  

(
(  

2
 

W  

o  

w
 

d  

a  

a  

S  

i
 

T  

c  

a  

v  

p  

t  

t  

G  
acca 2009 ), we find close matches to Ross 619 (M4V) and AD Leo
M3V) for TOI-6478 and LP 789–76, respectively. We therefore
dopt infrared spectral types of M4.0 ± 0.5 for TOI-6478 and M3.0

0.5 for LP 789–76. These are slightly earlier than and consistent
ith our optical spectral types, respectively. Using the H2O–K2

ndex (Rojas-Ayala et al. 2012 ) and Mann et al. ( 2013 ) relation,
e estimate stellar iron abundances of [Fe / H] = −0 . 53 ± 0 . 13 for
OI-6478 and [Fe / H] = −0 . 48 ± 0 . 12 for LP 789–76, indicating a
onsistent sub-solar metallicity for both stars. For TOI-6478, this
stimate is lower than our estimate based on the optical spectra but
onsistent with it at 1 . 5 σ . 

.2 Spectral energy distribution 

s an independent determination of the basic stellar parameters, we
erformed an analysis of the broad-band spectral energy distribution
SED) of the star together with the Gaia DR3 parallax (with no
ystematic offset applied; see e.g. Stassun & Torres 2021 ), in order to
etermine an empirical measurement of the stellar radius, following
he procedures described in Stassun & Torres ( 2016 ), Stassun,
ollins & Gaudi ( 2017 ), and Stassun et al. ( 2018 ). We pulled

he the J H K S magnitudes from 2MASS , the W1–W4 magnitudes
rom WISE , the G BP G RP magnitudes from Gaia , and the Gaia
pectrophotometry. Together, the available photometry spans the full
tellar SED o v er the wavelength range 0.4–20 μm (see Fig. 3 ). 

We performed a fit using PHOENIX stellar atmosphere models
Husser et al. 2013a ), fitting for the ef fecti ve temperature ( T eff ) while
dopting the metallicity ([Fe/H]) from the spectroscopic analysis.
e fixed the extinction A V ≡ 0 due to the close proximity of the

ystem. The resulting fit (Fig. 3 ) has a best fit T eff = 3230 ± 75 K,
ith a reduced χ2 of 3.4 and consistent with the Gaia estimate.

ntegrating the model SED gives the bolometric flux at Earth,
 bol = 1 . 151 ± 0 . 040 × 10 −10 erg s −1 cm 

−2 . Taking the F bol and
he Gaia parallax directly gives the bolometric luminosity, L bol =
 . 00534 ± 0 . 00019 L �. The stellar radius then follows from the
tefan–Boltzmann relation, R � = 0 . 234 ± 0 . 012 R �. In addition, we
NRAS 540, 1909–1927 (2025) 
an estimate the stellar mass from the empirical M K 

relations of
ann et al. ( 2016 ), giving M � = 0 . 230 ± 0 . 007 M �. These values

re consistent with T eff , L bol , and R � estimates from Hardegree-
llman et al. ( 2023 ) based on Gaia data alone, while our mass is
early 3 σ higher than the 0.203 ±0.006 M � reported in that study. 

.3 Galactic orbit of TOI-6478 

he orbit of TOI-6478 in the Milky Way galaxy was computed from
he 5D astrometric information and line-of-sight velocity from Gaia
R3 (Gaia Collaboration 2016 , 2023 ). We use the PYTHON package
alpy (Bovy 2015 ) for this computation of the Galactic orbital
roperties. As a description of the Milky Way potential, we use the
xisymmetric gravitational potential McMillan2017 (McMillan
017 ). As for the Galactic location and velocity of the Sun, we
ssume ( X �, Y �, Z �) = (8 . 2 , 0 , 0 . 0208) k pc and ( U �, V �, W �) =
11 . 1 , 12 . 24 , 7 . 25) kms −1 with a circular velocity of 240 kms −1 

Sch ̈onrich, Binney & Dehnen 2010 ; Bovy 2015 ; Bennett & Bovy
019 ; Gravity Collaboration 2019 ). 
Fig. 4 shows the integration of the orbit of TOI-6478 in the Milky
ay potential in Cartesian Galactocentric coordinates across a period

f time of 5 Gyr, highlighting the extent of the system’s mo v ement
ithin the Milky Way. 
It is interesting to note that this system spends time both in the

enser inner part of the Galactic disc, at a minimum inner distance
bout a factor of 2 closer to the Galactic centre than the solar orbit,
nd significantly further away from the Galactic mid-plane than our
un, reaching a maximum height of almost 1 kpc o v er the course of

ts orbit. 
Fig. 5 shows location of TOI-6478 in a so-called Toomre diagram.

he diagram plots a star’s velocity relative to the Sun in two
omponents: along the horizontal axis it shows the component of
 star’s rotational velocity around in the plane of the Galaxy, and the
ertical axis shows the combination of a star’s velocity components
erpendicular to the Galactic plane. From this diagram, it is evident
hat different Galactic stellar populations such as the thin disc,
hick disc, and halo sho w dif ferent characteristics, with stars in the
alactic thin disc – like our Sun – mo v e similar to the Sun and
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Figure 4. The integrated orbit of TOI-6478 within the Milky Way’s potential o v er a 5 Gyr period, depicted in Cartesian Galactocentric coordinates. The left 
panel presents a top-do wn vie w ( x , y ), while the right panel shows an edge-on perspective ( x, z). For comparison, the Sun’s integrated orbit is included in both 
views. 

Figure 5. A Toomre diagram illustrating the Galactic velocity components 
perpendicular to the plane (vertical axis) versus those within the plane 
(horizontal axis). TOI-6478 is marked as a pink star. The background density 
map represents the number count of targets from Gaia DR3 identified as 
single stars with reliable astrometric data and available line-of-sight veloc- 
ities ( astrometric params solved = 95 , rv nb transits > 

0 , ruwe < 1.4 , and non single star = 0 ). The darker regions 
indicate higher target densities, prominently highlighting the Galactic thin 
disc around (0 , 0). 
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hus the Galactic standard of rest ((0 , 0) in Fig. 5 ) and with stars
elonging to the Galactic halo rotating significantly slower than the 
un ( � 200 kms −1 ) but mo v e with higher velocities in the dimensions
erpendicular to the Galactic plane. 
TOI-6478 is found to be in the region of velocity and orbital space
ypically occupied by the Galactic thick disc stars. This identification 
s in alignment with the sub-solar metallicity (see Table 1 ), which
s also characteristic for these stars. As the thick disc formed early
n in the history of the Galaxy ( � 9 Gyr Spitoni et al. 2024 ), this
dentification also agrees with the lower age bound estimated from 

he H α lines. 
The evolution of conditions for planet formation throughout the 

istory of the Milky Way remains an area with many unresolved
uestions. Zink et al. ( 2023 ) conducted a demographic study of
xoplanets around FGK dwarf stars and found that close-in small 
lanets are approximately 50 per cent less common around stars in the
alactic thick disc compared to those in the thin disc, emphasizing
ow the Galactic surroundings affect the possible exoplanetary 
rchitecture. Hallatt & Lee ( 2025 ) attributed this difference to the
ore hostile conditions of the primordial thick disc, where the 

enser and more radiative environment likely led to the more efficient
estruction of protoplanetary discs, thereby reducing the time-scale 
vailable for planet formation. TOI-6478 is an excellent candidate 
or future studies on the interior structure and atmospheric properties 
f planets in thick disc systems. These studies need to be extended
o co v er the abundant M dwarfs and with a greater sample we can
xplore variations in formation efficiency and evolutionary processes 
mong planetary systems in different Galactic components. 

 TESS DATA  

.1 Determining the orbital period from TESS duo-transits 

ESS observed two transits throughout three sectors (S8, S35, S62) 
ith a cadence of 120 s. The data have been processed by the
cience Processing Operations Centre (SPOC; Jenkins et al. 2016 , 
ig. 6 ). The signature of TOI-6478 b was detected first in a search
f sectors 8, 35, and 62 by the FAINT search pipeline (Huang et al.
MNRAS 540, 1909–1927 (2025) 
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Figure 6. The SPOC PDCSAP TESS light curves for TOI-6478 b, observed at 120 s cadence. The star was observed in three sectors: sector 8, sector 35, and 
sector 62. The grey points show the 120 s data, and the pink points show these data binned to 20 mins. The transits detected in sector 8 and sector 62 are indicated 
by a green triangle. 

2  

S  

d  

t  

c  

a  

2  

i  

w
 

a  

c  

M  

b  

a
 

1  

t  

w  

L  

o  

g  

o  

f  

c

3

F  

6  

n  

t  

c  

c  

t  

(  

w  

s

4

T  

n  
020a , b ; Kunimoto & Daylan 2021 ) and was alerted by the TESS
cience Office on 2023 June 15 (Guerrero et al. 2021a ) after the
ata validation reports were vetted. The TESS SPOC detected the
ransit signature in the same sectors shortly thereafter with a noise-
ompensating matched filter (Jenkins 2002 ; Jenkins et al. 2010 , 2020 )
nd was fitted with an initial limb-darkened transit model (Li et al.
019 ) and passed a suite of diagnostic tests (Twicken et al. 2018 )
ncluding the difference image centroid test that located the host star
ithin 3.0 + / −2.5 arcsec of the transit source. 
Prior to the QLP faint transit search detection, and subsequent

lert as TOI-6478.01, the transit signature was flagged as a planet
andidate CTOI by the Planet Hunters (Eisner et al. 2021 ) on 2020
ay 15 based only on the first transit. TOI-6478.01 was then alerted

y the TESS Science Office as a planet candidate on 2023 June 15,
s discussed abo v e. 

Transit 1 occurred at 1536.7668 BTJD (S8) and transit 2 occurred
462.21 d later in S62 at 2998.9728 BTJD. Based on the observed
ransit duration ( ∼3 h) and the available data (e.g. considering gaps
here transits could fall), we predicted an orbital period of 34 d.
onger orbital periods that were compatible with the data were ruled
ut based on an incompatibility with the duration. We initiated a
round-based follow-up photometric observation (see Section 4.3.1 ),
NRAS 540, 1909–1927 (2025) 

o  
n 2024 March 3 assuming the approximate 34 d orbital period. A
ull transit was observed at a transit time of 3373.0354 BTJD, thus
onfirming this orbital period. 

.2 Aperture photometry 

ig. 7 shows the target pixel files (TPFs) for S8 and S62 for TOI-
478 b. Due to the large pixel size of TESS (21 arcsec px −1 ), it is
ot uncommon to have crowding within the aperture. Here, we see
hat our target is blended in the TESS aperture with its brighter,
o-moving companion LP 789–76 (23 arcsec separation). The flux
ontribution from this star can cause the transits we observe in TESS
o be diluted in contrast to the transits we obtain from the ground
see Section 4.3.1 ), which typically have smaller apertures. The TPFs
ith the associated apertures are shown in Fig. 7 . We also show the

urrounding stars in the field (plot obtained from triceratops ). 

 VETTI NG  A N D  VA LI DATI ON  

his section describes the efforts taken to validate the planetary
ature of TOI-6478 b. We first describe the high-resolution imaging
bserv ations, follo wed by an outline of the ground-based photometric
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Figure 7. Left: stars within the field of the target star TOI-6478 (depicted by the star), obtained from the triceratops pipeline for sector 8 (top) and sector 
62 (bottom). The colours of each star correspond to their TESS magnitude . The red shows the TESS pipeline aperture. The yellow point is the brighter comoving 
companion to TOI-6478, LP 789-76. Right: TESS TPFs with pipeline apertures for sector 8 (top) and sector 62 (bottom). 
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nd radial velocity (RV) observations collected from the LCO 

nd Gemini North observ atories, respecti vely. We conclude this 
ection with a discussion of how these observations were used in 
he validation of TOI-6478 b as a planetary candidate. All follow-up 
bservations are summarized in Table 2 . 

.1 Archi v al imaging 

n order to investigate whether a background object is blending with 
he target star, we examine archi v al imaging of the field of view
f TOI-6478. Given its high proper motion of 180 mas yr −1 (Gaia
ollaboration 2022 ), this is able to be done through inspection of
SS/POSS-I and DSS/POSS-II (Reid et al. 1991 ; Lasker et al. 1996 )

mages taken in red in 1953 and 1986, respectively, and comparing 
o the z s -band MuSCAT4 (Narita et al. 2020 ) observations taken in
024, 71 yr later (see Fig. 8 ). We can thus conclude that at TOI-
478’s current position, there is no background star that could be
mpacting our conclusions due to being the source of the observed
ransit events. 

.2 High-resolution imaging 

 critical observation to perform in order to rule out false positives
uch as background eclipsing binaries (EBs) is that of obtaining 
igh-resolution images of the exoplanet host star. While nearby M 

tars such as TOI-6478 have proper motions that allow historic sky
magery to eliminate confounding stars at the present day position of
he exoplanet host, the spatial scale of such images as well as present
ay seeing limited images cannot rule out stellar companions. Inside 
f 0.5 arcsec (19 au at the distance of TOI-6478), essentially no
MNRAS 540, 1909–1927 (2025) 
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Table 2. Summary of ground-based follow-up observations carried out for TOI-6478 b. 

Follo w-up obser v ations 

High-resolution imaging 
Obser v atory Filter Date Sensitivity limit Result 

Gemini South 562 nm 2024 Mar 13 �m = 4 . 84 at 0 . 5 ′′ No sources detected 
Gemini South 832 nm 2024 Mar 13 �m = 6 . 97 at 0 . 5 ′′ No sources detected 

Photometric follow-up 
Obser v atory Filter Date Co v erage Result 

LCO-SSO −2m0M Pan-STARRS- z s 2024 Mar 3 Full Detection 
LCO-SSO −2m0M Sloan- i ′ 2024 Mar 3 Full Detection 
LCO-SSO −2m0M Sloan- r ′ 2024 Mar 3 Full Detection 
LCO-SSO −2m0M Sloan- g ′ 2024 Mar 3 Full Detection 
LCO-SSO −1m0 Pan-STARRS-zs 2024 Mar 3 Full Detection 
LCO-SSO −1m0 V 2024 Mar 3 Full Detection 

Spectroscopic obser v ations 
Instrument Wavelength Range Date Number of Spectra Use 

Shane/Kast 375–560 nm & 580–900 nm 2024 Apr 9 1 Stellar characterization 
IRTF/SpeX 800–2420 nm 2024 May 10 1 Stellar characterization 
Gemini North/MAROON-X 500–670 nm & 650–920 nm 2024 Mar 29–2024 Apr 23 10 Mass upper limit 

Figure 8. Archi v al images of the field of vie w around TOI-6478. From left to right: image tak en with the DSS/POSS-I in 1953, image tak en with the 
DSS/POSS-II in 1986 in red, image taken with PanSTARRS in 2012 in the z s band, and the image taken with MuSCAT4 in 2024 in the z s band. The red and 
yellow circles depict the positions of TOI-6478 and LP 789-76 in the 2024 image, respectively. 
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echnique other than high-resolution imaging allows for search and
etection of very close bound companions. Optical high-resolution
peckle offers angular resolutions and deep contrast levels from
hich M star stellar companions can readily be identified. Spatially

lose bound companions produce ‘third-light’ flux that can lead to
nderestimated planetary radii if not accounted for in the transit
odel (Ciardi et al. 2015 ), incorrect planet and star parameters

Furlan & Howell 2017 , 2020 ), and can cause non-detections of
mall planets residing with the same exoplanetary system (Lester
t al. 2021 ). Thus, to search for very close bound companions,
nresolved in TESS or other ground-based follow-up observa-
ions, we obtained high-resolution imaging speckle observations of
OI-6478. 
TOI-6478 was observed on 2024 March 13 UT using the Zorro

peckle instrument on the Gemini South 8-m telescope (Scott et al.
021 ). Zorro provides simultaneous speckle imaging in two bands
562 and 832 nm) with output data products including a reconstructed
mage with robust contrast limits on companion detections (e.g.
owell et al. 2016 ). Due to the red nature of the M star TOI-6478,
6 sets of 1000 × 0 . 06 s images were obtained and processed in our
tandard reduction pipeline (Howell et al. 2011 ). Fig. 9 shows our
nal 5 σ magnitude contrast curves and the 832 nm reconstructed
NRAS 540, 1909–1927 (2025) 
peckle image. We find that, with the Zorro field of view, TOI-6478
s a single star with no companion brighter than 5–7.5 mag below that
f the target star from the Gemini 8-m telescope diffraction limit (20
as) out to 1.2 arcsec. At the distance of TOI-6478 ( d = 38 pc) these

ngular limits correspond to spatial limits of 0.76 to 45 au. Another
alse positive scenario is that there is a bounded stellar companion
elow the Zorro detection sensitivity that is the source of the transit
ignal. This would mean that TOI-6478 has a wide binary companion
hat has a magnitude ≥ 7 . 5 × fainter and an angular separation up
o around 1 arcsec. Using the Baraffe et al. ( 2015 ) models in I
and (Zorro wavelength), assuming an old > 10 Gyr star (thick
isc – see Section 2.3 ), the mass of a body 7 . 5 × fainter than TOI-
478 is ∼ 0 . 072 M �, corresponding to a brown dwarf just below the
ydrogen burning limit. This magnitude difference results in a flux
atio of f BD /f TOI −6478 = 0 . 001. Therefore, if the transit event were
o be on this brown dwarf companion, it would be diluted by 1000
ue to the flux from TOI-6478, creating an unphysical transit depth
 ∼ 0 . 004 per cent ). The observed transit depth is already ∼ 40 ×
oo deep compared to the largest eclipse that could happen on the
ossible bounded brown dwarf companion. We thus conclude that
ven if there is a bounded companion, the transit cannot be happening
n this companion. 
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Figure 9. 5 σ speckle imaging contrast curves obtained with Zorro for TOI- 
6478 in 562 and 832 nm bands on 2024 March 13, as a function of angular 
separation. The reconstructed 832 nm speckle image is shown in the top right 
inset with a 1 arcsec scale bar. No close companions are detected within the 
angular and brightness contrast levels. 
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Figure 10. Periodograms of the WASP data for TOI-6478 and its co-moving 
companion from 2011 and 2012 and (top) both years combined. The dashed 
lines are at the estimated 10 per cent- and 1 per cent-likelihood false-alarm 

levels. There is a significant modulation at a period of 66 ± 4 d, though it is 
unclear which star it originates from. 
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.3 Photometric follow-up 

.3.1 LCOGT photometry 

he TESS pixel scale is ∼ 21 arcsec pixel −1 and photometric aper- 
ures typically extend out to roughly 1 arcmin, generally causing 

ultiple stars to blend in the TESS photometric aperture. To deter- 
ine the true source of the TESS detection, we acquired ground- 

ased time-series follow-up photometry of the field around TOI- 
478 as part of the TESS Follow-up Observing Program (Collins 
019 ). 3 The on-target follow-up light curves are also used to place
onstraints on the transit depth and the TESS ephemeris. We used 
he TESS TRANSIT FINDER , which is a customized version of the 
APIR software package (Jensen 2013 ), to schedule our transit 
bservations. 
We observed a full transit of TOI-6478.01 on UTC 2024 March 3

imultaneously from 1.0 and 2.0 m telescopes at the Las Cumbres
bservatory Global Telescope (LCOGT) (Brown et al. 2013 ) node 

t Siding Spring Observatory near Coonabarabran, Australia (SSO). 
lternating Johnson/Cousins V and Pan-STARRS z s filters were used 

rom the 1 m network node, while simultaneous images were taken 
n Sloan g ′ , r ′ , i ′ , and Pan-STARRS- z s bands from the 2 m Faulkes
elescope South. The 1 m telescope is equipped with a 4096 × 4096
INISTRO camera having an image scale of 0 . 389 arcsec per pixel,
esulting in a 26 arcmin × 26 arcmin field of view. The 2 m telescope
s equipped with the MuSCAT4 multiband imager (Narita et al. 
020 ). All images were calibrated by the standard LCOGT BANZAI
ipeline (McCully et al. 2018 ), and differential photometric data 
ere extracted using AstroImageJ (Collins et al. 2017 ). We used 

ircular photometric apertures with radii in the range 2.4–4.7 arcsec, 
hich excluded all of the flux from the nearest known neighbour 

n the Gaia DR3 catalogue (Gaia DR3 5673934617318453248, LP 

89–76), which is 22.9 arc-sec north-east of TOI-6478. A ∼34 ppt 
vent was detected on-target and confirms the 34 d period alias. All
 https:// tess.mit.edu/ followup 4
ight-curve data are available on the EXOFOP-TESS website 4 and 
re included in the global modelling described in Section 5 . 

.3.2 WASP 

he Wide Angle Search for Planets (WASP) project (Pollacco 
t al. 2006 ) was a ground-based exoplanet transit surv e y with
nstruments in La Palma and South Africa. In 2011 and 2012
t co v ered the field of TOI-6478. The resulting data indicate a
ossible rotational modulation at 66 ± 4 d (see Fig. 10 ); ho we ver,
s with TESS , WASP has a large pixel size (13.7 arcsec), and
herefore the extraction aperture contains both TOI-6478 and its 
o-moving companion LP 789–76. Due to LP 789–76 being the 
righter star, it is likely that this modulation does not come from
OI-6478. We therefore do not include this in our analysis but
ote that it prompts further observations of these stars from other
round-based observatories in order to untangle the origin of this 
ignal. 
MNRAS 540, 1909–1927 (2025) 

 https:// exofop.ipac.caltech.edu/ tess/ target.php?id = 332657786 

https://tess.mit.edu/followup
https://exofop.ipac.caltech.edu/tess/target.php?id=332657786
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Table 3. Fit parameters from global analysis of the photometry (see Sec- 
tion 5 ). The last column indicates whether the parameter was fixed for the 
nested sampler. The limb-darkening parameters for the two TESS transits are 
coupled. 

Parameter Value Unit Fit/fixed 

Fitted parameters 

R b /R � 0 . 18027 ± 0 . 00088 R b /R � fit 

( R � + R b ) /a b 0 . 01131 + 0 . 00011 
−0 . 00013 fit 

cos i b 0 . 00178 + 0 . 00044 
−0 . 00070 fit 

T 0; b 2459454 . 90101 ± 0 . 00068 BJD fit 

P b 34 . 005019 ± 0 . 000025 d fit √ 

e b cos ω b 0.0 fixed √ 

e b sin ω b 0.0 fixed 

D 0;TESS S8 0 . 182 ± 0 . 048 fit 

D 0;TESS S62 −0 . 125 ± 0 . 055 fit 

D 0;LCO gp2m 

0.0 fixed 

D 0;LCO ip2m 

0.0 fixed 

D 0;LCO rp2m 

0.0 fixed 

D 0;LCO zs2m 

0.0 fixed 

D 0;LCO V1m 

0.0 fixed 

D 0;LCO zs1m 

0.0 fixed 

q 1; TESS S8 0 . 256 ± 0 . 048 fit 

q 2; TESS S8 0 . 287 ± 0 . 049 fit 

q 1; TESS S62 0.2564481081075988 coupled 

q 2; TESS S62 0.2865715657990476 coupled 

q 1; LCO gp2m 

0 . 732 ± 0 . 043 fit 

q 2; LCO gp2m 

0 . 359 ± 0 . 037 fit 

q 1; LCO ip2m 

0 . 382 + 0 . 032 
−0 . 030 fit 

q 2; LCO ip2m 

0 . 338 + 0 . 036 
−0 . 033 fit 

q 1; LCO rp2m 

0 . 641 ± 0 . 038 fit 

q 2; LCO rp2m 

0 . 378 + 0 . 032 
−0 . 030 fit 

q 1; LCO zs2m 

0 . 279 + 0 . 030 
−0 . 028 fit 

q 2; LCO zs2m 

0 . 278 ± 0 . 039 fit 

q 1; LCO V1m 

0 . 720 ± 0 . 045 fit 

q 2; LCO V1m 

0 . 345 + 0 . 042 
−0 . 038 fit 

q 1; LCO zs1m 

0 . 254 + 0 . 041 
−0 . 038 fit 

q 2; LCO zs1m 

0 . 275 + 0 . 049 
−0 . 045 fit 

ln σTESS −4 . 560 ± 0 . 037 fit 

ln σTESS −4 . 512 + 0 . 037 
−0 . 035 fit 

ln σLCO −6 . 356 ± 0 . 093 fit 

ln σLCO −6 . 181 + 0 . 027 
−0 . 028 fit 

ln σLCO −6 . 396 ± 0 . 045 fit 

ln σLCO −6 . 260 + 0 . 028 
−0 . 026 fit 

ln σLCO −5 . 989 + 0 . 089 
−0 . 084 fit 

ln σLCO −6 . 068 + 0 . 093 
−0 . 088 fit 

l  

i  

l  
.4 RV follow-up 

.4.1 MAROON-X 

OI-6478 was observed with the MAROON-X spectrograph at the
emini North Observatory in Hilo, Hawai’i (Seifahrt et al. 2016 ,
020 , 2022 ). The MAROON-X spectrograph is a high-resolution
V spectrograph that uses red-optical fibre feeding and co v ers a
avelength range of 500–920 nm across two channels: blue (500–
70 nm) and red (650–920 nm). It has a resolving power of ∼ 85 000.
We obtained 10 spectra with both the blue and red arms (645 and

75 nm, respectiv ely) o v er a period of 27 d (2024 March 29 to 2024
pril 23) with 900 s exposure time (see Table A1 in appendix). The
ean SNR for the blue and red arms were 21 and 52, respectively.
hese data were reduced, with RVs extracted by the MAROON-
 team using a specific version of the publicly available python
ipeline SERVAL (SpEctrum Radial Velocity AnaLyser; Zechmeister
t al. 2018 ), which has been modified for use with MAROON-
 data, in which the analysis of the RVs is performed through a

emplate matching code (see e.g. Winters et al. 2022 ; Kanodia et al.
024 ; Martioli et al. 2024 ). This is fa v oured o v er other methods
uch as classical binary mask cross-correlation codes as it typically
utperforms for M-dwarf stars. Correction for the main instrument
rift is performed in the wavelength solution, and the H α line
s observed in both channels. It was noted that the 2024-04-01
9:22:47 (BJD 2460401.901) observation was flagged as ‘usable’
ather than ‘pass’, since the atmospheric dispersion compensator
as not following the telescope. In order to be more conservative
ith our analyses (see Sections 5 and 6 ), we choose to omit this data
oint. 
The cross-correlation function analysis confirmed the systemic

elocity of TOI-6478 ( ∼ 99 . 5 km s −1 ). We also measure the full
idth half-maximum (FWHM) of the average line profile, resulting

n 5 . 4 ± 0 . 15 and 5 . 6 ± 0 . 05 km s −1 for the blue and red channels,
espectively. This corresponds to the expected FWHM of a non
otating M-dwarf at the resolution of MAROON-X. We can conclude
hat TOI-6478 is a slow rotating star with an upper limit of
 sin i � � 2 km s −1 . 

.5 Statistical validation 

e make use of TRICERATOPS 5 (Giacalone & Dressing 2020 ;
iacalone et al. 2021 ), a statistical validation package used to
 v aluate the false positive probability (FPP) of TOI-6478 b. 

Upon providing the TESS apertures for the target, TRICERATOPS
alculates the amount of flux contributed from nearby stars, which
nables it to assess whether the transit signal could be caused by an
lternate scenario to that which is assumed, i.e. a transiting planet
n the target star. Based on the aperture information, as well as
he photometric data and high resolution speckle imaging constrast
urves (Fig. 9 ), a range of scenarios for transiting planet and EBs are
onsidered and their relative probabilities calculated. The threshold
or a planet to be considered validated is FPP < 0 . 015. 

Considering only the two transits from TESS , we find a FPP =
 . 6499 and a nearby false positive probability (NFPP) of NFPP =
 . 6498. This reduces to FPP = NFPP = 0 . 47 with the inclusion of
he transit from LCO. We choose the light curv e observ ed in the
’ band for the validation since the transit depth, while statistically
onsistent between bands, is still wavelength-dependent (see Section
 ), and the TESS bandpass is centred on i’ . The FPP is rather large,
NRAS 540, 1909–1927 (2025) 

 https:// github.com/ stevengiacalone/ triceratops 

d  

s  

T  
ikely due to the fact that our star is blended in the TESS aperture with
ts brighter comoving companion TIC 332657787 (LP 789-76 A),
ocated ∼ 23 arcsec away. Ho we ver, since the ground-based LCO
ata have a much smaller aperture situated only on the target star, the
tars are resolved and we are able to confirm the transit is on target.
herefore, we adopt the procedure used in Timmermans et al. ( 2024 )

https://github.com/stevengiacalone/triceratops
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Table 4. Derived parameters for TOI-6478 b from global analysis of the photometry. All depths are fractional. 

Parameter Value Source 

Derived parameters 

Host radius o v er semimajor axis b; R � /a b 0 . 009579 + 0 . 000088 
−0 . 00010 derived 

Semimajor axis b o v er host radius; a b /R � 104 . 40 + 1 . 1 −0 . 95 derived 

Companion radius b o v er semimajor axis b; R b /a b 0 . 001727 + 0 . 000023 
−0 . 000026 derived 

Companion radius b; R b ( R ⊕) 4 . 60 ± 0 . 24 derived 

Companion radius b; R b ( R jup ) 0 . 411 ± 0 . 021 derived 

Semimajor axis b; a b ( R �) 24 . 4 ± 1 . 3 derived 

Semimajor axis b; a b (AU) 0 . 1136 ± 0 . 0060 derived 

Inclination b; i b (deg) 89 . 898 + 0 . 040 
−0 . 026 derived 

Impact parameter b; b tra;b 0 . 186 + 0 . 044 
−0 . 072 derived 

Total transit duration b; T tot;b (h) 2 . 900 ± 0 . 011 derived 

Full-transit duration b; T full;b (h) 1 . 987 ± 0 . 015 derived 

Host density from orbit b; ρ� ;b (cgs) 18 . 61 + 0 . 60 
−0 . 50 derived 

Equilibrium temperature b; T eq;b (K) 204 . 4 ± 4 . 9 derived 

Transit depth (undil.) b; δtr;undil;b;TESS S8 0 . 0370 + 0 . 0031 
−0 . 0029 derived 

Transit depth (dil.) b; δtr;dil;b;TESS S8 0 . 0303 + 0 . 0016 
−0 . 0018 derived 

Transit depth (undil.) b; δtr;undil;b;TESS S62 0 . 0370 + 0 . 0025 
−0 . 0023 derived 

Transit depth (dil.) b; δtr;dil;b;TESS S62 0 . 0416 + 0 . 0019 
−0 . 0018 derived 

Transit depth (undil.) b; δtr;undil;b;LCO gp2m 

0 . 04212 + 0 . 00056 
−0 . 00052 derived 

Transit depth (dil.) b; δtr;dil;b;LCO gp2m 

0 . 04212 + 0 . 00056 
−0 . 00052 derived 

Transit depth (undil.) b; δtr;undil;b;LCO ip2m 

0 . 03871 + 0 . 00029 
−0 . 00033 derived 

Transit depth (dil.) b; δtr;dil;b;LCO ip2m 

0 . 03871 + 0 . 00029 
−0 . 00033 derived 

Transit depth (undil.) b; δtr;undil;b;LCO rp2m 

0 . 04159 + 0 . 00037 
−0 . 00034 derived 

Transit depth (dil.) b; δtr;dil;b;LCO rp2m 

0 . 04159 + 0 . 00037 
−0 . 00034 derived 

Transit depth (undil.) b; δtr;undil;b;LCO zs2m 

0 . 03722 ± 0 . 00029 derived 

Transit depth (dil.) b; δtr;dil;b;LCO zs2m 

0 . 03722 ± 0 . 00029 derived 

Transit depth (undil.) b; δtr;undil;b;LCO V1m 

0 . 04186 ± 0 . 00063 derived 

Transit depth (dil.) b; δtr;dil;b;LCO V1m 

0 . 04186 ± 0 . 00063 derived 

Transit depth (undil.) b; δtr;undil;b;LCO zs1m 

0 . 03695 + 0 . 00054 
−0 . 00050 derived 

Transit depth (dil.) b; δtr;dil;b;LCO zs1m 

0 . 03695 + 0 . 00054 
−0 . 00050 derived 

Limb darkening; u 1;TESS S8 0 . 287 + 0 . 056 
−0 . 052 derived 

Limb darkening; u 2;TESS S8 0 . 213 + 0 . 058 
−0 . 053 derived 

Limb darkening; u 1;LCO gp2m 

0 . 614 ± 0 . 058 derived 

Limb darkening; u 2;LCO gp2m 

0 . 240 ± 0 . 067 derived 

Limb darkening; u 1;LCO ip2m 

0 . 418 ± 0 . 035 derived 

Limb darkening; u 2;LCO ip2m 

0 . 200 ± 0 . 049 derived 

Limb darkening; u 1;LCO rp2m 

0 . 606 ± 0 . 040 derived 

Limb darkening; u 2;LCO rp2m 

0 . 195 ± 0 . 055 derived 

Limb darkening; u 1;LCO zs2m 

0 . 293 + 0 . 032 
−0 . 034 derived 

Limb darkening; u 2;LCO zs2m 

0 . 234 ± 0 . 050 derived 

Limb darkening; u 1;LCO V1m 

0 . 586 ± 0 . 065 derived 

Limb darkening; u 2;LCO V1m 

0 . 262 ± 0 . 072 derived 

Limb darkening; u 1;LCO zs1m 

0 . 276 + 0 . 050 
−0 . 044 derived 

Limb darkening; u 2;LCO zs1m 

0 . 226 ± 0 . 054 derived 

Combined host density from all orbits; ρ� ;combined (cgs) 18 . 61 + 0 . 60 
−0 . 50 derived 
MNRAS 540, 1909–1927 (2025) 
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nd remo v e the probability of a transiting planet around a nearby star,
 NTP . This places the FPP at FPP = 5 . 86 × 10 −18 ± 7 . 045 × 10 −17 ,
veraging from 20 iterations, which is well below the validated planet
hreshold. 

 G L O BA L  ANA LYSIS  

e perform a global photometric analysis of both the TESS and LCO
hotometry using the flexible, publicly available PYTHON package
LLESFITTER (G ̈unther & Daylan 2019 , 2021 ). This inference-
ased package primarily makes use of the light curve generating
YTHON code ELLC (Maxted 2016 ), and the one-dimensional scalable
aussian Process Regression code CELERITE (F oreman-Macke y et al.
017 ). While both nested sampling (NS) and Markov Chain Monte
arlo algorithms can be used in ALLESFITTER [with the packages
YNESTY (Speagle 2020 ) and EMCEE (F oreman-Macke y et al. 2013 ),
espectively] to obtain the best-fitting models, we select the NS
ethod as this allows the Bayesian evidence to be calculated at each

ampling step; this is particularly useful when wanting to compare
ifferent models, as from this we can calculate the Bayes factor
Kass & Raftery 1995 ) and assess which model, if any, is fa v oured.
ince we initially run both circular and eccentric fits, this provides a
uantitative argument as to which model should be assumed for this
lanetary system based on the data available. 
We include all eight transits in our analysis of TOI-6478 b –

 ×TESS , 6 ×LCO (same epoch) – ho we ver, we omit the RV data
rom our global fit. The TESS data used throughout this analysis are
he SPOC Presearch Data Conditioning Simple Aperture Photometry
PDCSAP; Smith et al. 2012 ; Stumpe et al. 2012 , 2014 ) 2-min TESS
ight curves (see Fig. 6 ). Once the global photometric fit is finalized,
e use the results to do an RV-only fit, with tight priors on all
arameters except semi-amplitude, K . This is discussed later in this
ection. 

Initially we run two fits with both circular and eccentric models,
here the eccentricity is either fixed at 0 or allowed to v ary. Follo wing
riaud et al. ( 2011 ), the eccentricity is reparametrized as 

√ 

e b cos ω b 

nd 
√ 

e b sin ω b , where ω b is the argument of periastron. We calculate
he logarithm of the Bayes factor for the circular and eccentric
ases to be 9964.3 and 9894.9, respectively. To significantly fa v our
ne scenario o v er another, it is often desired that � log Z ≥ 5. We
nd � log Z = 69 . 4, therefore very clearly fa v ouring the circular
odel o v er the eccentric. We use the stellar parameters described in
ection 2 and uniformly fit for all planetary parameters, namely t 0 ,
 , cos i, R p /R � , and ( R p + R � ) /a. 
Since the TESS apertures include a significant amount of light

rom stars other than the transit host (see Fig. 7 ), the observed transit
epth needs to be corrected. Therefore, we fit for a dilution factor
or the two TESS transits. This was the main moti v ation for fitting
he TESS transits as separate instruments in ALLESFITTER , since it
 as lik ely they w ould have different dilution f actors due to having
ifferent apertures. We fix the LCO dilution at 0 since there is no
ontamination due to the small aperture. As per the ALLESFITTER

ocumentation, the dilution is equi v alent to D 0 = 1 − C, where C 

s the ‘crowdsap’ value in the TESS FITS file headers. This gives
he ratio of the the flux from the target star to the total flux within
he aperture. For S8 and S62 we obtain C 8 = 0 . 46 and C 62 = 0 . 37,
especti vely; ho we ver, we decide to freely fit the dilution with
[ −1 , 1] as this will also be informed by the uncontaminated LCO

ransits and we did not want to bias the fit if the crowdsap values are
naccurate. 

For each photometric band, we calculate the quadratic limb-
arkening coefficients using the PYTHON package PYLTDK (Parvi-
NRAS 540, 1909–1927 (2025) 
inen & Aigrain 2015 ) and the PHOENIX stellar atmosphere library
Husser et al. 2013b ). This code requires the T eff , log g, and metal-
icity, z , which are listed in Table 1 . This gives us the u 1 and u 2 

imb-darkening coefficients, which we reparametrize to q 1 and q 2 
s in Kipping ( 2013 ). These are adopted as normal priors in our fit.
e also make use of ALLESFITTER ’s ‘coupled with’ function as for

bservations taken in the same photometric band we typically want
he limb-darkening coefficients to agree. We apply this to the TESS
ight curves, but not to the two LCO transits taken in the z s band in
rder to show that there is still agreement with the derived u 1 and u 2 

alues. 
As expected, the light curves show variations from red noise caused

y stellar variability and instrumental systematics; we choose to
odel the baseline with a hybrid spline for all data sets. While

ften a Gaussian process is used to account for this noise, this was
ot necessary since we model each transit separately, and hence
here is no significant out-of-transit data. The hybrid spline works by
utomatically trying to describe the residuals with a smooth spline
t every sampling step. This method does not require any parameters
o be given as priors. We also use the ‘error scaling’ function within
LLESFITTER , which accounts for the white noise in our data; we give

his a wide prior and select the ‘sample’ method, which samples as
very other parameter. 

We run a static NS within ALLESFITTER with 500 live points and
 tolerance threshold of 0.02. We take the median posterior values
s the results from our fit, with the uncertainty estimated as the
 σ confidence intervals. We then use these in an RV-only fit as
entioned abo v e, again assuming a circular orbit. The results for

he photometry-only and RV-only fits are shown in Figs 11 and
2 , respectively. All fitted and derived parameters from the circular
ransit timing variation (TTV) fit are presented in Tables 3 and 4 . 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

rom the circular fit using two transits from TESS , and six same-
poch transits from LCO, we find that TOI-6478 b hosts a ∼ Neptune-
ized planet of radius R b = 4 . 6 ± 0 . 24 R ⊕ ( ∼ 1 . 2 R Nep ) on a P b =
4 . 005 ± 0 . 000025 d orbit. 
We compare the stellar host density, ρ� , calculated from both

rbital dynamics (i.e. a combination of the transit duration, impact
arameter, and orbital period, assuming a circular orbit) and the
tellar parameters (i.e. the mass and radius of the star); we find the
erived stellar host density from our fit (which we do not use as a
rior) to be 18 . 6 + 0 . 6 

−0 . 5 g cm 

−3 , which is within 1.5 σ of the prior value
5 . 27 ± 4 . 39 g cm 

−3 . 
Fig. 13 shows the measured depths for each photometric band

corrected for limb darkening). These are obtained by doing a
eparate fit of the data where all bands have a uniform prior on
he dilution factor (as for the TESS bands in Section 5 ) except one ( i ′ 

ere) as to act as a reference. This is to perform a chromaticity
heck on the measured depths across different wavelengths. We
nd that the transits are achromatic and agree to 1 σ (except the
luest band g ′ , which agrees to 1 . 3 σ ), which is indicative that the
ransiting events we observe are produced by a planet rather than
 star in a binary orbit with TOI-6478 (or equally a nearby or
ackground EB). 
We note the potential presence of a star spot in the transits from

CO at around 2460373.06 BJD (see Fig. 11 ). We remo v ed the
pot and redid the analysis as described in Section 5 in order to test
hether this was having an effect on the measured depth or duration
f the transit. We find statistically consistent results to the original
nalysis and thus conclude this spot does not influence the fit. While
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Figure 11. Fitted TESS (top two figures) and LCO transits (bottom six figures) obtained from the global photometric analysis using ALLESFITTER . The top 
panels show the model and transit data with the baseline subtracted, as well as the TTVs and linear predicted mid-time. The bottom panels show the residuals 
from our fit. The presence of a starspot is inferred from the LCO transits ( ∼ 2460373 . 06 BJD). 
MNRAS 540, 1909–1927 (2025) 
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M

Figure 12. RV points measured with MAROON-X at the Gemini-North 
observatory. NS fit using both red- and blue-arm RV data achieved from 

results from global photometric analysis in order to obtain an upper limit 
on the semi-amplitude ( ≤ 4 . 68 m s −1 ; bright pink line) and thus the mass of 
TOI-6478 b ( ≤ 9 . 9 M ⊕). The darker pink lines show a sample of the posterior 
models from the fit. The bottom panel shows the residuals of the fit. 

Figure 13. The measured transit depths for each transit versus wavelength, 
where for TESS this is the average from the two transits. The grey band shows 
the weighted average of the transit depths. All bands agree to 1 σ except the 
blue band g ′ , which agrees to 1.3 σ . 
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6 https:// exofop.ipac.caltech.edu/ tess/ target.php?id = 160162137 
he presence of a star spot presents an opportunity to measure spot
roperties on a late-type M-dwarf, it does have implications for the
tmospheric characterization and mass measurements of the planet
see e.g. Boisse et al. 2011 ; Barstow et al. 2015 ; Vanderburg et al.
016 ). 
We fit the nine RVs (BJD = 2460401.901 data point omitted, see

ection 4.4 ) with an NS using ALLESFITTER as discussed in Section 5
nd from this calculate an upper limit on the semi-amplitude and thus
n upper limit on the mass of the planet. We include both the red- and
lue-arm RVs in this fit. From the mass–radius relations described
n Chen & Kipping ( 2017 ), the estimated mass of a 4 . 6 R ⊕ planet is
9 . 2 M ⊕, which would produce an RV signal of 9 . 07 m s −1 assuming
he orbital parameters from our fit. A signal of this amplitude is
ot seen in our RVs; instead we calculate the upper limit to be
 fit + 3 σ , where K fit is the is semi-amplitude result from the NS

nd σ is the uncertainty on this measurement. From this we obtain
 max = 4 . 7 m s −1 , which corresponds to a 3 σ (99 per cent) upper
ass limit of m max = 9 . 9 M ⊕. Fig. 14 (right) shows a mass–radius
NRAS 540, 1909–1927 (2025) 
iagram for confirmed exoplanets (grey) along with key mass–radius
elations (Zeng, Sasselov & Jacobsen 2016 ) (dashed lines) and Solar
ystem planets (black). TOI-6478 b (pink) is placed at its current
pper mass limit, where the pink arrow indicates the range of masses
e expect to be its true mass. With decreasing mass, TOI-6478 b

nters an underpopulated region of parameter space, which is of cold
nderdense Neptune-like exoplanets. 
Fig. 15 shows all the TESS Objects of Interest (TOIs; Guerrero

t al. 2021b ) for stars with T eff ≤ 3300 K (as of 2024 May 22).
e remo v e non-planet entries (e.g. false positives, EBs, etc.) and

alculate the equilibrium temperatures for each planet assuming an
lbedo of 0.3 (Earth). While we know this is likely not the albedo
alue for every planet, we adopt this here for consistency as this
arameter is typically not available, especially for planet candidates.
e find that TOI-6478 b is the coldest planet in the TOI sample for

ate-type M dwarfs. While there is one TOI planet candidate colder
TOI-5575.01, 6 an approximately Jupiter-sized object candidate

rbiting a slightly cooler ( T eff = 3176 ± 157 K) star, we remo v e
his from our Fig. 15 as observations have revealed that it is not a
ransiting exoplanet (Gan et al., in preparation). 

The method discussed in Section 5 assumes a constant orbital
eriod. In order to check from TTVs, we repeat same process but
o w allo wing for TTVs in the fit. We use the uniform priors provided
or the TTVs from ALLESFITTER , which have upper and lower bounds
f TTV mid ± 0 . 01 d (14.4 min). For this fit, we take the t 0 and P b 

arameters from the linear fit (i.e. that discussed in Section 5 ) and
x them. TTVs typically occur if another body is present within the
ystem, and have especially large amplitudes if the planets are in
 mean motion resonance (see e.g. Rivera et al. 2010 ; Gillon et al.
017 ; Lammers & Winn 2024 ). While the only available photometric
ata for TOI-6478 b consist of three transits, our fit does not show
vidence of significant TTVs (see Fig. 16 ). Since there is significant
ime between the three transits ( ∼4 yr between transits 1 and 2,
nd ∼1 yr between transits 2 and 3), thus none are sequential, it is
ifficult to draw firm conclusions about whether there could be a
econd object in the system inducing TTVs. 

.1 Future obser v ations 

.1.1 Constraining the mass with RVs 

ith nine RV data points from MAROON-X we were able to com-
ute an upper limit to the mass of TOI-6478 b to be M b ≤ 9 . 9 M ⊕.
ith the values from our fit, and assuming the orbit is circular,
e can calculate the expected semi-amplitude for a given mass.
e also attempt to estimate the smallest mass this planet could

ikely physically have, and find this value to be4 . 5 M ⊕, based on
he current known population of planets in this radius range; planets
elow 4 . 5 M ⊕ are typically rocky, whereas a planet of radius 4 . 6 R ⊕
s expected to be gaseous. This mass translates to a semi-amplitude
ignal of 2 . 12 m s −1 . Knowing the uncertainty per measurement from
AROON-X to be 2 . 03 m s −1 , we estimate a further 60 spectra are

eeded in order to confidently constrain the mass of TOI-6478 b. 

.1.2 JWST atmospheric c har acterization 

OI-6478 b represents a convenient opportunity to investigate cool,
 2 -rich atmospheres. Its cold ( T eq = 204 . 4 K) temperature is ri v alled

https://exofop.ipac.caltech.edu/tess/target.php?id=160162137
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Figure 14. Comparison of TOI-6478 b (diamond) to the known exoplanet population. Left : planet radius versus orbital period for exoplanets with equilibrium 

temperatures (colour bar) < 250 K and radii > 2 R ⊕. One year is highlighted by the dashed grey line. Of these 25 exoplanets, only nine are colder than 
TOI-6478 b, b ut all ha ve orbital periods at least 3 × larger. Solar systems planets are shown as reference. Right : mass–radius diagram with key mass–radius 
relations highlighted with coloured dashed lines. TOI-6478 b is shown as the pink diamond, placed at the upper mass limit from the current RVs. Solar system 

planets (black diamonds) are shown as reference. 

Figure 15. Ef fecti v e temperature v ersus equilibrium temperature for all TOIs 
for T eff ≤ 3300 K, with points as the relative sizes of the exoplanets. TOIs 
with non-planetary flags have been removed [False alarm (FA), false positive 
(FP), nearby eclipsing binary (NEB), background eclipsing binary (BEB), 
EB]. TOI-6478 b is highlighted in blue. Equilibrium temperatures for Earth 
and Mars are depicted by the dashed vertical lines. TOIs known not to be 
planetary in nature (TOI-6508 b, Barkaoui et al, in preparation; TOI-5575 b, 
Gan et al, in preparation), but have non-updated flags, have been included 
but highlighted as dashed circles. Well-known rocky super-Earth LHS 1140 b 
(Dittmann et al. 2017 ) is labelled. TOI-6478 b is the coldest TOI among 
late-type M dwarfs. 
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Figure 16. TTVs for TOI-6478 b from the global photometric analysis of the 
three transits ( TESS ×2, LCOGT ×1 epoch), with approximate time between 
transits highlighted on the plot. No significant TTVs are detected. Nb: the 
error on the LCO transit TTV (third point) is small due to the fact that we fit 
six transits at this epoch (4x2m0, 2x1m0). 
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y only nine transiting planet 7 with radii > 2 R ⊕, see Fig. 14 (left).
o we ver TOI-6478 b’s orbital period is o v er 3 × shorter than the next

oldest planet’s, K epler-309 c (Ro we et al. 2014 ), which has P =
05 . 3 d and T eq = 204 K. The majority of these planets with similar
 eq have P > 1 yr , posing obvious issues for detailed atmospheric
haracterization and follow-up observations, whereas TOI-6478 b 
 Obtained from the composite NASA exoplanet archive ( https: 
/e xoplanetarchiv e.ipac.caltech.edu/cgi- bin/TblView/nph- tblView?app= 
xoTbls&config = PSCompPars ) with the condition that planets must be 

ransiting. 

8

h
p
f

ransits almost monthly . Additionally , due to the underdense nature of
he planet, its estimated minimum transmission spectroscopy metric 
Kempton et al. 2018 ) is ∼ 230 (based on the mass upper limit
f 9 . 9 M ⊕), which is significantly high compared to the other nine
nown colder transiting planet, which all have TSM < 7. 8 

We model the transmission spectrum of TOI-6478 b to demonstrate 
ts observability (Fig. 17 ). The synthetic spectra are generated using
he Genesis atmospheric model (Gandhi & Madhusudhan 2017 ; 
iette & Madhusudhan 2020 ; Piette et al. 2023 ), coupled with

he FastChem Cond equilibrium chemistry code (Stock et al. 
018 ; Kitzmann, Stock & Patzer 2024 ). We assume a 100 × solar
lemental abundance, moti v ated by the metallicities of Neptune and
MNRAS 540, 1909–1927 (2025) 

 The TSM is adapted for planets with R p < 10 R ⊕, and two of the cold planets 
ave radii of R p = 10 . 2 R ⊕ and R p = 12 . 44 R ⊕. We use the scale factor for 
lanets with 4 . 0 < R p < 10 R ⊕ but note that these TSM values may not be 
ully comparable. 

https://exoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph-tblView?app=ExoTbls\&config=PSCompPars
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M

Figure 17. Model transmission spectra for TOI-6478 b corresponding to the 
upper mass limit (9.9 M ⊕, pink) and the mass that results in a superpuff 
density of 0 . 3 g cm 

−3 (5.3 M ⊕, blue). Both models assume a 100 × solar 
atmospheric metallicity, and a simple aerosol prescription equi v alent to 10 4 

times H 2 Rayleigh scattering. The spectrum is dominated by CH 4 features at 
1.4, 1.7, 2.3, and 3.3 μm. 
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ranus’ atmospheres (Atreya et al. 2018 ), and include the effects
f rainout condensation. Given the ∼205 K temperature of this
tmosphere, condensation is a key process and can significantly
eplete the H 2 O abundance in the upper atmosphere. The remaining
tmospheric composition is dominated by H 2 , He, and CH 4 , with
maller contributions from NH 3 . Given the prevalence of atmospheric
louds and hazes in Neptune-sized exoplanets (e.g. Brande et al.
024 ), we include a simple aerosol prescription corresponding to
 2 Rayleigh scattering boosted by a factor of 10 4 . Despite the high

tmospheric metallicity and presence of aerosols, the near-infrared
H 4 features in these models are large, spanning several 100s ppm,
ven in the case of the upper mass limit. 
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Cold and underdense: TOI-6478 b 1927 

Table A1. MAROON-X observations of TOI-6478, where the red and blue columns denote the red and blue arms of the spectrograph, respectively. 

BJD (d) Red Blue 
RV (m s −1 ) σ (m s −1 ) SNR RV (m s −1 ) σ (m s −1 ) SNR 

2460398.89216 2 .12 2 .15 50 .0 0 .96 3 .99 20 .0 

2460399.87039 2 .18 2 .23 48 .0 6 .31 4 .13 19 .0 

2460401.90117 a −1 .35 2 .00 54 .0 −6 .15 4 .66 19 .0 

2460401.91435 3 .34 1 .94 54 .0 −1 .72 3 .59 22 .0 

2460403.81640 0 .26 2 .34 46 .0 −5 .44 4 .34 18 .0 

2460410.81273 −3 .06 1 .82 58 .0 −2 .92 3 .28 24 .0 

2460417.88471 −1 .79 2 .53 41 .0 −8 .56 4 .73 17 .0 

2460418.77670 −1 .33 1 .78 56 .0 −1 .61 3 .33 23 .0 

2460421.83060 3 .39 2 .04 49 .0 9 .18 4 .22 19 .0 

2460423.74191 −2 .68 1 .60 61 .0 −2 .60 3 .00 25 .0 

Note. a This data point is omitted from our analysis as it was flagged as ‘usable’ rather than ‘pass’, and we wanted to remain conserv ati ve when obtaining 
an upper mass limit. 

1

B
2

L
3

s
4

L
5

D
6

C
7

i
8

9

1

1

s
1

7
1

M
1

1

t
1

L
1

2
1

R
U
1

2

0
2

T

©
P
(

MNRAS 540, 1909–1927 (2025) 

 School of Physics and Astronomy, University of Birmingham, Edgbaston, 
irmingham B15 2TT, UK 

 Astrobiology Research Unit, University of Li ̀ege, All ́ee du 6 ao ̂ ut, 19, B-4000 
i ̀ege (Sart-Tilman), Belgium 

 Department of Earth, Atmospheric and Planetary Sciences, MIT, 77 Mas- 
achusetts Avenue, Cambridge, MA 02139, USA 

 Instituto de Astrof ́ısica de Canarias (IAC), Calle V ́ıa L ́actea s/n, E-38200 
a Laguna, Tenerife, Spain 
 Department of Astronomy & Astrophysics, UC San Diego, 9500 Gilman 
rive, La Jolla, CA 92093, USA 

 Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, 
ambridg e , MA 02138, USA 

 Department of Astrophysics, University of Oxford, Denys Wilkinson Build- 
ng, Keble Road, Oxford OX1 3RH, UK 

 Ma gdalen Colleg e , Univer sity of Oxfor d, Oxfor d OX1 4AU, UK 

 Astr ophysics Gr oup, Keele University, Staffor dshir e ST5 5BG, UK 

0 NASA Ames Research Center, Moffett Field, CA 94035, USA 

1 Department of Physics and Astronomy, Vanderbilt University, 6301 Steven- 
on Center Lane, Nashville, TN 37235, USA 

2 Department of Physics and Astronomy, Texas Tech University, Lubbock TX, 
9409-1051, USA 

3 Komaba Institute for Science , The Univer sity of Tokyo, 3-8-1 Komaba, 
eguro, Tokyo 153-8902, Japan 

4 Astrobiology Center, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan 
5 Kavli Institute for Astrophysics and Space Researc h, Massac husetts Insti- 
ute of Technology, Cambridge, MA 02139, USA 

6 Departamento de Astrof ́ısica, Universidad de La Laguna (ULL), E-38206 
a Laguna, Tenerife, Spain 
7 Department of Astronomy, University of Maryland, College Park, MD 

0742, USA 

8 Department of Physics and Kavli Institute for Astrophysics and Space 
esearc h, Massac husetts Institute of Technolo gy, Cambridg e , MA 02139, 
SA 

9 SETI Institute, Mountain V iew , CA 94043 USA 

0 Department of Astrophysical Sciences, Princeton University, Princeton, NJ 
8544, USA 

1 Planetary Discoveries, Valencia, CA 91354, USA 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

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

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

	1 INTRODUCTION
	2 STELLAR CHARACTERIZATION
	3 TESS DATA
	4 VETTING AND VALIDATION
	5 GLOBAL ANALYSIS
	6 DISCUSSION AND CONCLUSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: RV DATA

