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ABSTRACT

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 discovery of TOI-6478 b, a cold (T.q = 204 K) Neptune-like planet orbiting an M5 star (R, = 0.234 £ 0.012 R,
M, = 0.230 £ 0.007 Mg, Ter = 3230 £ 75 K) that is a member of the Milky Way’s thick disc. We measure a planet radius
of R, =4.6 £0.24Rg on a P, = 34.005019 £ 0.000025 d orbit. Using radial velocities, we calculate an upper mass limit of
My < 9.9Mg (M}, < 0.6 Mgp), with 3 o 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
provide an excellent 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 ~ 2.5x 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.

1 INTRODUCTION

Over 75 percent of stars in our Galaxy are classified as M dwarfs
(Chabrier 2003; Henry et al. 2006; Reylé et al. 2021). Their slow
evolution, complex spectra, and low luminosities make accurate
stellar characterization tricky compared to solar-type stars; however,
efforts by studies such as the EBLM project (Eclipsing Binaries—
Low Mass; Triaud et al. 2013; Maxted, Triaud & Martin 2023) aim to
populate the mass—radius parameter for these stars. More specifically,
they investigate the low-mass end of this parameter space, i.e. fully
convective M dwarfs (< 0.35Mg; Torres, Andersen & Giménez
2010; Moya et al. 2018), where stellar evolution models likely un-
derestimate stellar radii (see e.g. Casagrande, Flynn & Bessell 2008;
Spada et al. 2013; Kesseli et al. 2018; Duck et al. 2023; Davis et al.
2024; Swayne et al. 2024). Improving mass-radius relations for low-
mass stars is crucial because planets discovered transiting these stars
provide astronomers with a particularly good opportunity to make
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detailed atmospheric characterizations, for instance, with the JWST
(The JWST Transiting Exoplanet Community Early Release Science
Team et al. 2022) (see e.g. Benneke et al. 2019; Madhusudhan et al.
2020; Kempton et al. 2023). Planets transiting M dwarfs produce
comparatively larger transit depths than similar planets transiting
Sun-like stars. Similarly, transmission spectroscopy is a modulation
of the transit depth by the transiting planet’s (TP) atmosphere, and
this modulation is also larger when the star is smaller, for a fixed
planet size. Smaller stellar radii makes it also easier to perform
follow-up observations using ground-based facilities (e.g. Brown
et al. 2013; Sebastian et al. 2021; Triaud 2021).

To date, the Transiting Exoplanet Survey Satellite (TESS; Ricker
etal. 2015) has identified over 7000 exoplanet candidates. Of the 600
confirmed,' there are less than 30 Neptune-sized planets that orbit M
dwarfs, and less that 10 orbiting late-type M dwarfs (T < 3300 K).

INASA Exoplanet Archive, 2025 January https://exoplanetarchive.ipac.
caltech.edu/
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These planets present a unique opportunity to probe Neptune-like
planet formation around stars much different to the Sun.

TOI-6478b is a cold, seemingly underdense (< 0.56gcm™?),
Neptune-sized planet orbiting a cool late-type fully convective M
dwarf. Similar to exoplanets such as TOI-620b (Reefe et al. 2022),
this exoplanet appears to be of low density, indicative of a high
atmospheric mass fraction.

A sub-category of these low-density exoplanets, namely ‘super-
puffs’, is defined to be those that have densities < 0.3 gem™ (e.g.
Cochran et al. 2011; Santerne et al. 2019). It has been speculated
that some superpuff planets could be explained as ringed exoplanets
(Piro & Vissapragada 2020) or planets with hazy atmospheres (Gao &
Zhang 2020), which can explain their apparent inflated radii.

Underdense exoplanets provide an exciting opportunity for ob-
servations with JWST because their large atmospheric scale heights
enhance the detection of transmission spectroscopy features. While
this is desirable for all kinds of exoplanets, it is especially compelling
for planets that lie in the poorly populated region of parameter space
of cold (< 250 K), short-period (< 50 d) planets. More specifically,
Neptune-sized planets within this temperature range likely have cool
H,/He-dominated atmospheres, more akin to the giant planets of
our Solar system than most exoplanets discovered thus far (e.g.
Nettelmann et al. 2010; Seager & Deming 2010). They therefore
represent an important link between the exoplanet population and
the planets in our Solar system. Cool atmospheres of planets beyond
the ice-line are relatively understudied because most orbit Sun-like
stars and consequently have long orbital periods (> 100 d), making
transmission spectroscopy challenging and impractical. Our paper
highlights the remarkable opportunity that TOI-6478 b presents for
atmospheric and planet formation studies.

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

This paper is organized as follows. In Section 2, we describe the
observations and methods used to characterize the host star. Section 3
describes the conclusions we are able to draw from the available
TESS data, and Section 4 presents the photometric and radial-velocity
ground-based follow-up observations used for the validation of TOI-
6478 b’s planetary nature. Section 5 describes the joint photometric
and radial-velocity fitting, followed by a discussion and conclusion
of these results in Section 6.

2 STELLAR CHARACTERIZATION

TOI-6478 is a nearby (38 pc; Bailer-Jones et al. 2021) M dwarf of
spectral type M5, with an M3 co-moving companion. The planetary
information will be derived using the host star’s parameters, therefore
we describe the characterization of TOI-6478 in the following
sections. All photometry and stellar parameters adopted for this work
can be found in Table 1.

2.1 Reconnaissance spectroscopy

2.1.1 Shane/Kast

TOI-6478 and its brighter co-moving companion LP 789-76 A (aka
2MASS J09595660—1609206, aka TIC 332657787, aka Gaia DR3
5673934617318453248; G = 12.68, 23 arcsec separation) were ob-
served simultaneously with the Shane 3m Kast double spectrograph
(Miller & Stone 1994) on 2024 April 9 (UT). Conditions were clear
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Table 1. Stellar parameters adopted for this work.

TOI-6478, TIC 332657786, 2MASS

Designations 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 15.9940.2 Stassun et al. (2019)
G mag 14.31340.00069 Gaia Collaboration (2022)
J mag 11.38940.024 Cutri et al. (2003)
H mag 10.9140.022 Cutri et al. (2003)
K mag 10.6574+0.021 Cutri et al. (2003)
W1 mag 10.488+0.022 Cutri et al. (2021)
W2 mag 10.2614+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)
o 09:59:58.03 Gaia Collaboration (2022)
8 -16:09:35.26 Gaia Collaboration (2022)
o 52.4masyr! Gaia Collaboration (2022)
s -172.3 mas yr~! Gaia Collaboration (2022)
SpT (optical) M5 This work
SpT (NIR) M4.0+£0.5 This work
R, 0.2344+0.012 R This work
M, 0.230=+ 0.007 Mg This work
Tett 3230+75 K This work
3193+1 K Gaia Collaboration (2022)
log g« 5.01640.005 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)
—0.19540.003 dex Gaia Collaboration (2022)
Age >6-7 Gyr This work (spectroscopy)

and windy with 1 arcsec seeing, and we used the 1.5 arcsec (3.5 pixel)
slit rotated to include both sources. We used the 600/4310 grism on
the blue channel to acquire 3750-5600 A spectra at a resolution
of A/AM =~ 1200, and the 600/7500 grating on the red channel to
acquire 5800-9000 A spectra at a resolution of A/ AX & 1500. Total
integrations of 1000 s were acquired in both channels, split into two
exposures of 500 s each in the red, at an average airmass of 1.70.
We observed the nearby G2 V star 43 Hya (V = 7.62) immediately
afterwards at a similar airmass for telluric absorption correction, and
the flux standard Feige 34 (V = 11.2; Massey & Gronwall 1990; Oke
1990) later in the night. Arclamps (HeHgCd in the blue, HeNeAr in
the red), quartz flat field lamps, and bias frames were obtained at the
start of the night for wavelength and pixel response calibration.
Data were reduced using the kastredux package,” following
standard approaches for optical spectroscopic data reduction. In brief,
we used the flat field lamp exposures to trace the illuminated orders
and measure pixel response, the lamp exposures and bias frames to
define a mask array, and the arc lamps to determine the wavelength
scale with a precision of 0.19 A (13 kms™!) in the blue and 0.23 A
(10 kms™") in the red. Source spectra were traced along the tilted
dispersion axes and extracted using a boxcar profile with a linear
fit to the background. The red data were also corrected for cosmic
ray contamination using an outlier rejection algorithm between the
two exposures. Spectral flux density calibration was determined
from band measurements of Feige 34 from Massey & Gronwall
(1990), with a second-order correction made using the G2 V telluric
calibrator and an empirical template from Pickles (1998). The G2 V

Zhttps://github.com/aburgasser/kastredux

GZ0Z JoqWianoN G| U0 1saNnB Aq 8297 18/6061/2/07S/3I0E/SeIuW /W0 dno-01Waped.//:sdjy WOl PapEojuMod


https://github.com/aburgasser/kastredux

2.0

1.5 LP 789-76 (M3)

Normalized F,
=
o
&
=
o
1

o
U

TOI-6478 (M5)

0.0

Cold and underdense: TOI-6478 b 1911
. Nal TiO
Tio Itio

M Call

6000

5000

7000 8000

Wavelength (Angstroms)

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 A, 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.

spectrum was also used to correct for telluric absorption in the science
targets. Our final data, shown in Fig. 1, have signal-to-noise (S/N) of
22 at 5400 A and 121 at 7500 A for TOI-6478 and 96 at 5400 A and
281 at 7500 A for LP 789-76.

We used tools in kastredux to characterize both spectra, which
display the characteristic molecular bands and red optical slope of
early-to-mid M dwarfs. Comparison to SDSS spectral templates
from Bochanski et al. (2007) yields classifications of M5 for TOI
6478 and M3 for LP 789-76, which are consistent with index-based
classifications based on the system of Lépine, Rich & Shara (2003).
We see no evidence of Ho or H 8 emission indicative of magnetic
activity in either source. Indeed, TOI 6478 shows H « in absorption
with an equivalent width EW = 0.3740.07 A, suggesting a system
activity age =67 Gyr (West et al. 2008; Rebassa-Mansergas et al.
2023). Such an old age is consistent with the kinematics of the
system. The Gaia Catalogue of Nearby Stars (Gaia Collaboration
2021) reports [U, V, W] = [+2,—-99, +36] for LP 789-76, giving
the system a 99 per cent probability of being part of the Galactic thick
disc based on the results of Bensby, Feltzing & Lundstrom (2003).

Analysis of the metallicity-sensitive features of TiO and CaH
around 6800-7100 A yields discrepant ¢ values of 0.854+0.01 and
1.01+£0.01 for TOI 6478 and LP 789-76, respectively (Lépine et al.
2013). The former is close to the dwarf/subdwarf boundary defined
by Lépine, Rich & Shara (2007), suggesting that the system may be
slightly metal-poor, with an estimate of [Fe/H] = —0.1840.20 based
on Mann et al. (2013). The latter is consistent with solar metallicity.
Both sources have atmosphere parameters reported in Gaia DR3,
with metallicities that are consistent with our measurements and
also discrepant with each other: [Fe/H] = —0.195+0.003 for
TOI 6478 and —0.026%0.011 for LP 789-76. Gaia also reports
effective temperatures of Ty = 3193 and 3428 K (with unrealistic

precisions of 1 K), respectively. The latter is consistent with the
T.r = 3456£115 K estimate of Hardegree-Ullman et al. (2023)
using Gaia photometry and the empirical relationship of Pecaut &
Mamajek (2013).

2.1.2 IRTF/SpeX

We gathered medium-resolution near-infrared spectra of TOI-6478
and its comoving companion LP 789-76 on 2024 May 10 (UT) using
the SpeX spectrograph (Rayner et al. 2003) on the 3.2-m NASA
Infrared Telescope Facility (IRTF). Conditions were clear, and seeing
was 0.7 arcsec. We used the short-wavelength cross-dispersed (SXD)
mode with the 0.3 arcsec x 15 arcsec slit aligned to the parallactic
angle. This set-up provides 0.80-2.42 um spectra at a resolving
power of R~2000 with 2.5 pixels per resolution element. While
nodding in an ABBA pattern, we collected six 300-s integrations on
TOI-6478 and six 120-s integrations on LP 789-76. We gathered a set
of standard SXD flat-field and arc-lamp calibrations after each target,
followed by six 20-s integrations of the AQV standard HD 86593.
We reduced the data with Spextool v4.1 (Cushing, Vacca & Rayner
2004), following the approach of previous analyses (Delrez et al.
2022; Barkaoui et al. 2023; Ghachoui et al. 2023). The final spectra
of TOI-6478 and LP 789-76 have median per-pixel S/N of 111 and
141, respectively.

The SpeX SXD spectra of TOI-6478 and LP 789-76 are shown
in Fig. 2. As in previous SpeX analyses (e.g. Triaud et al. 2023;
Gillon et al. 2024; Timmermans et al. 2024), we used the SpeX
Prism Library Analysis Toolkit (Burgasser & Splat Development
Team 2017) to assign spectral types and estimate stellar metallicities.
Comparing the spectra to standard spectra of single stars in the IRTF
Spectral Library (Cushing, Rayner & Vacca 2005; Rayner, Cushing &

MNRAS 540, 1909-1927 (2025)
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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.

Vacca 2009), we find close matches to Ross 619 (M4V) and AD Leo
(M3V) for TOI-6478 and LP 789-76, respectively. We therefore
adopt 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
with our optical spectral types, respectively. Using the H20-K2
index (Rojas-Ayala et al. 2012) and Mann et al. (2013) relation,
we estimate stellar iron abundances of [Fe/H] = —0.53 £ 0.13 for
TOI-6478 and [Fe/H] = —0.48 £ 0.12 for LP 789-76, indicating a
consistent sub-solar metallicity for both stars. For TOI-6478, this
estimate is lower than our estimate based on the optical spectra but
consistent with it at 1.50.

2.2 Spectral energy distribution

As an independent determination of the basic stellar parameters, we
performed an analysis of the broad-band spectral energy distribution
(SED) of the star together with the Gaia DR3 parallax (with no
systematic offset applied; see e.g. Stassun & Torres 2021), in order to
determine an empirical measurement of the stellar radius, following
the procedures described in Stassun & Torres (2016), Stassun,
Collins & Gaudi (2017), and Stassun et al. (2018). We pulled
the the J H Ks magnitudes from 2MASS, the W1-W4 magnitudes
from WISE, the GgpGgrp magnitudes from Gaia, and the Gaia
spectrophotometry. Together, the available photometry spans the full
stellar SED over the wavelength range 0.4-20 um (see Fig. 3).

We performed a fit using PHOENIX stellar atmosphere models
(Husser et al. 2013a), fitting for the effective temperature (7.¢) while
adopting the metallicity ([Fe/H]) from the spectroscopic analysis.
We fixed the extinction Ay = 0 due to the close proximity of the
system. The resulting fit (Fig. 3) has a best fit T = 3230 =75 K,
with a reduced x? of 3.4 and consistent with the Gaia estimate.
Integrating the model SED gives the bolometric flux at Earth,
Foor = 1.151 £0.040 x 107!% erg s7! cm™2. Taking the Fy, and
the Gaia parallax directly gives the bolometric luminosity, Ly, =
0.00534 £ 0.00019 Lg. The stellar radius then follows from the
Stefan—Boltzmann relation, R, = 0.234 £ 0.012 R,. In addition, we

MNRAS 540, 1909-1927 (2025)
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Figure 3. SED of TOI-6478. The red symbols represent the observed
photometric measurements, where the horizontal bars represent the effective
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 overlaid as the grey swathe (also shown in
detail in the inset plot).

can estimate the stellar mass from the empirical Mg relations of
Mann et al. (2016), giving M, = 0.230 &= 0.007 M. These values
are consistent with Teir, Lpo, and R, estimates from Hardegree-
Ullman et al. (2023) based on Gaia data alone, while our mass is
nearly 3o higher than the 0.203+0.006 M, reported in that study.

2.3 Galactic orbit of TOI-6478

The orbit of TOI-6478 in the Milky Way galaxy was computed from
the 5D astrometric information and line-of-sight velocity from Gaia
DR3 (Gaia Collaboration 2016, 2023). We use the PYTHON package
galpy (Bovy 2015) for this computation of the Galactic orbital
properties. As a description of the Milky Way potential, we use the
axisymmetric gravitational potential McMillan2017 (McMillan
2017). As for the Galactic location and velocity of the Sun, we
assume (Xo, Yo, Zo) = (8.2,0,0.0208) kpc and (Ug, Vg, We) =
(11.1, 12.24,7.25) kms™! with a circular velocity of 240kms™!
(Schonrich, Binney & Dehnen 2010; Bovy 2015; Bennett & Bovy
2019; Gravity Collaboration 2019).

Fig. 4 shows the integration of the orbit of TOI-6478 in the Milky
Way potential in Cartesian Galactocentric coordinates across a period
of time of 5 Gyr, highlighting the extent of the system’s movement
within the Milky Way.

It is interesting to note that this system spends time both in the
denser inner part of the Galactic disc, at a minimum inner distance
about a factor of 2 closer to the Galactic centre than the solar orbit,
and significantly further away from the Galactic mid-plane than our
Sun, reaching a maximum height of almost 1 kpc over the course of
its orbit.

Fig. 5 shows location of TOI-6478 in a so-called Toomre diagram.
The diagram plots a star’s velocity relative to the Sun in two
components: along the horizontal axis it shows the component of
a star’s rotational velocity around in the plane of the Galaxy, and the
vertical axis shows the combination of a star’s velocity components
perpendicular to the Galactic plane. From this diagram, it is evident
that different Galactic stellar populations such as the thin disc,
thick disc, and halo show different characteristics, with stars in the
Galactic thin disc — like our Sun — move similar to the Sun and
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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).

thus the Galactic standard of rest ((0, 0) in Fig. 5) and with stars
belonging to the Galactic halo rotating significantly slower than the
Sun (2 200 kms~") but move with higher velocities in the dimensions
perpendicular to the Galactic plane.

TOI-6478 is found to be in the region of velocity and orbital space
typically occupied by the Galactic thick disc stars. This identification
is in alignment with the sub-solar metallicity (see Table 1), which
is also characteristic for these stars. As the thick disc formed early
on in the history of the Galaxy (2 9 Gyr Spitoni et al. 2024), this
identification also agrees with the lower age bound estimated from
the H « lines.

The evolution of conditions for planet formation throughout the
history of the Milky Way remains an area with many unresolved
questions. Zink et al. (2023) conducted a demographic study of
exoplanets around FGK dwarf stars and found that close-in small
planets are approximately 50 per cent less common around stars in the
Galactic thick disc compared to those in the thin disc, emphasizing
how the Galactic surroundings affect the possible exoplanetary
architecture. Hallatt & Lee (2025) attributed this difference to the
more hostile conditions of the primordial thick disc, where the
denser and more radiative environment likely led to the more efficient
destruction of protoplanetary discs, thereby reducing the time-scale
available for planet formation. TOI-6478 is an excellent candidate
for future studies on the interior structure and atmospheric properties
of planets in thick disc systems. These studies need to be extended
to cover the abundant M dwarfs and with a greater sample we can
explore variations in formation efficiency and evolutionary processes
among planetary systems in different Galactic components.

3 TESS DATA

3.1 Determining the orbital period from TESS duo-transits

TESS observed two transits throughout three sectors (S8, S35, S62)
with a cadence of 120 s. The data have been processed by the
Science Processing Operations Centre (SPOC; Jenkins et al. 2016,
Fig. 6). The signature of TOI-6478 b was detected first in a search
of sectors 8, 35, and 62 by the FAINT search pipeline (Huang et al.
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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.

2020a, b; Kunimoto & Daylan 2021) and was alerted by the TESS
Science Office on 2023 June 15 (Guerrero et al. 2021a) after the
data validation reports were vetted. The TESS SPOC detected the
transit signature in the same sectors shortly thereafter with a noise-
compensating matched filter (Jenkins 2002; Jenkins et al. 2010, 2020)
and was fitted with an initial limb-darkened transit model (Li et al.
2019) and passed a suite of diagnostic tests (Twicken et al. 2018)
including the difference image centroid test that located the host star
within 3.04/—2.5 arcsec of the transit source.

Prior to the QLP faint transit search detection, and subsequent
alert as TOI-6478.01, the transit signature was flagged as a planet
candidate CTOI by the Planet Hunters (Eisner et al. 2021) on 2020
May 15 based only on the first transit. TOI-6478.01 was then alerted
by the TESS Science Office as a planet candidate on 2023 June 15,
as discussed above.

Transit 1 occurred at 1536.7668 BTJD (S8) and transit 2 occurred
1462.21 d later in S62 at 2998.9728 BTJD. Based on the observed
transit duration (~3 h) and the available data (e.g. considering gaps
where transits could fall), we predicted an orbital period of 34d.
Longer orbital periods that were compatible with the data were ruled
out based on an incompatibility with the duration. We initiated a
ground-based follow-up photometric observation (see Section 4.3.1),

MNRAS 540, 1909-1927 (2025)

on 2024 March 3 assuming the approximate 34 d orbital period. A
full transit was observed at a transit time of 3373.0354 BTJD, thus
confirming this orbital period.

3.2 Aperture photometry

Fig. 7 shows the target pixel files (TPFs) for S8 and S62 for TOI-
6478 b. Due to the large pixel size of TESS (21 arcsec px~!), it is
not uncommon to have crowding within the aperture. Here, we see
that our target is blended in the TESS aperture with its brighter,
co-moving companion LP 789-76 (23 arcsec separation). The flux
contribution from this star can cause the transits we observe in TESS
to be diluted in contrast to the transits we obtain from the ground
(see Section 4.3.1), which typically have smaller apertures. The TPFs
with the associated apertures are shown in Fig. 7. We also show the
surrounding stars in the field (plot obtained from triceratops).

4 VETTING AND VALIDATION

This section describes the efforts taken to validate the planetary
nature of TOI-6478 b. We first describe the high-resolution imaging
observations, followed 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).

and radial velocity (RV) observations collected from the LCO
and Gemini North observatories, respectively. We conclude this
section with a discussion of how these observations were used in
the validation of TOI-6478 b as a planetary candidate. All follow-up
observations are summarized in Table 2.

4.1 Archival imaging

In order to investigate whether a background object is blending with
the target star, we examine archival imaging of the field of view
of TOI-6478. Given its high proper motion of 180 masyr~' (Gaia
Collaboration 2022), this is able to be done through inspection of
DSS/POSS-I and DSS/POSS-II (Reid et al. 1991; Lasker et al. 1996)
images taken in red in 1953 and 1986, respectively, and comparing
to the z;-band MuSCAT4 (Narita et al. 2020) observations taken in

2024, 71 yr later (see Fig. 8). We can thus conclude that at TOI-
6478’s current position, there is no background star that could be
impacting our conclusions due to being the source of the observed
transit events.

4.2 High-resolution imaging

A critical observation to perform in order to rule out false positives
such as background eclipsing binaries (EBs) is that of obtaining
high-resolution images of the exoplanet host star. While nearby M
stars such as TOI-6478 have proper motions that allow historic sky
imagery to eliminate confounding stars at the present day position of
the exoplanet host, the spatial scale of such images as well as present
day seeing limited images cannot rule out stellar companions. Inside
of 0.5 arcsec (19 au at the distance of TOI-6478), essentially no

MNRAS 540, 1909-1927 (2025)

G202 J9qWaNON G| UO 1senb Aq 829€Z18/606/2/07S/2I0IME/SEIUW/WOD dNO"OlWaPEDE//:SARY WO POPEOIUMOQ



1916 M. G. Scott et al.

Table 2. Summary of ground-based follow-up observations carried out for TOI-6478 b.

Follow-up observations

High-resolution imaging

Observatory Filter Date Sensitivity limit Result
Gemini South 562 nm 2024 Mar 13 Am = 4.84 at0.5” No sources detected
Gemini South 832 nm 2024 Mar 13 Am = 6.97 at 0.5” No sources detected
Photometric follow-up
Observatory Filter Date Coverage Result
LCO-SSO—2mOM Pan-STARRS-z 2024 Mar 3 Full Detection
LCO-SSO—-2mOM Sloan-i’ 2024 Mar 3 Full Detection
LCO-SSO—2mOM Sloan-r' 2024 Mar 3 Full Detection
LCO-SSO—2m0OM Sloan-g’ 2024 Mar 3 Full Detection
LCO-SSO—1m0 Pan-STARRS-zs 2024 Mar 3 Full Detection
LCO-SSO—1m0 \%4 2024 Mar 3 Full Detection
Spectroscopic observations
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
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Figure 8. Archival images of the field of view around TOI-6478. From left to right: image taken with the DSS/POSS-I in 1953, image taken with the
DSS/POSS-II in 1986 in red, image taken with PanSTARRS in 2012 in the z; band, and the image taken with MuSCAT4 in 2024 in the z; band. The red and
yellow circles depict the positions of TOI-6478 and LP 789-76 in the 2024 image, respectively.

technique other than high-resolution imaging allows for search and
detection of very close bound companions. Optical high-resolution
speckle offers angular resolutions and deep contrast levels from
which M star stellar companions can readily be identified. Spatially
close bound companions produce ‘third-light” flux that can lead to
underestimated planetary radii if not accounted for in the transit
model (Ciardi et al. 2015), incorrect planet and star parameters
(Furlan & Howell 2017, 2020), and can cause non-detections of
small planets residing with the same exoplanetary system (Lester
et al. 2021). Thus, to search for very close bound companions,
unresolved in TESS or other ground-based follow-up observa-
tions, we obtained high-resolution imaging speckle observations of
TOI-6478.

TOI-6478 was observed on 2024 March 13 UT using the Zorro
speckle instrument on the Gemini South 8-m telescope (Scott et al.
2021). Zorro provides simultaneous speckle imaging in two bands
(562 and 832 nm) with output data products including a reconstructed
image with robust contrast limits on companion detections (e.g.
Howell et al. 2016). Due to the red nature of the M star TOI-6478,
16 sets of 1000 x 0.06 s images were obtained and processed in our
standard reduction pipeline (Howell et al. 2011). Fig. 9 shows our
final 50 magnitude contrast curves and the 832 nm reconstructed

MNRAS 540, 1909-1927 (2025)

speckle image. We find that, with the Zorro field of view, TOI-6478
is a single star with no companion brighter than 5-7.5 mag below that
of the target star from the Gemini 8-m telescope diffraction limit (20
mas) out to 1.2 arcsec. At the distance of TOI-6478 (d = 38 pc) these
angular limits correspond to spatial limits of 0.76 to 45 au. Another
false positive scenario is that there is a bounded stellar companion
below the Zorro detection sensitivity that is the source of the transit
signal. This would mean that TOI-6478 has a wide binary companion
that has a magnitude > 7.5x fainter and an angular separation up
to around 1 arcsec. Using the Baraffe et al. (2015) models in [
band (Zorro wavelength), assuming an old > 10 Gyr star (thick
disc — see Section 2.3), the mass of a body 7.5x fainter than TOI-
6478 is ~ 0.072 Mg, corresponding to a brown dwarf just below the
hydrogen burning limit. This magnitude difference results in a flux
ratio of fpp/ fror—ea7s = 0.001. Therefore, if the transit event were
to be on this brown dwarf companion, it would be diluted by 1000
due to the flux from TOI-6478, creating an unphysical transit depth
(~0.004 per cent). The observed transit depth is already ~ 40x
too deep compared to the largest eclipse that could happen on the
possible bounded brown dwarf companion. We thus conclude that
even if there is a bounded companion, the transit cannot be happening
on this companion.
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Figure 9. 50 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.

4.3 Photometric follow-up

4.3.1 LCOGT photometry

The TESS pixel scale is ~ 21 arcsec pixel™! and photometric aper-
tures typically extend out to roughly 1 arcmin, generally causing
multiple stars to blend in the TESS photometric aperture. To deter-
mine the true source of the TESS detection, we acquired ground-
based time-series follow-up photometry of the field around TOI-
6478 as part of the TESS Follow-up Observing Program (Collins
2019).3 The on-target follow-up light curves are also used to place
constraints on the transit depth and the TESS ephemeris. We used
the TESS TRANSIT FINDER, which is a customized version of the
TAPIR software package (Jensen 2013), to schedule our transit
observations.

We observed a full transit of TOI-6478.01 on UTC 2024 March 3
simultaneously from 1.0 and 2.0 m telescopes at the Las Cumbres
Observatory Global Telescope (LCOGT) (Brown et al. 2013) node
at Siding Spring Observatory near Coonabarabran, Australia (SSO).
Alternating Johnson/Cousins V and Pan-STARRS z; filters were used
from the 1 m network node, while simultaneous images were taken
in Sloan g’, r/, i’, and Pan-STARRS-z; bands from the 2 m Faulkes
Telescope South. The 1 m telescope is equipped with a 4096 x 4096
SINISTRO camera having an image scale of 0.389 arcsec per pixel,
resulting in a 26 arcmin x 26 arcmin field of view. The 2 m telescope
is equipped with the MuSCAT4 multiband imager (Narita et al.
2020). All images were calibrated by the standard LCOGT BANZAT
pipeline (McCully et al. 2018), and differential photometric data
were extracted using AstroImaged (Collins et al. 2017). We used
circular photometric apertures with radii in the range 2.4-4.7 arcsec,
which excluded all of the flux from the nearest known neighbour
in the Gaia DR3 catalogue (Gaia DR3 5673934617318453248, LP
789-76), which is 22.9 arc-sec north-east of TOI-6478. A ~34 ppt
event was detected on-target and confirms the 34 d period alias. All

3https://tess.mit.edu/followup
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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 percent- 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.

light-curve data are available on the EXOFOP-TESS website* and
are included in the global modelling described in Section 5.

4.3.2 WASP

The Wide Angle Search for Planets (WASP) project (Pollacco
et al. 2006) was a ground-based exoplanet transit survey with
instruments in La Palma and South Africa. In 2011 and 2012
it covered the field of TOI-6478. The resulting data indicate a
possible rotational modulation at 66 £ 4 d (see Fig. 10); however,
as with TESS, WASP has a large pixel size (13.7 arcsec), and
therefore the extraction aperture contains both TOI-6478 and its
co-moving companion LP 789-76. Due to LP 789-76 being the
brighter star, it is likely that this modulation does not come from
TOI-6478. We therefore do not include this in our analysis but
note that it prompts further observations of these stars from other
ground-based observatories in order to untangle the origin of this
signal.

“https://exofop.ipac.caltech.edu/tess/target. php?id = 332657786
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4.4 RV follow-up

4.4.1 MAROON-X

TOI-6478 was observed with the MAROON-X spectrograph at the
Gemini North Observatory in Hilo, Hawai’i (Seifahrt et al. 2016,
2020, 2022). The MAROON-X spectrograph is a high-resolution
RV spectrograph that uses red-optical fibre feeding and covers a
wavelength range of 500-920 nm across two channels: blue (500-
670 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
875 nm, respectively) over a period of 27 d (2024 March 29 to 2024
April 23) with 900 s exposure time (see Table A1 in appendix). The
mean SNR for the blue and red arms were 21 and 52, respectively.
These data were reduced, with RVs extracted by the MAROON-
X team using a specific version of the publicly available python
pipeline SERVAL (SpEctrum Radial Velocity AnaLyser; Zechmeister
et al. 2018), which has been modified for use with MAROON-
X data, in which the analysis of the RVs is performed through a
template matching code (see e.g. Winters et al. 2022; Kanodia et al.
2024; Martioli et al. 2024). This is favoured over other methods
such as classical binary mask cross-correlation codes as it typically
outperforms for M-dwarf stars. Correction for the main instrument
drift is performed in the wavelength solution, and the Ho line
is observed in both channels. It was noted that the 2024-04-01
09:22:47 (BJD 2460401.901) observation was flagged as ‘usable’
rather than ‘pass’, since the atmospheric dispersion compensator
was not following the telescope. In order to be more conservative
with our analyses (see Sections 5 and 6), we choose to omit this data
point.

The cross-correlation function analysis confirmed the systemic
velocity of TOI-6478 (~ 99.5kms™!). We also measure the full
width half-maximum (FWHM) of the average line profile, resulting
in 5.4 £0.15 and 5.6 £ 0.05kms~! for the blue and red channels,
respectively. This corresponds to the expected FWHM of a non
rotating M-dwarf at the resolution of MAROON-X. We can conclude
that TOI-6478 is a slow rotating star with an upper limit of
v sini, $2kms™!,

~

4.5 Statistical validation

We make use of TRICERATOPS® (Giacalone & Dressing 2020;
Giacalone et al. 2021), a statistical validation package used to
evaluate the false positive probability (FPP) of TOI-6478 b.

Upon providing the TESS apertures for the target, TRICERATOPS
calculates the amount of flux contributed from nearby stars, which
enables it to assess whether the transit signal could be caused by an
alternate scenario to that which is assumed, i.e. a transiting planet
on the target star. Based on the aperture information, as well as
the photometric data and high resolution speckle imaging constrast
curves (Fig. 9), a range of scenarios for transiting planet and EBs are
considered and their relative probabilities calculated. The threshold
for a planet to be considered validated is FPP < 0.015.

Considering only the two transits from TESS, we find a FPP =
0.6499 and a nearby false positive probability (NFPP) of NFPP =
0.6498. This reduces to FPP = NFPP = 0.47 with the inclusion of
the transit from LCO. We choose the light curve observed in the
i’ band for the validation since the transit depth, while statistically
consistent between bands, is still wavelength-dependent (see Section
6), and the TESS bandpass is centred on i’. The FPP is rather large,

Shttps://github.com/stevengiacalone/triceratops
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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

Ry/R, 0.18027 & 0.00088 Rp/ R, fit
(R + Ry)/ay 0.0113155:60013 ft
cos ip 0.00178F 300044 fit
To:p 2459454.90101 + 0.00068 BID fit
Py 34.005019 =4 0.000025 d fit
Jep cos wp 0.0 fixed
Jep sinwy, 0.0 fixed
Do.TESS s8 0.182 £ 0.048 fit
Do.TESS S62 —0.125 £ 0.055 fit
Do;Lco gp2m 0.0 fixed
Do.Lcoipzm 0.0 fixed
DO;LCOrpZm 0.0 fixed
DO;LCO zs2m 0.0 fixed
Do:Lcovim 0.0 fixed
Do:Lco zs1m 0.0 fixed
q1:;TESS S8 0.256 £+ 0.048 fit
42.TESS S8 0.287 £ 0.049 fit
q1.TESS S62 0.2564481081075988 coupled
2. TESS S62 0.2865715657990476 coupled
41;LCO gp2m 0.732 £ 0.043 fit
42;LCO gp2m 0.359 £ 0.037 fit
91:LCOip2m 0.38270:03% fit
¢2:LCOIp2m 0338f8:8§§ fit
41;LCOp2m 0.641 £ 0.038 fit
42;1.COrp2m 0378t88§3 fit
41.LCO 152m 027970038 fit
42:1.CO z82m 0.278 £ 0.039 fit
q1;LCOVIm 0.720 £ 0.045 fit
42:LCOVIm O.345f8:8§% fit
q1:.LCOzsIm 0.254*003% fit
q2;L.COzslm 0275f8812 fit
In orgss —4.560 + 0.037 fit
Inoress —4.512800] fit
Inopco —6.356 +0.093 fit
Inoico —6.18170027 fit
Inopco —6.396 +0.045 fit
Inoico —6.260700%8 fit
Inorco —5.989 10089 fit
Inotco —6.068700%3 fit

likely due to the fact that our star is blended in the TESS aperture with
its brighter comoving companion TIC 332657787 (LP 789-76 A),
located ~ 23 arcsec away. However, since the ground-based LCO
data have a much smaller aperture situated only on the target star, the
stars are resolved and we are able to confirm the transit is on target.
Therefore, we adopt the procedure used in Timmermans et al. (2024)
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Table 4. Derived parameters for TOI-6478 b from global analysis of the photometry. All depths are fractional.

Cold and underdense: TOI-6478 b

Parameter Value Source
Derived parameters
Host radius over semimajor axis b; R, /ap 0.0095791'8:888?38 derived
Semimajor axis b over host radius; ap /R, 104.40f(1):é5 derived
Companion radius b over semimajor axis b; Ry/ap 0.0017271“8:8888%2 derived
Companion radius b; Ry, (Rg) 4.60 +0.24 derived
Companion radius b; Ry (Rjyp) 0.411 £0.021 derived
Semimajor axis b; a, (Rp) 244+13 derived
Semimajor axis b; ap (AU) 0.1136 £ 0.0060 derived
Inclination b; iy (deg) 89.89810030 derived
Impact parameter b; by 0.1 86f8:8‘7‘3 derived
Total transit duration b; Tiorp (h) 2.900 +0.011 derived
Full-transit duration b; Tgy.p (h) 1.987 £ 0.015 derived
Host density from orbit b; p,.p (cgs) 18,61f8:gg derived
Equilibrium temperature b; Teqp (K) 204.4+49 derived
Transit depth (undil.) b; S¢r.undil:b:TESS 8 0.0370f8:88% derived
Transit depth (dil.) b; Sudit:bTESS 58 0.0303 700018 derived
Transit depth (undil.) b; Sy;undit:b;TESS S62 0.037073:002 derived
Transit depth (dil.) b; Su-aitbTESS S62 0.0416790012 derived
Transit depth (undil.) b; Syundit:b:LCO gp2m 0.042127 500056 derived
Transit depth (dil.) b; Sudit:p1.CO gp2m 0.0421210:9005¢ derived
Transit depth (undil.) b; Suundit:baL.CO ip2m 0.0387175:90022 derived
Transit depth (dil.) b; dil:b;LCO ip2m 0.0387179:0002 derived
Transit depth (undil.) b; Stundil:bsLCO rp2m 0.041597 300057 derived
Transit depth (dil.) b; 8idit:b:LcOrp2m 0.0415910. 90037 derived
Transit depth (undil.) b; Sundil:b:LCO 252m 0.03722 + 0.00029 derived
Transit depth (dil.) b; 8¢r-dil:b:L.CO zs2m 0.03722 £ 0.00029 derived
Transit depth (undil.) b; S¢r.undil:b:LcoO Vim 0.04186 =+ 0.00063 derived
Transit depth (dil.) b; 8r.dil:b;.COVim 0.04186 + 0.00063 derived
Transit depth (undil.) b; S¢rundil:b:LCO zs1m 0.03695f8:888§g derived
Transit depth (dil.) b; Sirqit:b:LCO 251m 0.03695™0. 0005 derived
Limb darkening; #1.TEss s8 0.2871'8:8;2 derived
Limb darkening; u2.TESS S8 0.21 3f8:8§§ derived
Limb darkening; u1;L.co gp2m 0.614 £ 0.058 derived
Limb darkening; #2;1.co gpom 0.240 £ 0.067 derived
Limb darkening; u1;.coip2m 0.418 £0.035 derived
Limb darkening; u2;1.coip2m 0.200 £ 0.049 derived
Limb darkening; u1;.co rp2m 0.606 £ 0.040 derived
Limb darkening; u2;1.cO rp2m 0.195 £ 0.055 derived
Limb darkening; #1..cozs2m 0.293f8:8§i derived
Limb darkening; u#2.1.cozs2m 0.234 £+ 0.050 derived
Limb darkening; #1..covim 0.586 + 0.065 derived
Limb darkening; u2..covim 0.262 £ 0.072 derived
Limb darkening; #1..cozsim O.276f8:822 derived
Limb darkening; #2..cozsim 0.226 £+ 0.054 derived
Combined host density from all orbits; 04:combined (€gS) 18.61fg:(5’g derived
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and remove the probability of a transiting planet around a nearby star,
Pxrp- This places the FPP at FPP = 5.86 x 1078 47.045 x 107",
averaging from 20 iterations, which is well below the validated planet
threshold.

5 GLOBAL ANALYSIS

‘We perform a global photometric analysis of both the TESS and LCO
photometry using the flexible, publicly available PYTHON package
ALLESFITTER (Glinther & Daylan 2019, 2021). This inference-
based package primarily makes use of the light curve generating
PYTHON code ELLC (Maxted 2016), and the one-dimensional scalable
Gaussian Process Regression code CELERITE (Foreman-Mackey et al.
2017). While both nested sampling (NS) and Markov Chain Monte
Carlo algorithms can be used in ALLESFITTER [with the packages
DYNESTY (Speagle 2020) and EMCEE (Foreman-Mackey et al. 2013),
respectively] to obtain the best-fitting models, we select the NS
method as this allows the Bayesian evidence to be calculated at each
sampling step; this is particularly useful when wanting to compare
different models, as from this we can calculate the Bayes factor
(Kass & Raftery 1995) and assess which model, if any, is favoured.
Since we initially run both circular and eccentric fits, this provides a
quantitative argument as to which model should be assumed for this
planetary system based on the data available.

We include all eight transits in our analysis of TOI-6478b —
2xTESS, 6xLCO (same epoch) — however, we omit the RV data
from our global fit. The TESS data used throughout this analysis are
the SPOC Presearch Data Conditioning Simple Aperture Photometry
(PDCSAP; Smith et al. 2012; Stumpe et al. 2012, 2014) 2-min TESS
light curves (see Fig. 6). Once the global photometric fit is finalized,
we use the results to do an RV-only fit, with tight priors on all
parameters except semi-amplitude, K. This is discussed later in this
section.

Initially we run two fits with both circular and eccentric models,
where the eccentricity is either fixed at 0 or allowed to vary. Following
Triaud et al. (2011), the eccentricity is reparametrized as /ey cos wy
and /ey, sin wy,, where wy, is the argument of periastron. We calculate
the logarithm of the Bayes factor for the circular and eccentric
cases to be 9964.3 and 9894.9, respectively. To significantly favour
one scenario over another, it is often desired that Alog Z > 5. We
find AlogZ = 69.4, therefore very clearly favouring the circular
model over the eccentric. We use the stellar parameters described in
Section 2 and uniformly fit for all planetary parameters, namely 7o,
P,cosi, R,/R,,and (R, + R,)/a.

Since the TESS apertures include a significant amount of light
from stars other than the transit host (see Fig. 7), the observed transit
depth needs to be corrected. Therefore, we fit for a dilution factor
for the two TESS transits. This was the main motivation for fitting
the TESS transits as separate instruments in ALLESFITTER, since it
was likely they would have different dilution factors due to having
different apertures. We fix the LCO dilution at O since there is no
contamination due to the small aperture. As per the ALLESFITTER
documentation, the dilution is equivalent to Dy = 1 — C, where C
is the ‘crowdsap’ value in the TESS FITS file headers. This gives
the ratio of the the flux from the target star to the total flux within
the aperture. For S8 and S62 we obtain Cg = 0.46 and C¢, = 0.37,
respectively; however, we decide to freely fit the dilution with
U[—1, 1] as this will also be informed by the uncontaminated LCO
transits and we did not want to bias the fit if the crowdsap values are
inaccurate.

For each photometric band, we calculate the quadratic limb-
darkening coefficients using the PYTHON package PYLTDK (Parvi-
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ainen & Aigrain 2015) and the PHOENIX stellar atmosphere library
(Husser et al. 2013b). This code requires the T, log g, and metal-
licity, z, which are listed in Table 1. This gives us the u; and u,
limb-darkening coefficients, which we reparametrize to ¢; and ¢,
as in Kipping (2013). These are adopted as normal priors in our fit.
We also make use of ALLESFITTER’s ‘coupled_with’ function as for
observations taken in the same photometric band we typically want
the limb-darkening coefficients to agree. We apply this to the TESS
light curves, but not to the two LCO transits taken in the zs band in
order to show that there is still agreement with the derived u; and u,
values.

As expected, the light curves show variations from red noise caused
by stellar variability and instrumental systematics; we choose to
model the baseline with a hybrid spline for all data sets. While
often a Gaussian process is used to account for this noise, this was
not necessary since we model each transit separately, and hence
there is no significant out-of-transit data. The hybrid spline works by
automatically trying to describe the residuals with a smooth spline
at every sampling step. This method does not require any parameters
to be given as priors. We also use the ‘error scaling” function within
ALLESFITTER, which accounts for the white noise in our data; we give
this a wide prior and select the ‘sample’ method, which samples as
every other parameter.

We run a static NS within ALLESFITTER with 500 live points and
a tolerance threshold of 0.02. We take the median posterior values
as the results from our fit, with the uncertainty estimated as the
lo confidence intervals. We then use these in an RV-only fit as
mentioned above, again assuming a circular orbit. The results for
the photometry-only and RV-only fits are shown in Figs 11 and
12, respectively. All fitted and derived parameters from the circular
transit timing variation (TTV) fit are presented in Tables 3 and 4.

6 DISCUSSION AND CONCLUSION

From the circular fit using two transits from TESS, and six same-
epoch transits from LCO, we find that TOI-6478 b hosts a ~ Neptune-
sized planet of radius Ry, = 4.6 £0.24Rg (~ 1.2Rnep) On a P, =
34.005 £ 0.000025 d orbit.

We compare the stellar host density, p,, calculated from both
orbital dynamics (i.e. a combination of the transit duration, impact
parameter, and orbital period, assuming a circular orbit) and the
stellar parameters (i.e. the mass and radius of the star); we find the
derived stellar host density from our fit (which we do not use as a
prior) to be 18.670¢ gem =3, which is within 1.50 of the prior value
25.27 £4.39 gem™3.

Fig. 13 shows the measured depths for each photometric band
(corrected for limb darkening). These are obtained by doing a
separate fit of the data where all bands have a uniform prior on
the dilution factor (as for the TESS bands in Section 5) except one (i’
here) as to act as a reference. This is to perform a chromaticity
check on the measured depths across different wavelengths. We
find that the transits are achromatic and agree to 1o (except the
bluest band g’, which agrees to 1.30), which is indicative that the
transiting events we observe are produced by a planet rather than
a star in a binary orbit with TOI-6478 (or equally a nearby or
background EB).

We note the potential presence of a star spot in the transits from
LCO at around 2460373.06 BJD (see Fig. 11). We removed the
spot and redid the analysis as described in Section 5 in order to test
whether this was having an effect on the measured depth or duration
of the transit. We find statistically consistent results to the original
analysis 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 BID).
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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 ms~!; bright pink line) and thus the mass of
TOI-6478 b (< 9.9 Mg). The darker pink lines show a sample of the posterior
models from the fit. The bottom panel shows the residuals of the fit.
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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 1o except the
blue band g’, which agrees to 1.30.

the presence of a star spot presents an opportunity to measure spot
properties on a late-type M-dwarf, it does have implications for the
atmospheric characterization and mass measurements of the planet
(see e.g. Boisse et al. 2011; Barstow et al. 2015; Vanderburg et al.
2016).

We fit the nine RVs (BJD = 2460401.901 data point omitted, see
Section 4.4) with an NS using ALLESFITTER as discussed in Section 5
and from this calculate an upper limit on the semi-amplitude and thus
an upper limit on the mass of the planet. We include both the red- and
blue-arm RVs in this fit. From the mass-radius relations described
in Chen & Kipping (2017), the estimated mass of a 4.6 Rg planet is
19.2 Mg,, which would produce an RV signal of 9.07 m s~! assuming
the orbital parameters from our fit. A signal of this amplitude is
not seen in our RVs; instead we calculate the upper limit to be
K4 + 30, where Ky, is the is semi-amplitude result from the NS
and o is the uncertainty on this measurement. From this we obtain
Kmax = 4.7ms~!, which corresponds to a 30 (99 percent) upper
mass limit of my,x = 9.9 Mg. Fig. 14(right) shows a mass-radius

MNRAS 540, 1909-1927 (2025)

diagram for confirmed exoplanets (grey) along with key mass—radius
relations (Zeng, Sasselov & Jacobsen 2016) (dashed lines) and Solar
system planets (black). TOI-6478 b (pink) is placed at its current
upper mass limit, where the pink arrow indicates the range of masses
we expect to be its true mass. With decreasing mass, TOI-6478 b
enters an underpopulated region of parameter space, which is of cold
underdense Neptune-like exoplanets.

Fig. 15 shows all the TESS Objects of Interest (TOIs; Guerrero
et al. 2021b) for stars with T < 3300 K (as of 2024 May 22).
We remove non-planet entries (e.g. false positives, EBs, etc.) and
calculate the equilibrium temperatures for each planet assuming an
albedo of 0.3 (Earth). While we know this is likely not the albedo
value for every planet, we adopt this here for consistency as this
parameter is typically not available, especially for planet candidates.
We find that TOI-6478 b is the coldest planet in the TOI sample for
late-type M dwarfs. While there is one TOI planet candidate colder
— TOI-5575.01,% an approximately Jupiter-sized object candidate
orbiting a slightly cooler (T = 3176 & 157 K) star, we remove
this from our Fig. 15 as observations have revealed that it is not a
transiting exoplanet (Gan et al., in preparation).

The method discussed in Section 5 assumes a constant orbital
period. In order to check from TTVs, we repeat same process but
now allowing for TTVs in the fit. We use the uniform priors provided
for the TTVs from ALLESFITTER, which have upper and lower bounds
of TTV g £0.01d (14.4 min). For this fit, we take the ¢ty and P,
parameters from the linear fit (i.e. that discussed in Section 5) and
fix them. TTVs typically occur if another body is present within the
system, and have especially large amplitudes if the planets are in
a mean motion resonance (see e.g. Rivera et al. 2010; Gillon et al.
2017; Lammers & Winn 2024). While the only available photometric
data for TOI-6478 b consist of three transits, our fit does not show
evidence of significant TTVs (see Fig. 16). Since there is significant
time between the three transits (~4 yr between transits 1 and 2,
and ~1 yr between transits 2 and 3), thus none are sequential, it is
difficult to draw firm conclusions about whether there could be a
second object in the system inducing TTVs.

6.1 Future observations

6.1.1 Constraining the mass with RVs

With nine RV data points from MAROON-X we were able to com-
pute an upper limit to the mass of TOI-6478b to be M, < 9.9 Mg.
With the values from our fit, and assuming the orbit is circular,
we can calculate the expected semi-amplitude for a given mass.
We also attempt to estimate the smallest mass this planet could
likely physically have, and find this value to be4.5 Mg, based on
the current known population of planets in this radius range; planets
below 4.5 Mg are typically rocky, whereas a planet of radius 4.6 Rg
is expected to be gaseous. This mass translates to a semi-amplitude
signal of 2.12 m s~!. Knowing the uncertainty per measurement from
MAROON-X to be 2.03ms ™!, we estimate a further 60 spectra are
needed in order to confidently constrain the mass of TOI-6478 b.

6.1.2 JWST atmospheric characterization

TOI-6478 b represents a convenient opportunity to investigate cool,
H,-rich atmospheres. Its cold (Tq = 204.4 K) temperature is rivalled

Ohttps://exofop.ipac.caltech.edu/tess/target.php?id = 160162137
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Figure 15. Effective temperature versus equilibrium temperature for all TOIs
for Tegr < 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-6478b 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-6478b is the coldest TOI among
late-type M dwarfs.

by only nine transiting planet’ with radii > 2Rg, see Fig. 14(left).
However TOI-6478 b’s orbital period is over 3 x shorter than the next
coldest planet’s, Kepler-309 ¢ (Rowe et al. 2014), which has P =
105.3d and Ty = 204 K. The majority of these planets with similar
T.q have P > 1yr, posing obvious issues for detailed atmospheric
characterization and follow-up observations, whereas TOI-6478 b

7Obtained from the composite NASA exoplanet archive (https:
/lexoplanetarchive.ipac.caltech.edu/cgi-bin/TblView/nph- tbl View ?app=
ExoTbls&config = PSCompPars) with the condition that planets must be
transiting.
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Figure 16. TTVs for TOI-6478 b from the global photometric analysis of the
three transits (TESSx2, LCOGT x 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).

transits almost monthly. Additionally, due to the underdense nature of
the planet, its estimated minimum transmission spectroscopy metric
(Kempton et al. 2018) is ~ 230 (based on the mass upper limit
of 9.9 Mg), which is significantly high compared to the other nine
known colder transiting planet, which all have TSM < 7.8

‘We model the transmission spectrum of TOI-6478 b to demonstrate
its observability (Fig. 17). The synthetic spectra are generated using
the Genesis atmospheric model (Gandhi & Madhusudhan 2017;
Piette & Madhusudhan 2020; Piette et al. 2023), coupled with
the FastChem Cond equilibrium chemistry code (Stock et al.
2018; Kitzmann, Stock & Patzer 2024). We assume a 100x solar
elemental abundance, motivated by the metallicities of Neptune and

8The TSM is adapted for planets with Rp < 10Rg, and two of the cold planets
have radii of R, = 10.2Rg and R, = 12.44 Rg. We use the scale factor for
planets with 4.0 < R, < 10Rg but note that these TSM values may not be
fully comparable.
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Figure 17. Model transmission spectra for TOI-6478 b corresponding to the
upper mass limit (9.9 Mg, pink) and the mass that results in a superpuff
density of 0.3 gcm™> (5.3 Mg, blue). Both models assume a 100x solar
atmospheric metallicity, and a simple aerosol prescription equivalent to 10*
times Hy Rayleigh scattering. The spectrum is dominated by CHy features at
1.4,1.7,2.3, and 3.3 pm.

Uranus’ atmospheres (Atreya et al. 2018), and include the effects
of rainout condensation. Given the ~205 K temperature of this
atmosphere, condensation is a key process and can significantly
deplete the H,O abundance in the upper atmosphere. The remaining
atmospheric composition is dominated by H,, He, and CHy, with
smaller contributions from NHj. Given the prevalence of atmospheric
clouds and hazes in Neptune-sized exoplanets (e.g. Brande et al.
2024), we include a simple aerosol prescription corresponding to
H, Rayleigh scattering boosted by a factor of 10*. Despite the high
atmospheric metallicity and presence of aerosols, the near-infrared
CHy, features in these models are large, spanning several 100s ppm,
even 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 (ms~ ) o (ms™ 1) SNR RV (ms~!) o (ms~ 1) SNR
2460398.89216 212 2.15 50.0 0.96 3.99 20.0
2460399.87039 2.18 223 48.0 6.31 4.13 19.0
2460401.90117¢ —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 0.26 234 46.0 —5.44 434 18.0
2460410.81273 —3.06 1.82 58.0 -2.92 3.28 24.0
2460417.88471 -1.79 2.53 41.0 —8.56 473 17.0
2460418.77670 —1.33 1.78 56.0 —1.61 3.33 23.0
2460421.83060 3.39 2.04 49.0 9.18 422 19.0
2460423.74191 —2.68 1.60 61.0 —2.60 3.00 25.0

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