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ABSTRACT

29 Jul 2021

Context. Large sub-Neptunes are uncommon around the coolest stars in the Galaxy and are rarer still around those that are metal-poor. However,
owing to the large planet-to-star radius ratio, these planets are highly suitable for atmospheric study via transmission spectroscopy in the infrared,
[ such as with JWST.
Aims. Here we report the discovery and validation of a sub-Neptune orbiting the thick-disk, mid-M dwarf star TOI-2406. The star’s low metallicity
. and the relatively large size and short period of the planet make TOI-2406 b an unusual outcome of planet formation, and its characterisation
-C provides an important observational constraint for formation models.
O _Methods. We first infer properties of the host star by analysing the star’s near-infrared spectrum, spectral energy distribution, and Gaia parallax. We
L use multi-band photometry to confirm that the transit event is on-target and achromatic, and we statistically validate the TESS signal as a transiting
exoplanet. We then determine physical properties of the planet through global transit modelling of the TESS and ground-based time-series data.
Results. We determine the host to be a metal-poor M4 V star, located at a distance of 56pc, with properties Tex = 3100 + 75K,
M, =0.162 + 0.008 M, R, =0.202 £ 0.011 Ry, and [Fe/H] = —0.38 £ 0.07, and a member of the thick disk. The planet is a relatively large
o sub-Neptune for the M-dwarf planet population, with R, = 2.94 + 0.17 Rg and P = 3.077 d, producing transits of 2% depth. We note the orbit has
a non-zero eccentricity to 3o, prompting questions about the dynamical history of the system.
« Conclusions. This system is an interesting outcome of planet formation and presents a benchmark for large-planet formation around metal-poor,
low-mass stars. The system warrants further study, in particular radial velocity follow-up to determine the planet mass and constrain possible bound
() companions. Furthermore, TOI-2406 b is a good target for future atmospheric study through transmission spectroscopy. Although the planet’s mass
remains to be constrained, we estimate the S/N using a mass-radius relationship, ranking the system fifth in the population of large sub-Neptunes,
< with TOI-2406 b having a much lower equilibrium temperature than other spectroscopically accessible members of this population.

< Key words. Planets and satellites: detection — Stars: individual: TOI-2406 — Techniques: photometric

—i
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\9| 1. Introduction CARMENES (Reiners et al. 2018; Morales et al. 2019) and
EDEN (Gibbs et al. 2020).

From core accretion models (Pollack et al. 1996), the occur-
rence rate of large sub-Neptunes around late-M dwarfs is ex-
pected to be lower for metal-deficient environments (Burn et al.
2021). Therefore, if stellar metallicity is a good proxy for the
amount of solid material in the protoplanetary disk, we would

not expect to readily find large sub-Neptunes around metal-poor

(_\! Short-period, rocky planets have been found to be common
= around M dwarfs; however, larger planets are rarer (Dressing
. & Charbonneau 2015; Mulders et al. 2015; Hardegree-Ullman
>< et al. 2019). This extends down to the coolest stars, where only
seven transiting large sub-Neptune (2.75 < R, < 4.0Rg) plan-
ets are known to orbit stars with effective temperatures below

3300K!. The search for planets around these cool stars is on-
going with surveys such as SPECULOOS (Delrez et al. 2018a;
Sebastian et al. 2020), MEarth (Nutzman & Charbonneau 2008),

* robert.wells@csh.unibe.ch

** 51 Pegasi b Fellow
*** Juan Carlos Torres Fellow
Kavli Fellow
T NASA Sagan Fellow
! NASA Exoplanet Archive (04 March 2021)

Feok kK

stars. In particular, planetesimal-based formation models do not
readily produce these systems, and therefore their existence can
be better explained by a pebble accretion scenario, in which the
available solids can be transported to the planet from the outer
disk.

The large planet-to-star radius ratios for planets around cool
stars means they produce deep transits. This makes them good
targets for atmospheric study via transmission spectroscopy
(Seager & Sasselov 2000; Brown 2001), particularly in the in-
frared, where M dwarfs are relatively bright. These wavelengths
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can be probed with HST and soon JWST. Notably, GJ 3470 b
(Bonfils et al. 2012; Teg = 3600K, R, = 4.6Rg) and GJ 1214 b
(Charbonneau et al. 2009; Teg = 3026 K, R, = 2.8 Rg) are two
of the most well-studied planets by transmission spectroscopy'.

Here we report the discovery and validation of a sub-Neptune
planet orbiting a metal-poor M4 V host star (T.r = 3100K, R,
=2.9Rg). In Sect. 2 we detail the TESS and follow-up observa-
tions. In Sect. 3 we present the stellar characterisation analysis.
Then in Sect. 4, owing to improved precision over TESS from
the ground, we validate the transit signal as a bona fide planet.
We present our search for further planets in the TESS data in
Sect. 5, before giving the results from our transit modelling of
the photometric light curves in Sect. 6. Finally, in Sect. 7 we
discuss the system’s formation, architecture, and potential for
follow-up study, and we conclude in Sect. 8.

2. Observations
2.1. TESS photometry

TOI-2406 (TIC 212957629) was first observed by TESS (Ricker
et al. 2015) in the full frame images (FFIs) at 30-minute cadence
in Sector 3, between 20 September and 18 October 2018. It was
observed by TESS again two years later, at 2-minute cadence in
Sector 30, between 22 September and 21 October 2020. The two
sectors are shown in Fig. 1, along with the nearby Gaia sources
(Gaia Collaboration et al. 2018). The star is present in the TESS
Input Catalogue v8.1 (TIC; Stassun et al. 2019), identified as
an M4.5 dwarf located at 56 pc. The Science Processing Oper-
ations Center (SPOC; Jenkins et al. 2016) at NASA Ames Re-
search Center extracted the photometry for this target from the
2-minute data from Sector 30, and conducted a transiting planet
search (Jenkins 2002; Jenkins et al. 2010) on 30 October 2020.
This yielded a strong 2% deep transit-like signature at a period
of 3.077d. The TESS Object of Interest (TOI) vetting team at
MIT reviewed the SPOC Data Validation reports (Twicken et al.
2018; Li et al. 2019) for this signal and released TOI-2406 on 24
November 2020 (Guerrero et al. 2021).

We retrieved the TESS Sector 3 FFI light curve via point
spread function (PSF) photometry on a 11x11 pixel region
around the target, which we downloaded via TESSCut (Brasseur
et al. 2019). In order to perform photometry, we retrieved the
source position from TICv8 and corrected it for proper mo-
tion. We then interpolated the empirical, super-sampled pixel re-
sponse function’ (PRF) using a third-order polynomial. A flat
template for the background sky emission was used. Finally, we
determined the fluxes (i.e. template coeflicients) of the target and
the sky background for all time bins via linear regression. The
data release notes for Sector 3* indicate that TESS conducted a
series of engineering tests during its usual data gap (the perigee
orbit) to improve the pointing accuracy. We inspected the data to
confirm that its quality is reliable and included it in our analysis.

We downloaded the TESS Sector 30 SPOC Presearch Data
Conditioning Simple Aperture Photometry (PDC-SAP; Stumpe
et al. 2012, 2014; Smith et al. 2012) light curve from MAST.
Long-term trends are already removed in the PDC light curve.
We assessed further detrending via a median filter but found no
improvement to the light curve quality, likely because it is domi-
nated by white noise. All data with a non-zero quality flags were
removed, along with the final ~1 d of the sector. We also tested

2 https://archive.stsci.edu/tess/all_products.html
3 https://archive.stsci.edu/missions/tess/doc/tess_
drn/tess_sector_03_drn04_v02.pdf
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removing the first transit of the sector, but found no change in
our Markov chain Monte Carlo (MCMC) results, and therefore
included these data in our analysis. Both TESS light curves are
displayed in Fig. 2, showing the transit times and regions ex-
cluded from the transit analysis.

2.2. Follow-up photometry

We obtained ground-based follow-up of multiple transit events,
coordinated by the TESS Follow-up Observing Program (TFOP)
sub-group 1 for Seeing-limited Photometry. The observations are
summarised in Table 1 and detailed in the following sections.

2.2.1. TRAPPIST-South

TOI-2406 was first followed-up on 29 November 2020 with the
0.6 m TRAPPIST-South telescope, located at La Silla Observa-
tory, Chile (Jehin et al. 2011; Gillon et al. 2011). A full transit
was observed in the Exo bandpass (500-1100 nm), consisting of
74 images each with an exposure time of 120s, covering 168
minutes. The data were reduced, and a light curve was produced
using the Astrolmage] (AlJ) software (Collins et al. 2017). A
partial transit was also observed on 05 January 2021; however,
this was not used in our analysis due to the small amount of tran-
sit coverage.

2.2.2. SAINT-EX

We obtained a full transit with SAINT-EX on 02 December
2020 in z’. SAINT-EX (Search And characterIsatioN of Transit-
ing EXoplanets) is a 1-m telescope located at the Observatorio
Astronémico Nacional, San Pedro Martir, Mexico (Sabin et al.
2018). The observations consisted of 79 images with an exposure
time of 120, covering 178 minutes total. The data were reduced
using a custom pipeline, PRINCE, which is detailed in Demory
et al. (2020). The final light curve was produced by a weighted
principal component analysis (PCA) approach (Bailey 2012)* to
correct for common trends between the target and comparison
stars. We also produced a light curve using AlJ, but found it to
have a higher out-of-transit scatter and a larger trend. We there-
fore used the PRINCE light curve in our analysis. The SAINT-
EX light curve had a 30-minute rms of ~500 ppm (see Table 1),
with a good amount of baseline on either side of transit, making
this our most constraining dataset.

2.2.3. VATT

We also obtained a V-band transit with the VATT4K CCD Im-
ager on the 1.8 m Vatican Advanced Technology Telescope
(VATT) on 06 January 2021 (UT). The data were collected as
part of Project EDEN (Exo-Earth Discovery and Exploration
Network; e.g. Gibbs et al. 2020). We collected 88 images each
with an exposure time of 120s over 201 minutes, covering al-
most the full transit. We initially followed the data reduction and
calibration procedure for Project EDEN observations, outlined
by Gibbs et al. (2020). We then also produced a light curve us-
ing AIJ for aperture photometry and weighted PCA for differen-
tial photometry, which we found to be improved over the initial
pipeline reduction, and therefore we used this in our analysis.

4 https://github.com/jakevdp/wpca
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Fig. 1. Target pixel file (TPF) images for TOI-2406, from TESS Sectors 3 (left) and 30 (right). The apertures used for light curve generation are
over-plotted; sources identified in Gaia DR2 are also included, with symbols correlated to their brightness compared to the target. These images

were produced using tpfplotter (Aller et al. 2020).
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Fig. 2. Sector 3 light curve created from FFIs (top) and the Sector 30 2-minute light curve (bottom). The 2-minute data points (grey) have been
binned by 15 to produce the black points, with error bars corresponding to the standard deviation in the bins, which match the FFI light curve
cadence of 30 min. Regions marked in red were excluded from the analysis: In Sector 3, there were poor-quality engineering data between orbits;
and in Sector 30, a significant trend at the end was possibly caused by scattered light. Regions marked in grey correspond to data taken outside of
science data acquisition for testing purposes but used in the analysis. One transit occurred in this period, towards the end of Sector 3. The transits

of TOI-2406 b are labelled with green markers below the light curves.

2.2.4. Las Cumbres Observatory (LCO)

A final transit was observed on 09 January 2021 with the Las
Cumbres Observatory Global Telescope (LCOGT; Brown et al.
2013). The observations were taken using the 1-m telescope at
McDonald Observatory, using the i’ filter. We took 55 exposures
of 150s over 173 minutes, covering the full transit, although
lacking some post-transit baseline. The data were reduced, and a
light curve was produced using AlJ.

2.3. Spectroscopy

Infrared spectroscopy of TOI-2406 was obtained with the SpeX
spectrograph (Rayner et al. 2003) on the 3.2-m NASA In-
frared Telescope Facility on Maunakea, Hawaii, on 03 December
2020 (UT). Conditions were clear with 0”4 seeing. The short-
wavelength cross-dispersed (SXD) mode was used with the 0”/3-
wide slit to obtain a 0.7-2.5 um spectrum in seven orders at a
spectral resolving power 4/AA =~ 2000. A total of four ABBA
nod sequences (16 exposures) were obtained with an integration
time of 170 s per exposure with the slit aligned with the paral-
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Table 1. Summary of photometric observations. Shown are: the date(s) of the observations; the number of transits covered; the telescope, filter,
and exposure time used; and the RMS of the 30-minute binned light curve.

Night of (UT) N Telescope Filter ~Exposure ()  030min (PPt)
20 Sep—180ct 2018 6 TESS Sector 3 TESS 1800 6.5
22 Sep—210ct2020 8 TESS Sector 30 TESS 120 5.7
29 Nov 2020 1 TRAPPIST-South  Exo 120 1.4
02 Dec 2020 1 SAINT-EX A 120 0.5
05 Jan 2021 <1 TRAPPIST-South  Exo 120 -
05 Jan 2021 1 EDEN/VATT A% 120 2.6
09 Jan 2021 1 LCO-McDonald i’ 150 0.9
0 TOI2406 in the near-infrared spectrum. Therefore, any possible compan-
562 nm ions would be unable to explain the 2% transit depth seen in the
832 TESS and follow-up data.
1k nm
3. Stellar properties
2 L
TOI-2406 is a quiet, mid-M dwarf located towards the ecliptic
plane (I = —6.6°) at 56 pc. As we show below from an analysis
<E, 3 of the space velocity, it is very likely a member of the Galac-
tic thick-disk population, and therefore would have an age of
al 11 £ 1.5 Gyr (Miglio et al. 2021). The star is faint in the optical
(Vz17) but reasonably bright in the near-infrared (J=12.6). The
catalogued astrometric and photometric parameters of TOI-2406
5f are given in Table 2. In this section we detail the methodology
used to determine the properties of the star, given in Table 3.
6 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

angular separation (arcsec)

Fig. 3. Zorro speckle imaging 5o contrast curves, along with the recon-
structed 832 nm image.

lactic angle. The AO V star HD 13936 (V = 6.549) was observed
afterwards at an equivalent airmass for flux and telluric calibra-
tion, followed by arc lamp and flat field lamp exposures. Data
were reduced using SpeXtool v4.1 (Cushing et al. 2004) using
standard settings. The resulting spectrum of TOI-2406 had a me-
dian signal-to noise ratio (S/N) of 60, with JHK peaks of around
100-150.

2.4. High-resolution imaging

TOI-2406 was observed with the Zorro instrument mounted
on the 8-metre Gemini-South telescope on 29 December 2020.
Zorro simultaneously observes in blue (562/54nm) and red
(832/40 nm) bandpasses, with inner working angles of 07026 in
the blue and 0”017 in the red. Three thousand 0.06-s images
were obtained and combined in the data reduction process and
the Fourier analysis as described in Howell et al. (2011). The
Zorro observations do not reveal a previously unknown com-
panion to TOI-2406 within the 5o contrast limits obtained (see
Fig. 3). The contrast curve begins to flatten at ~0”1 and ap-
pears flat from ~072. Given the distance to the target of 55.6 pc,
these correspond to projected distances of 5.6 and 11.1 AU away
from the star, respectively. The observations had a contrast of
4-5 magnitudes beyond 02, allowing us to rule out compan-
ion stars earlier than about spectral type M8 beyond this sepa-
ration. We also find no evidence for companion stars within 0”2
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3.1. Spectroscopy

The near-infrared spectrum of TOI-2406 is shown in Fig-
ure 4 in comparison to equivalent data for the M4 spectral
standard Gliese 213 from the IRTF Spectral Library (Rayner
et al. 2009). Both the overall infrared spectral energy distri-
butions (SEDs) and the detailed line features in these spectra
are well matched. We evaluated the metallicity-sensitive lines
NaI (2.2079 um) and Ca I (2.2640 um) using the empirical cal-
ibrations of Mann et al. (2013) to infer an average metallicity
of [Fe/H] = —0.38+0.07 dex (i.e. significantly metal-poor com-
pared to the Sun). We also used the line centres for Na I, Mg I,
Al K1, and Ca I to infer a heliocentric velocity of +15+6 km/s.
Combining this with the tangential velocity from Gaia Early
Data Release 3 (EDR3; Gaia Collaboration et al. 2021), we infer
the local standard of rest (LSR) UV W velocities listed in Table 2.

The significant negative V velocity relative to the LSR makes
this source a likely thick-disk star, based on the kinematic sample
of Bensby et al. (2003). Following the methodology of Bensby
et al. (2014), we compute membership probabilities of 0.3, 99.5,
and 0.2 per cent for the thin-disk, thick-disk, and halo pop-
ulations, respectively. Therefore, we reason that TOI-2406 is
a member of the thick disk, which is consistent with the in-
ferred sub-solar metallicity. We note that Gliese 213 is also a
high-velocity star with thick-disk kinematics and a slightly sub-
solar metallicity based on its near-infrared spectrum ([Fe/H] =
-0.27+0.05 dex).

3.2. SED fitting, empirical relations, and evolutionary
modelling

We performed an analysis of the broadband SED of the star to-
gether with the Gaia EDR3 parallax (with no systematic off-
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Table 2. Astrometric and photometric properties of the host star. 1: Gaia
EDR3 (Gaia Collaboration et al. 2021); 2: this work; 3: TIC (Stassun
etal. 2019); 4: Pan-STARRS (Chambers et al. 2016); 5: 2MASS (Skrut-
skie et al. 2006); 6: WISE (Cutri et al. 2021).

Property Value Source
Identifiers:

TOI 2406

TIC 212957629

LP 645-50

2MASS J00351318-0322140

Gaia ID 2528453161326406016
Astrometry:

RA (J2000) 00:35:13.22 [1]
Dec (J2000) —03:22:14.29 [1]
Ura (mas/yr) 226.01 +0.05 [1]
Upec (Mas/yr) -336.24 + 0.04 [1]
Parallax (mas) 17.98 £ 0.041 [1]
Distance (pc) 55.60 £0.13 [1]
Vian (km/s) 106.8 + 0.2 [1]
RV (km/s) +15+6 [2]
U (km/s) +1.5+0.9 [2]
V (km/s) -932+2.1 [2]
W (km/s) -46.4 +£5.2 [2]
Photometry:

TESS (mag) 14.31 [3]
BP (mag) 17.434 + 0.007 [1]
G (mag) 15.663 + 0.003 [1]
RP (mag) 14.393 + 0.004 [1]
g (mag) 17.7198 + 0.0081 (4]
r (mag) 16.5656 = 0.0037 [4]
i (mag) 14.9479 + 0.0084 [4]
z (mag) 14.2083 + 0.0037 [4]
y (mag) 13.8748 + 0.0049 [4]
J (mag) 12.633 £ 0.024 [5]
H (mag) 12.129 £ 0.024 [5]
K (mag) 11.894 £ 0.025 [5]
W1 (mag) 11.706 + 0.023 [6]
W2 (mag) 11.458 £ 0.022 [6]
W3 (mag) 11.049 £ 0.143 [6]
W4 (mag) > 8.593 [6]

set applied; see e.g. Stassun & Torres 2021), in order to deter-
mine an empirical measurement of the stellar radius, following
the procedures described in Stassun & Torres (2016); Stassun
et al. (2017, 2018). We pulled the grizy magnitudes from Pan-
STARRS, the JHKg magnitudes from 2MASS, and the W1-W3
magnitudes from WISE. We opted not to use the G, Ggp, Grp
magnitudes from Gaia, as these very broad filters are less ideal
than the narrower bandpasses that are available. Together, the
available photometry spans the stellar SED over the wavelength
range 0.4-10 um (see Fig. 5).

— TOI-2406
—— Gliese 213 (M4)

1.01

Normalized Flux (F,)

Wavelength (um)

1.2
—— TOI-2406
E 1.1 Nal —— Gliese 213 (M4)
Cal ;

= —— Difference
x 1.0 n m
=
L 0.9
©
(V]
N
©
S
—_
o
=2

0.5+ ; ; ; ; ; ; ; ;
2.18 2.20 2.22 2.24 2.26 2.28 2.30 2.32 2.34
Wavelength (um)

Fig. 4. SpeX/SXD near-infrared spectrum of TOI-2406 (black line)
compared to equivalent data for the M4.0 spectral standard Gliese 213
(data from Rayner et al. 2009; magenta line). Top: Full spectra, with the
uncertainty spectrum of TOI-2406 is shown in black along the bottom,
and regions of strong telluric absorption are indicated by the grey pan-
els. Bottom: Close-up of the K-band region for these two spectra, high-
lighting the metallicity-sensitive absorption features Na I (12.2079um)
and Ca I (12.2640um), as well as CO band heads. The difference be-
tween the spectra (blue line) is consistent with the measurement uncer-
tainties (grey band).

We performed a fit using the BT-Dusty stellar atmosphere
models (Allard et al. 2012), fitting for the effective temperature
(Tef), metallicity ([Fe/H]), and surface gravity (log g). The ex-
tinction (Ay) was fixed at zero due to the star’s proximity. The
resulting fit, with T,z = 3100 + 75 K, logg = 5.0 £ 0.5, and
[Fe/H] = —0.5 £ 0.5, is reasonably good (Fig. 5), with a reduced
x° of 1.4. Integrating the (un-reddened) model SED gives the
bolometric flux at Earth, Fyo = 3.53+£0.17x 10" erg s™' cm™2.
Taking the Fyo and T, together with the Gaia parallax, gives
the stellar radius, R, = 0.202 + 0.011 Re.

To assess the reliability of our stellar radius measurement, we
compared our SED model result to empirical relations for cool
stars. Both the Mann et al. (2015) Mg —R. relation and the Boy-
ajian et al. (2012) M, —R, relation (see discussion of M, in the
following paragraphs) return a stellar radius of 0.197 £0.010 R,.
This is in good agreement with our SED radius (0.507), which we
use as our final stellar radius estimate.

For the mass, we applied stellar evolutionary modelling, us-
ing the models for very low-mass stars presented in Fernandes
et al. (2019). We used as constraints the luminosity derived from
Fio1 and the Gaia EDR3 parallax (L, = 3.44 + 0.16 x 1073 L),
the metallicity inferred in Sect. 3.1, and assuming an age of >
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Fig. 5. SED fit of TOI-2406. The black curve is the best fitting BT-Dusty
model, red symbols are the observed fluxes (horizontal bars represent
the effective bandpass widths), and blue symbols are the model fluxes.

Table 3. Properties of the host star. Metallicity is based on the empirical
calibrations of Mann et al. (2014) and Newton et al. (2014).

Property Value Source
Sp. type M4 Spectrum
Teg (K) 3100 + 75 SED
[Fe/H] —0.38 £0.07  Spectrum
M.. Mp) 0.162 + 0.008  See text
R. (Ro) 0.202 £ 0.011 SED
Foor (10711 erg s'em™?) 3.53+0.17 SED
L. (1073 L) 340+0.16 SED
log g 5.037+0:03 M., R,
p. (gem) 27753 MR,

2 Gyr, in the absence of signs of a young star (e.g. no fast rota-
tion and no flares seen in the light curves; Sect. 2)°. We obtained
a stellar mass of 0.163+0.007 M. This uncertainty reflects the
error propagation on the stellar luminosity and metallicity, but
also the uncertainty associated with the input physics of the stel-
lar models (Van Grootel et al. 2018).

We also estimated the mass through the empirical relations,
the mass-Mg relation of Mann et al. (2019) and the mass-
luminosity relation of Benedict et al. (2016), finding values of
0.165 + 0.008 and 0.158 + 0.008 M., respectively. Combin-
ing these empirical estimates and our evolutionary modelling
value by a simple average, we obtain our final stellar mass es-
timate of 0.162+0.008 M,. Considering the stellar radius es-
timate from SED fitting, this gives a mean stellar density of
Px = 27.7:5‘:% gcm™3

4. Planet validation
4.1. TESS Data Validation Report

We initially vetted the target before obtaining further observa-
tions by examining the TESS Data Validation Report for Sector

3> The luminosity of very low-mass stars evolves very slowly with time
once the star has turned on core H-burning and has reached the main
sequence.
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30 (Twicken et al. 2018; Li et al. 2019). TOI-2406.01 was sum-
marised as a strong periodic transit signal with a phase-folded
S/N of 13.2. The odd and even transit depths agreed to within
0.60, and there was no apparent secondary eclipse. TESS uses
a large spatial pixel scale of 20”, making the aperture of a sin-
gle star ~1’, which could be contaminated by light from nearby
stars. The star has no resolved neighbours within 1 arcmin, and
those nearest are faint and do not provide enough light in the
aperture to produce the observed 2% deep signal. All other tests,
including centroid offset and ghost diagnostic, were also passed.

4.2. Follow-up photometry

The ground-based follow-up photometry allowed a two-fold test
of false-positive scenarios: first, by confirming the TESS signal
was on the expected star, and second, by assessing the transit
depth at multiple wavelengths. The follow-up photometry also
has much-improved precision over the TESS data, in particular
the SAINT-EX light curve, allowing a more stringent test of the
transit shape (see Sect. 4.4).

In contrast to the TESS large pixel scale, the follow-up pho-
tometry we obtained were extracted with apertures of a few arc-
seconds. No dimming events were seen on any nearby stars,
while we detected clear 2% transits on the target in each follow-
up light curve.

Our photometric observations comprised five different band-
passes — TESS, V, i’, z’, and Exo — covering a wavelength range
of approximately 500—1100 nm. This allowed us to test the chro-
maticity of the transit by measuring the depth individually in
each band. We find the depths to agree to better than 1.50-, and
no trend is seen with wavelength.

4.3. Archival imaging

We inspected archival images spanning 69 years to constrain the
presence of an astrophysical false positive signal at the current
position of TOI-2406. Given its high proper motion (405 mas/yr,
Gaia Collaboration et al. 2018), images taken as recently as 2008
are useful for this purpose. We also note that the nearest neigh-
bour in the Gaia catalogue is at a distance of 65and the re-
normalised unit weight error (RUWE) is 1.06; that is to say, the
target has no close neighbours and its astrometry is explained
well by a single-star model (Belokurov et al. 2020). In total,
we considered POSS I/DSS (Minkowski & Abell 1963; Lasker
et al. 1990), POSS II/DSS2 (Reid et al. 1991), 2MASS (Skrut-
skie et al. 2006), and SDSS-III (Alam et al. 2015) imagery, none
of which show any point sources at the current position of the
target. Fig. 6 shows a subset of these images.

The SDSS i and z images provide the tightest constraints on
background sources. The target is offset in these images by 4”79
from its current position. The reported magnitudes of the target
are 14.92 and 14.08 in i and z, respectively, and no other ob-
jects at the current position of the target are detected. Given the
magnitude limits of SDSS DR1 26 both of these images allow us
to rule out sources at the current position of the target that are
6.4 mag (360 times) fainter than TOI-2406. Thus, an undetected
background object could contribute no more than 0.3% of the
total flux we observe on-target. Even the worst-case scenario — a
100% drop in brightness on an object at the magnitude limit of
the SDSS images — would not account for the 2% transit feature
we observe. We conclude that the transit signal originates from

% https://www.sdss.org/dr12/scope/
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Fig. 6. Imaging of the current position of TOI-2406, spanning seven decades. Archival images from POSS I, POSS II, and SDSS are shown,
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during the SAINT-EX observations is highlighted. The archival images were retrieved using the astroquery (Ginsburg et al. 2019) interface to

SkyView’.

the TOI-2406 system and not from another astrophysical source
along the same line of sight.

4.4. False-positive likelihood

To fully vet the planet candidate, we utilised two open-source
software packages, triceratops (Giacalone & Dressing 2020;
Giacalone et al. 2021) and vespa (Morton 2012, 2015b). Both
of these simulate various false-positive scenarios, allowing a cal-
culation of the likelihood that the transit signal is caused by a
planet. To statistically validate the planet, we require a false pos-
itive probability (FPP) less than 0.01 (1%), as is typically used
in the field.

The triceratops tool was developed to aid in the vetting
and validation of TESS objects. The tool uses a Bayesian frame-
work that incorporates prior knowledge of the target star, planet
occurrence rates, and stellar multiplicity to calculate the proba-
bility that the transit signal is due to a planet transit or another
astrophysical source. The resulting FPP quantifies the probabil-
ity that the transit signal is attributed to something other than a
transiting planet. Using the TESS Sector 30 2-minute cadence
data, combined with the contrast curve obtained by the Zorro
speckle imaging, we obtain an FPP of 0.094, which lies above
the threshold for validation. However, the light curve obtained
by SAINT-EX provides tighter photometric constraints than the
TESS data. We modified the input to triceratops to instead
use the SAINT-EX light curve data. The resulting FPP is 0.001
using the light curve alone, and when also including the contrast
curve, the FPP is reduced to 3 x 10711,

We also assessed the candidate with vespa, a similar tool
that compares model light curves from distributions of eclips-
ing binaries (EBs), including hierarchical eclipsing binaries
(HEBs) and background eclipsing binaries (BEBs), plus plan-
etary transits. The stellar populations first are generated using
isochrones (Morton 2015a), with inputs of the star’s parallax,
broadband magnitudes from Table 2, and stellar effective tem-
perature and metallicity given in Table 3. For inputs into vespa,
we used the transit properties from our MCMC analysis (see
Sect. 6), the star’s coordinates and a secondary eclipse thresh-
old of 4.5 ppt to constrain the false positive scenarios. We first
evaluated using the 2-minute cadence TESS Sector 30 data and
an aperture size of 60" (3 TESS pixels), finding an FPP of 0.078,
again above the threshold required. We then used the higher-

precision SAINT-EX light curve and an aperture size of 12",
and found the FPP to be less than 107°.

With the triceratops and vespa computed false positive
probabilities both much less than one per cent, we consider the
candidate signal to be a validated exoplanet, TOI-2406 b.

5. Planet searches and detection limits from the
TESS photometry

In this section we aim to search for additional planets in the
available data and establish detection limits. To search for ex-
tra planets, we used our custom pipeline SHERLOCK (Pozuelos
et al. 2020; Demory et al. 2020) ®. The SHERLOCK package pro-
vides the user with easy access to Kepler, K2, and TESS data
by searching for and downloading the PDC-SAP flux data from
NASA’s Mikulski Archive for Space Telescope (MAST). Alter-
natively, the user may instead provide the data in a .csv file if
needed. Then, due to the associated risk of removing transit sig-
nals, in particular short and shallow ones, SHERLOCK applies
a multi-detrend approach to the nominal light curve by means
of the wotan package (Hippke et al. 2019). Hence, the nomi-
nal light curve is detrended a number of times using a bi-weight
filter by varying the window size. This strategy allows the user
to maximise the signal detection efficiency (SDE) and the S/N
of the transit search, which is performed over the nominal light
curve, jointly with the new detrended light curves, by means
of the transit least squares (TLS) package (Hippke &
Heller 2019). TLS uses an analytical transit model based on the
stellar parameters and is optimised for the detection of shallow
periodic transits. Once a transit signal is detected with a mini-
mum S/N of 5, SHERLOCK implements a mask for such a candi-
date and keeps searching in a new run. This operation is repeated
until no more signals with S/N>5 are found in the dataset.

For Sector 3 we made use of the FFI light curve described
in Sect. 2. For Sector 30 we used the 30- and 2-minute cadence
light curves provided directly by SHERLOCK, which utilises the
ELEANOR package to access the FFI (Feinstein et al. 2019). In
all cases, we recovered the candidate issued by TESS with an
orbital period of 3.07 d in the first run. However, no other signals
were found, suggesting that: (1) no other planets are present in

8 The SHERLOCK (Searching for Hints of Exoplanets fRom
Lightcurves Of spaCe-based seeKers) code is fully available on
GitHub: https://github.com/franpoz/SHERLOCK
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Fig. 7. Injection-and-recovery tests performed to check the detectabil-
ity of extra planets in the system. We explored a total of 663 different
scenarios and five different phases each for a total of 3315 simulations.
Then, each pixel evaluated about 20 scenarios, that is, 20 light curves
with injected planets having different Ppanet, Rpianet, and Tp. Larger re-
covery rates are presented in yellow and green colours, while lower re-
covery rates are shown in blue and darker hues. Planets smaller than
1.5 Ry would remain undetected for the full set of periods explored.

the system; (2) if they do exist, they do not transit; or (3) they
exist and transit, but the photometric precision of the dataset is
not enough to detect them, or they have longer periods than the
ones explored with the dataset in hand. If scenario (2) is true,
extra planets might be detected by radial velocity follow-up, as
discussed in Sect. 7.

To evaluate scenario (3), we studied the detection limits of
the current dataset by performing injection-and-recovery exper-
iments over the 2-minute cadence PDC-SAP light curve of Sec-
tor 30. We made use of the MATRIX ToolKit °. We explored
the Rpjanet—Pplanet Parameter space in the ranges of 0.7 to 4.0 Rg
with steps of 0.2 Rg, and 0.5-10 d with steps of 0.25 d, for a
total of 663 different scenarios. MATRIX ToolKit allows the
user to choose a multi-phase approach (i.e. each scenario is ex-
plored using a number of different values of Tj). For simplicity,
we assumed the impact parameters and eccentricities of the in-
jected planets were zero. It is worth noting that before to start
the search for new candidates we masked the transit times corre-
sponding to TOI-2406 b and we detrended the light curves using
a biweight filter with a window-size of 0.18 d, which was found
to be the optimal value during the SHERLOCK’s runs. Moreover,
as we injected the synthetic signals in the PDC-SAP light curve,
the signals were not affected by the PDC-MAP systematic cor-
rections; therefore, the detection limits should be considered as
the most optimistic scenario (see e.g. Pozuelos et al. 2020; Eis-
ner et al. 2020).

In our case, we explored five phases for a total of 3315 dif-
ferent scenarios. A synthetic planet was defined as ‘recovered’
when its epoch was detected with 1 h accuracy and if its period
was detected better than 5%. The results are shown in Fig. 7,
which allowed us to reach several conclusions from this test.
First, we could hardly detect the presence of planets of any
size in the range explored with orbital periods >4 d, where we
obtained a recovery rate of <20%. Second, for orbital periods
<4 d we could detect smaller planets, down to a minimum size
of ~1.5 Rg for orbital periods <1 d. Hence, we may rule out
the presence of such planets; if they existed and transited, they
would be easy to detect, with recovery rates ranging from 80 to
100%. Finally, planets smaller than 1.5 Rg would remain unde-
tected for the full set of periods explored.

® The MATRIX ToolKit (Multi-phAse Transits Recovery from
Injected eXoplanets ToolKit) code is fully available on GitHub:
https://github.com/martindevora/tkmatrix
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6. Transit analysis
6.1. MCMC procedure

All the light curve data detailed in Sect. 2 were fit simulta-
neously via an MCMC procedure. To do this, we utilised the
PyTransit (Parviainen 2015) implementation of the Mandel
& Agol (2002) quadratic limb-darkening transit model, and the
emcee (Foreman-Mackey et al. 2013) implementation of the
affine-invariant ensemble sampler (Goodman & Weare 2010).
We fitted eight parameters of the system: the planet-to-star
radius ratio (Rp/R,), transit epoch (Ty), orbital period (P), im-
pact parameter (b), eccentricity (e), longitude of periastron (w)
and the stellar radius (R,) and mass (M.). The planet’s semi-
major axis in stellar radii (a/R.) was computed from the stellar
density (from R,, M.) and orbital period, using Kepler’s third
law. We also fitted the quadratic limb-darkening coeflicients
(LDCs), u; and uy, for each of the five photometric bands cov-
ered by the transit data (TESS, V, i’, z’, Exo). Gaussian priors for
the LDCs were computed using PyLDTk (Parviainen & Aigrain
2015), which uses the stellar spectrum model library of Husser
et al. (2013). We increased the widths of the computed priors by
a factor of five to account for the model-dependent uncertainties.
For each dataset, we included the out-of-transit baseline as a free
parameter with a Gaussian prior centred on unity with a width of
0.01. Detrending vectors for airmass and the full width at half
maximum were also fit for the ground-based data. An extra vec-
tor for sky background was also included for the EDEN/VATT
data, because observations started during twilight. Each vector
was generated by multiplying the telescope-recorded property
by a scale factor, which was fitted in the MCMC. Each scale
factor had a normal prior centred on zero, with a width of 0.1.

6.2. Results

The MCMC detrended and transit modelled light curves are
shown in Fig. 8. The posterior distributions for the eight fitted
transit properties can be found in Appendix A. The fitted transit
properties are given in Table 4 with their 1o confidence levels.
Most notably, we find the planet to have a radius of 2.94+0.17 Rg
and an eccentricity of 0. 26”’8 g, which leads to longer transits
than compared to a circular orbit. We also predict some prop-
erties based on the estimated planet mass. We compared plane-
tary masses predicted by the mass-radius relationships of Chen
& Kipping (2017), Ning et al. (2018) and Kanodia et al. (2019).
We find the mass posteriors of both Ning et al. (2018) and Kan-
odia et al. (2019) are considerably lower than for Chen & Kip-
ping (2017), and extend down to unphysically low masses. We
therefore elect to use the Chen & Kipping (2017) mass estimate
in this work, but reason it could be somewhat over-estimated and
so could be seen as more of an upper limit.

6.3. Eccentricity

Our transit model fit heavily favours a non-zero eccentricity (see
Fig. 9) and a longitude of periastron around 270° (cosw = 0).
This is due to the prior on the stellar density (through the stellar
radius and mass) and the photometry exhibiting a longer tran-
sit duration than expected for a circular orbit. Given the old
age of the host star, one might expect eccentricity dampening
to have produced a near-circular orbit by now. We discuss this
is detail in Sect. 7.2. To test the case of a circular orbit, we
proceeded with another MCMC analysis, similar to the one de-
scribed above, with the exception of fixing the eccentricity at
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Fig. 8. Phase-folded transit light curves of TOI-2406 b. From left to right and from top to bottom: TESS Sector 30 2-minute-cadence, SAINT-
EX 7', LCO i’, EDEN/VATT V, TRAPPIST-South Exo, and TESS 30-minute FFI. Each light curve has been corrected for the median trend and
baseline from the MCMC fit. The median transit model is also over-plotted. The TESS 2-minute data (grey points) have been binned by a factor
of 15 to produce the black data points, with error bars corresponding to the scatter within each bin.

zero. While a good fit was obtained, the values of the fitted stel-
lar radius (0.227 +0.005 Ry) and mass (0.156 + 0.008 M,,) differ
from the priors by 20 and 10, respectively. As shown in Fig. 9,
this corresponds to a much lower stellar density compared to the
eccentric case, which is at odds with our inferred stellar proper-
ties.

To confirm our analysis was reliable, we also used
EXOFASTv2 (Eastman et al. 2013, 2019) to simultaneously fit
(a) the observed TESS and SAINT-EX light curves with a transit
model, (b) the broadband photometry and the Gaia EDR3 paral-
lax (assuming zero Ay extinction) with an SED based on MIST
atmospheres, and (c) constraints on the stellar mass and radius
with MIST stellar evolution models. Thus, our EXOFAST analysis
allows us to explore the circular and eccentric cases, while en-

forcing the astrophysical constraint of a realistic stellar radius for
alow-mass M dwarf. We used a Gaussian prior on the metallicity
and the parallax, and because TOI-2406 is close to the 0.1 Mg
limit of the MIST stellar models, we used a Gaussian prior on
the mass with the values reported in Sect. 3, which are based on
stellar models that more appropriate for an M4 dwarf. We used
uniform priors for the stellar radius and for the effective temper-
ature. For the eccentric case, we find very similar results, with
a non-zero eccentricity preferred (e=0. 35*8 ?g) while the stellar
and planetary and parameters are consistent within their 1o~ un-
certainties with those in Table 4. Forcing the orbit to be circular
and, given the stellar radius constraints from the SED and stellar
models, EXOFAST is not able to fit the SAINT-EX photometry. In
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Table 4. Median properties with 1o confidence levels, from the transit
analysis. "Calculated with a Bond albedo of zero.

Property Value
Fitted parameters:

Ty (BJD-2450000) 9115.97547 + 0.00027
P (d) 3.0766896 + 6.5 x 107°
R,/R, 0.1322 + 0.0020
b (R.) 0.16*013

Ve cosw 0.0670:22
Vesinw —0.358* 0401
R. (Ro) 0.204 + 0.011
M. Mp) 0.162 + 0.008
Limb-darkening:

u; TESS 0.313 £ 0.059
u, TESS 0.39+0.11
u; 7’ 0.240 + 0.045
u, 7’ 0.354 + 0.088
u i’ 0.337 + 0.066
u i’ 0.37+0.11

uy v 0.56 +0.13
w vV 0.21 £0.17
u; Exo 0.268 + 0.064
uy Exo 0.25+0.12
Derived parameters:

R, Re) 2.94*047
a/R, 24.0119

a (AU) 0.0228 = 0.0016
i) 89.637031

e 0.26977
w(®) 279%]

Sp (Sa) 6.5
Teq" (K) 447 + 15
Predicted parameters:

M, (Ma) 9.1,

K (m/s) 14.9+20
TSM 1158
ESM 4.12f8:g§

other words, we do not find a solution with a circular orbit that
is consistent with a physically realistic radius of the star.

As detailed in Sect. 3.2, there is good agreement between
empirical estimates of the stellar mass and radius and our stellar
models. We are therefore confident in the accuracy of our pa-
rameter estimates, and, consequently, also in our stellar density
estimate. Thus, given the above, we consider that a circular or-
bit is not likely for TOI-2406 b. We present our preferred best fit
and resulting stellar and planet properties for an eccentric orbit
in Table 4. For completeness, we include the circular orbit so-

Article number, page 10 of 17

60000 —  — E§centrlc poste'nor
[ Circular posterior
1 Prior
< 40000
Q
(]
£ 1
0
20000 -
0 Al Tﬂﬂﬂﬂﬂﬂ”ﬂﬂ”mmmmmmmm_ .
20 30 40
Stellar density (g/cm?3)
~1.0
2
10000 | L 0.8 2
Q
@
€ 8
3 I -0.6 5
© o
£ I =
@ 5000 04
H =]
1S
H =]
-0.20
I
0 T T T T T T 0.0
0.0 0.2 0.4 0.6 0.8 1.0

Eccentricity

Fig. 9. Posterior distributions from the MCMC fitting procedure. Top:
Stellar density posterior distributions for both the eccentric and circu-
lar orbit cases. The prior distribution is over-plotted (arbitrarily scaled),
calculated from the stellar mass and radius in Table 3. Bottom: Eccen-
tricity posterior distribution for the eccentric orbit case. The cumulative
probability curve is over-plotted, showing very little agreement with a
circular orbit.

lution in Appendix B, but we emphasise that a circular orbit is
not preferred from the current data and analysis, and tends to an
unphysical stellar radius.

7. Discussion
7.1. Formation

The formation of close-in planets is commonly explained by core
accretion and migration (e.g. Alibert et al. 2013; Lambrechts
et al. 2019). Both planetesimal-based (Ida & Lin 2004; Mor-
dasini et al. 2012; Emsenhuber et al. 2020b) and pebble-based
(Briigger et al. 2018; Bitsch et al. 2019) models are able to repro-
duce the observed metallicity correlation for giant planets (Gon-
zalez 1997; Santos et al. 2004). For lower planetary masses, the
general metallicity trend weakens (Mayor et al. 2011; Buchhave
et al. 2012) but remains positive for planets at P < 10 days (Mul-
ders et al. 2016; Petigura et al. 2018). In the following, we briefly
put the detection of a large sub-Neptune around a low-metallicity
host star into the perspective of current planet formation models.

Planetesimal-based models (e.g. Emsenhuber et al. 2020a)
assume the bulk of the solid material to coagulate into planetes-
imals at an early time. Planetesimal formation models predict
a significantly steeper planetesimal surface density due to ra-
dial drift of pebbles (Drazkowska & Alibert 2017; Lenz et al.
2019). This process can increase the amount of solids available
in the inner regions of the disk, but the total solid mass in the
system remains correlated to the dust to gas ratio of the disk.
As the growth of inward-migrating planets — in this planetesi-
mal accretion scenario — is limited by the solid reservoir interior
to its starting location (Ida & Lin 2008), a statistical correlation
with the initial dust-to-gas ratio of the disk is predicted by these
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models. The observed stellar metallicities are taken as a proxy to
prescribe the total dust-to-gas ratio of the disk.

While this is mostly relevant for large planetary masses
around solar-type stars, it becomes important for low-mass plan-
ets around lower stellar masses. Recent ALMA measurements
showed that the disk mass is related to the stellar mass with
a steeper-than-linear trend (Pascucci et al. 2016; Ansdell et al.
2017). Therefore, much less material might be present around
low-mass stars.

The recent planetesimal-based simulations of Burn et al.
(2021) linearly scale Class I disk-mass estimates (Tychoniec
et al. 2018) to stellar masses of 0.1 M. The reason for the linear
scaling is due to an identified evolutionary trend in the Class II
measurements (Pascucci et al. 2016; Ansdell et al. 2017) and can
therefore be interpolated back in time to get an ’initial” relation.
The Burn et al. (2021) work is based on the updated Bern model
of planet formation (Emsenhuber et al. 2020a) and one of the
recent theoretical works addressing low-mass stars and making
use of the improved observational disk constraints. The model is
well suited for comparison to observations by consistently evolv-
ing planetary atmospheres over Gyr timescales in order to cal-
culate planetary radii. The results are in general agreement to
studies more focused on individual aspects (e.g. Coleman et al.
2019; Schoonenberg et al. 2019 for the TRAPPIST-1 system, or
Miguel et al. 2020 who do not vary the stellar metallicity or dust-
to-gas ratio and can therefore not be used for our purposes).

In the population synthesis results of Burn et al. (2021) for a
0.1 M, star, which are shown in Fig. 10, a strong dependence
on the sampled metallicity is present. In these planetesimal-
accretion simulations, the conditions around low-metallicity
hosts never allows for growth of planets to sizes comparable to
TOI-2406 b. Instead, only in a few high-metallicity disks — out
of the 1000 cases simulated — some similar-sized planets form.

Reproducing TOI-2406b in a planetesimal-based, core-
accretion model is very challenging. Given the steeper-than lin-
ear ALMA measurements, it is unrealistic to further increase
total disk masses. Another pathway to increase growth is a re-
duction in migration timescales. However, this is only efficient
where planets grew to significant mass in the early, in situ growth
phase. Given the already accretion-favourable parameter choices
for planetesimal sizes and dust opacities in the simulations, we
conclude that the detection of TOI-2406b poses a significant
challenge for core-accretion models based on planetesimal ac-
cretion.

If the main solid accretion channel is dominated by pebbles
instead of planetesimals (Ormel & Klahr 2010), growth is lim-
ited by the pebble isolation mass, which scales linearly with the
stellar mass (Liu et al. 2019). Therefore, the limit does not de-
pend (to first order) on metallicity. However, there is an indirect
dependence in a cooling protoplanetary disk: longer pebble ac-
cretion timescales in low-metallicity disks lead to planets reach-
ing the pebble isolation mass at later times. Therefore, the tem-
perature has further decreased, and the scale height is reduced
(Bitsch et al. 2019). This is also why the environment of the star
can influence the metallicity correlation (Ndugu et al. 2018).

The analysis in the pebble accretion scenario for low-mass
star by Liu et al. (2019) shows some potential to form Earth-
mass planets around late M dwarfs in rare cases with only a
weak dependence on stellar mass. However, Liu et al. (2019)
assumed the presence of millimetre-sized pebbles independent
of metallicity. It remains to be explored if grains can coagulate
on short-enough timescales to build up the required flux of drift-
ing pebbles at low metallicities (Birnstiel et al. 2016) and if seed
planetesimals can grow (Johansen et al. 2009, e.g. by stream-
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Fig. 10. Semi-major axis versus radius distribution of synthetic and
observed planets. To put TOI-2406b into perspective, the popula-
tion of predicted core-accretion planets from the 0.1 M, case in Burn
et al. (2021) is shown. The metallicity of the host stars is colour-
coded and used in the theoretical calculations as a proxy for the ini-
tial planetesimal-to-gas-mass ratio. The metallicity and planetary radii
for TRAPPIST-1 are taken from Delrez et al. (2018b) and Agol et al.
(2021), respectively; those for LHS 1140 from Ment et al. (2019) and
Lillo-Box et al. (2020); and those for GJ 1214 from Anglada-Escudé
et al. (2013). Those systems are in better agreement with the theoretical
calculations than TOI-2406 b.

ing instability). In principle, dust growth should be significantly
slower in low-metallicity environments. However, growth and
therefore pebble accretion timescales are also sensitive to tur-
bulence, fragmentation thresholds, and disk sizes (Drazkowska
etal. 2021).

There is a strong tension between planetesimal accretion
predictions and TOI-2406b. In contrast, its presence is more
naturally produced in the pebble accretion scenario, which is
therefore the favoured mode of accretion for this planet. How-
ever, open questions about the required pebble and planetesimal
growth remain. Also, we cannot rule out formation via gravita-
tional instability, where the planet could form far out in the disk
and then migrate and downsize (Nayakshin 2010; Forgan et al.
2018). TOI-2406 therefore presents a benchmark case for future
investigations: a large sub-Neptune planet around a significantly
metal-poor M dwarf.

7.2. Orbital excitation

Given the age of the system is expected to be ~11 Gyr, we would
not expect the planet to retain a non-zero eccentricity. Following
Goldreich & Soter (1966), using a tidal quality factor (Q’) of 10°,
similar to the value expected for Neptune (0.9-33x10*, Goldre-
ich & Soter 1966; Banfield & Murray 1992; Zhang & Hamilton
2008), and the predicted planetary mass, we find an eccentric-
ity dampening timescale of 0.25 Gyr. This is much shorter than
the expected age of the system, and therefore we would expect
the planet’s orbit to have been circularised by tidal dissipation.
However, we find an eccentricity of ~0.2 is needed to fit the tran-
sit (see Sect. 6.3). A value for Q' of 4.4 x 10° is needed for the
timescale to approach the expected age of the system, which is
much higher than estimated for Neptune.

TOI-2406 appears to be the fourth planetary system to host
a single (sub-) Neptune on a short (P<10d), eccentric orbit; the
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others being, GJ 436 (Butler et al. 2004), GJ 674 (Bonfils et al.
2007), and TOI-269 (Cointepas et al. 2021). The GJ 436 system
has been particularly well studied, which consists of a 0.4 Mg
M dwarf, with a Neptune on an eccentric (¢ = 0.162 = 0.004;
Lanotte et al. 2014) 2.6 d orbit. For this system, another solution
has been proposed where the planet’s eccentricity is caused by
interaction with another planet or a bound star (Maness et al.
2007; Ribas et al. 2008; Beust et al. 2012). However, searches
for such companions have not been rewarding (Ribas et al. 2009;
Ballard et al. 2010; Lanotte et al. 2014). One further possibility
is that a recent encounter with a nearby star may have perturbed
the orbit, and the circularisation will complete in the next few
hundred megayears. Here we highlight a possible trend in these
systems, noting that the host stars are all mid-M dwarfs, pointing
to a likely common mechanism allowing eccentricity to be raised
and remain high.

TOI-2406 represents the most extreme difference between
age of the system and its tidal circularisation timescale. For TOI-
2406 b, it is tempting to explain this disparity by a bound com-
panion to the star. This companion could cause an eccentricity
excitation via direct dynamical interaction or through Lidov-
Kozai cycles (Lidov 1962; Kozai 1962; Wu et al. 2007). An ob-
ject more massive than an ~MS8 star is ruled out beyond roughly
6 AU by speckle imaging, and hotter stars within this distance
would be seen in the near-infrared spectrum. Therefore, the mass
of any potential companion is limited to lower-mass objects,
such as a brown dwarf or a second planet in the system. Such
objects could be detected by a future radial velocity programme.

7.3. Potential for radial velocity observations

Deriving the mass of TOI-2406 b would not only give us another
validation of the planetary nature but would also allow us to de-
rive the full orbital parameters, such as the argument of perias-
tron (w), as well as better constrain the eccentricity. Better con-
straining the eccentricity will in turn help us to put constraints
on the dynamical history of this system (see Sect. 7.2).

The mass we have estimated for TOI-2406 b, combined with
the derived orbital parameters, indicates a semi-amplitude of
14.9*120 m/s. Given the faintness of the star, the detection of
this shallow signal is challenging even for state-of-the-art instru-
mentation and requires a great deal of observing time. For sta-
bilised optical spectrographs like ESPRESSO (Pepe et al. 2010),
fed by the 8 m unit telescope of the VLT, we expect a radial-
velocity (RV) precision of about 40 m/s for a single measurement
with a 15 min exposure. Thus, 80 to 100 measurements would be
needed for a 30~ detection of the RV signal.

Stabilised high-resolution infrared spectrographs have be-
come operational in the past years that make it possible to in-
vestigate such very red stars more efficiently. For example, us-
ing the same telescope aperture and same exposure time as
for ESPRESSO, but instead the newly commissioned CRIRES*
(Dorn et al. 2014) spectrograph (which will become available in
October 2021), would lead to one order of magnitude better pre-
cision. Assuming that the instrumental systematics are well un-
derstood (Figueira et al. 2010), a 30~ detection of the RV signal
would be possible with only 12 measurements. The combined
measurements would allow the stellar parameters as well as the
vsini of TOI-2406 to be further constrained. Furthermore, any
deviation from the expected RV signal would allow one to draw
hints on the presence of possible further bodies orbiting TOI-
2406.

Given this further prospect, the direct mass determination
of TOI-2406 b will soon become feasible and allow us to better
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Fig. 11. Suitability of TOI-2406 b for transmission spectroscopy stud-
ies. The top panel shows the complete sample of known transiting ex-
oplanets, while the bottom panel focuses on the coolest ones amenable
to study. TOI-2406 b, highlighted in both panels, is among the most ac-
cessible cool planets for atmospheric studies. Planets are colour-coded
by the radius bins of Kempton et al. (2018). Filled circles indicate plan-
ets with mass measurements, while outlined circles indicate those with
masses estimated from empirical mass-radius relations. Some highly ac-
cessible planets smaller than Neptune are named and highlighted with
black outlines in the bottom panel.

constrain its composition and atmospheric parameters for future
transmission spectroscopy.

7.4. Potential for transmission spectroscopy

One of the primary allures of planets transiting small stars is
the potential to study their atmospheres in detail. Relatively cool
planets like TOI-2406 b are most amenable to studies via trans-
mission spectroscopy (e.g. Lustig-Yaeger et al. 2019). Thus, we
consider here atmospheric follow-up of TOI-2406 b via this tech-
nique.

We assessed the potential for studies of TOI-2406b in
transmission using the transmission spectroscopy metric (TSM;
Kempton et al. 2018). We calculated the TSM for all transiting
exoplanets in the NASA Exoplanet Archive'” with a reported
stellar radius and effective temperature, and a planetary radius
and semi-major axis. Following the definition of the TSM, we
estimated planetary masses for those without measured ones us-
ing the empirical mass-radius relation (Chen & Kipping 2017;
Louie et al. 2018). Using the planet-size bins of Kempton et al.
(2018), this translated to samples of 296, 611, 202, and 134 mea-
surements for terrestrials (R, < 1.5Rg), small sub-Neptunes
(1.5 < R, < 2.75 Rg), large sub-Neptunes (2.75 < R, < 4.0Rg),
and sub-Jovians (4.0 < R, < 10Rgy), respectively. Using the
parameters derived here (Table 4), we also calculated the TSM
for TOI-2406Db, a planet that we note falls into the large sub-
Neptune size bin at 20" confidence.

10 Accessed 24 Feb 2021.
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As seen in Fig. 11, we find that the TSM of TOI-2406b
is higher than those of all but 3.0% of the 1243 planets we
surveyed. For the large sub-Neptunes, it is higher than all but
2.0% of the sample. In fact, only four large sub-Neptunes have
higher TSMs: GJ 1214 b (Charbonneau et al. 2009), K2-266 b
(Rodriguez et al. 2018), HD 191939b (Badenas-Agusti et al.
2020), and TOI-1130b (Huang et al. 2020). These have equi-
librium temperatures, assuming zero Bond albedo and full day-
night heat redistribution (following the definition of the TSM),
of 580-1510 K - significantly hotter than the 447 + 15K equi-
librium temperature of TOI-2406b'!.

While the final say in the suitability of TOI-2406 b awaits a
mass measurement, it is likely a target uniquely suited for studies
of relatively cool atmospheres in the large sub-Neptune regime.
Crossfield & Kreidberg (2017) note that the amplitude of atmo-
spheric features in transmission for warm Neptune-sized plan-
ets correlate with either equilibrium temperatures or bulk H/He
mass fractions. They argue that these correlations could point to
either hazier atmospheres at lower temperatures or more metal-
rich atmospheres for smaller planets (or both). Compared to the
warm Neptune sample analysed in that work, TOI-2406 b is both
relatively cool and small. Studies of its atmosphere in transmis-
sion with HST and JWST could thus be useful for further testing
both trends suggested by the current sample of Neptune-sized
planets.

8. Conclusions

We have presented the discovery and initial analysis of the planet
TOI-2406 b. The system consists of a large sub-Neptune orbiting
a low-mass member of the thick disk. It is a challenge to the core
accretion model of planet formation, where simulations strug-
gle to produce large planets around metal-poor, late-type stars.
This is particularly problematic for planetesimal-based models:
They may point towards a pebble accretion formation for TOI-
2406 b, which is more favourable. The planet also has a signif-
icant non-zero eccentricity at an age far beyond the estimated
circularisation timescale. Furthermore, the planet is expected to
be a good candidate for transmission spectroscopy in the warm
Neptune regime with JWST. However, a stronger prediction of
the expected S/N awaits a direct mass detection from radial ve-
locity observations, which are possible with the latest infrared
spectrographs at 10-metre-class telescopes.
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Appendix A: Transit fit posterior distributions
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Fig. A.1. MCMC posterior distributions for the fitted transit parameters. From left-to-right: the planet-to-star radius ratio, transit epoch
(BJD-2,450,000), orbital period (d), impact parameter, eccentricity and longitude of periastron parameterised as v/ecosw and /e sinw, and
the stellar radius and mass. The radius ratio, epoch, period, and stellar parameters can be seen to be Gaussian-like. However, the impact parameter
and the eccentricity and periastron distributions are non-Gaussian due to their degeneracy with one another. The detrending parameters and LDCs,
not shown here, are well represented by Gaussian distributions. This figure was made using corner . py (Foreman-Mackey 2016).

Article number, page 16 of 17



R.D. Wells et al.: A large sub-Neptune transiting the thick-disk M4 V TOI-2406

Appendix B: Circular orbit fit properties

Table B.1. Median properties with 1o confidence levels, from the transit analysis. We give values for both the eccentric and circular orbit cases.
We prefer the use of the eccentric model values in this work. We note that the eccentric orbit values given here are identical to those in Table 4 and
are shown as a comparison to the circular orbit values. TCalculated with a Bond albedo of zero.

Property Eccentric orbit Circular orbit Prior

Fitted parameters:

To (BJD-2450000) 9115.97547 £ 0.00027 9115.97501 + 0.00027 N(9115.975,0.1)

P (d) 3.0766896 + 6.5 x 10~° 3.0766882 + 6.5 x 107° N(3.07665,0.001)
R,/R, 0.1322 + 0.0020 0.1319 + 0.0018 U(0.001,0.4)
b (R.) 0.16*015 0.097+0.0%8 U0, 1)

Ve cos @ o.osfﬁéi o UC-1,1)
Vesinw ~0.358+0111 - U-1,1)

R. (Ro) 0.204 + 0.011 0.227 + 0.005 N(0.202,0.011)
M. (M) 0.162 + 0.008 0.156 + 0.008 N(0.162,0.008)
Limb-darkening:

u; TESS 0.313 + 0.059 0.315 +0.058 N(0.297,0.060)
u, TESS 0.39 + 0.11 0.39 +0.11 N(0.346,0.115)
u 7/ 0.240 + 0.045 0.236 + 0.044 N(0.223,0.047)
w7 0.354 + 0.088 0.337 + 0.088 N(0.303,0.097)
up i’ 0.337 + 0.066 0.333 + 0.066 N(0.321,0.071)
u i’ 0.37 + 0.11 0.36 +0.11 N(0.377,0.128)
uy v 0.56 + 0.13 0.54 +0.13 N(0.615,0.143)
wmV 0.21 + 0.17 0.20 +0.17 N(0.286,0.182)
u; Exo 0.268 + 0.064 0.267 + 0.065 N(0.330,0.069)
u, Exo 0.25 + 0.12 0.27 £0.12 N(0.359,0.124)
Derived parameters:

R, (Ro) 2.94*017 3.274008

P+ 26.9j3:3 18.8+0.9

a/R, 24041 24.0719

a (AU) 0.0228 + 0.0016 0.0254+0:9012

i(°) 89.6310 89.77+028

e 0.260%7 0

w (°) 279jg -

Sp (Se) 6.55% 6.5670 0

Teq' (K) 447 £ 15 447 + 15

Predicted parameters:

M, Ms) 9.13:; 10.8+83

K (m/s) 14.91 120 15.8%1%3

TSM sty 107+8

ESM 4120 4.10%0%
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