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ABSTRACT

The TESS mission searches for transiting exoplanets by monitoring the brightness of hundreds of thousands of stars across the entire
sky. M-type planet hosts are ideal targets for this mission due to their smaller size and cooler temperatures, which makes it easier to
detect smaller planets near or within their habitable zones. Additionally, M dwarfs have a smaller contrast ratio between the planet and
the star, making it easier to measure the planet’s properties accurately. Here, we report the validation analysis of 13 TESS exoplanet
candidates orbiting around M dwarfs. We studied the nature of these candidates through a multi-colour transit photometry transit
analysis using several ground-based instruments (MuSCAT2, MuSCAT3, and LCO-SINISTRO), high-spatial resolution observations,
and TESS light curves. We present the validation of five new planetary systems: TOI-1883b, TOI-2274b, TOI-2768b, TOI-4438b, and
TOI-5319b, along with compelling evidence of a planetary nature for TOIs 2781b and 5486b. We also present an empirical definition
for the Neptune desert boundaries. The remaining six systems could not be validated due to large true radius values overlapping with
the brown dwarf regime or, alternatively, the presence of chromaticity in the MuSCAT2 light curves.
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1. Introduction

Since it was launched on 18 April 2018, the Transiting
Exoplanet Survey Satellite mission (TESS, Ricker et al. 2015)
has provided 346 validated exoplanets and more than 6599 planet
candidates1. However, not every planet-like TESS object of inter-
est (TOI) ends up being a true exoplanet. There are many other
possible astronomical scenarios that can mimic a planetary sig-
nal, such as the presence of a brown dwarf or a background
binary system.

The nature of the host star plays a key role in determin-
ing the appropriate method for validating an exoplanet. Thus,
for those planets hosted by stars too faint for performing radial
velocity studies, it is extremely helpful to observe and anal-
yse multi-colour photometry from ground-based telescopes and
space missions to evaluate possible background contaminants,
allowing us to distinguish whether the source of the transit sig-
nal is a planet or not. If we were to study an inactive, bright,
and slowly rotating host star, we could validate whether the can-
didate is a planet by obtaining its mass through radial velocity
measurements. However, considering the characteristics of our
⋆Corresponding author; apelaez@iaa.es

1 From the NASA Exoplanet Exploration (TESS).

targets, most planets around M dwarfs are too faint for pre-
cise radial velocity measurements, ground-based multi-colour
transit photometry is the best method to validate the nature of
these candidates. By analysing the simultaneous light curves in
several filters, we evaluated the possible brightness contamina-
tion of the target by an unresolved source and we were able
to estimate the ‘true’ planet candidate radius through the ratio
between the estimated stellar radius and the uncontaminated
radius (Drake 2003; Tingley 2004; Parviainen et al. 2019, 2020,
2021; Esparza-Borges et al. 2022; Fukui et al. 2022; Morello
et al. 2023; Murgas et al. 2022).

With the discovery of more than 5000 exoplanets, the rela-
tion between the radii and the orbital period validated the
existence of a significant dearth of Neptune-sized (∼3–4 R⊕)
planets in orbital periods between 2 and 4 days. This scarcity
of objects cannot be explained by observational biases, as other
Neptune-sized planets have been found with longer periods and
it is easier to detect planets with shorter periods mostly by
using either transits or radial velocities methods. This region has
been called the ‘Neptune desert’ or ‘photoevaporation desert’
(Sanchis-Ojeda et al. 2014; Owen & Wu 2017; Jenkins et al.
2020). The photoevaporation phenomenon is the loss of atmo-
spheric mass due to high-energy irradiation from the host star.
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Although the number of known exoplanets in the desert is low,
they have a huge scientific value since these planets are either
halfway to losing their atmosphere or still have it (Lundkvist
et al. 2016; Mazeh et al. 2016; Lopez 2017).

In this work, we analyse multi-colour photometric observa-
tions of 13 TESS planet candidates orbiting faint M dwarf hosts:
TOI-1883.01, TOI-2274.01, TOI-2603.01, TOI-2768.01, TOI-
2781.01, TOI 4438.01, TOI-5205.01, TOI-5268.01, TOI-5319.01,
TOI-5344.01, TOI-5464.01, TOI-5486.01, and TOI-5641.01. We
used ground-based photometric observations in g, r, i, and zs
bands from MuSCAT2, MuSCAT3, and 1m-LCO photometry
together with TESS photometry.

In Sections 2, 3, and 4, we describe the observations used in
this study and the stellar parameters for each candidate. The data
treatment and the methods applied (light curve, validation and
contamination analysis) are explained in Section 5. We present
our results in Section 6. Finally, we discuss the planetary nature
of our candidates and conclude our analysis in Section 7.

2. TESS photometry

TESS observations involve high-cadence data collection in
specific sectors of the sky. The collected data were processed at
the TESS Science Processing Operations Center (SPOC; Jenk-
ins et al. 2016). A transit search was then carried out with the
combined Presearch Data Conditioning Simple Aperture Pho-
tometry (PDCSAP; Stumpe et al. 2012, 2014; Smith et al. 2012)
light curves with an adaptive, noise-compensating matched
filter (Jenkins 2002; Jenkins et al. 2010, 2020). This produced
a threshold-crossing event (TCE) with specific orbital periods
for which an initial limb-darkened transit model was fitted (Li
et al. 2019) and a suite of diagnostic tests were conducted to help
assess the possible planetary nature of the signal (Twicken et al.
2018). The TESS Science Office reviews and evaluates the data,
occasionally issuing alerts. This detection process applies to
TOI-2274.01, TOI-2603.01, and TOI-4438.01, which had 2 min
cadence observations.

The rest of the TOIs in our sample were first detected in
the inspection of the full-frame image data using the quick-
look pipeline (QLP; Huang et al. 2020; Kunimoto et al. 2021,
2022) and the faint target transit search at MIT. We summarise
the TESS observations of all our targets in Table 1, including
the TESS Input Catalog (TIC) number, TESS Sector(s), and the
signal-to-noise ratio (S/N) of the TESS observation.

The MUSCAT2 instrument (Narita et al. 2019) at the
Carlos Sanchez Telescope in the Teide Observatory is dedicated
to follow-ups of TESS planet candidates. Among its various
follow-up activities, MUSCAT2 is especially well suited for the
validation of planets around faint M dwarf stars. We prioritised
these observations at a high photometric accuracy to validate
their planetary nature via multi-colour observations (see the sec-
tion on methods). In this work, we summarise our observational
efforts during the 2021 and 2022 campaigns, when we gathered
successful observations for 13 M dwarf planet candidates suit-
able for multi-colour photometry validation. After our sample
was defined, we searched for and downloaded all the available
data on these same objects obtained within the TESS Followup
Official Program (TFOP) and available via ExoFOP2.

2 https://exofop.ipac.caltech.edu/tess/

3. Ground-based observations

The TESS pixel scale is ∼21′′ pixel−1 and photometric apertures
typically extend out to roughly 1 arcminute, generally causing
multiple stars to become blended within the TESS aperture. To
try to determine the true source of the detections in the TESS
data and refine their ephemerides and transit shapes, we con-
ducted ground-based photometric follow-up observations (also
detailed in Table 1) as part of the TESS Follow-up Observing
Program3 Sub Group 1 (TFOP; Collins 2019), using several
facilities.

3.1. Optical spectroscopy

Low-resolution spectra were acquired with the Alhambra Faint
Object Spectrograph and Camera (ALFOSC) mounted at the
Cassegrain focus of the Nordic Optical Telescope (NOT) on
the Roque de los Muchachos Observatory (La Palma island).
ALFOSC is equipped with a Teledyne e2v 2048 × 2048 detec-
tor that has a projected pixel size of 0.′′21 on the sky. During the
observations, we windowed the detector along the direction per-
pendicular to the spectral axis to a size of 500 × 2048, which
is sufficient for the low-resolution, long-slit observing mode.
The observing set-up consisted of a 1 arcsec-width slit and the
grism #5, which has a inbuilt order-blocker filter. This instru-
mental configuration yielded optical spectra with a dispersion
of 3.5 Å pix−1 over the wavelength interval 5100–9750 Å and
a spectral resolution of 16 Å. Table 2 provides the log of the
ALFOSC observations including target names, observing dates
(universal time, UT), exposure time, and airmass.

Raw data were corrected for bias and flat-fielded by using
well-illuminated images taken before the observing nights. Spec-
tra were optimally extracted with IRAF routines and calibrated
in wavelength with ThAr arcs taken with the same instrumen-
tal configuration as the targets. Wavelength calibration had an
accuracy of 0.4–0.5 Å. The observations of two spectroscopic
flux-standard stars (BD+174708 and HD 84937) on two differ-
ent nights allowed us to correct the observations for instrumental
response. These two sdF standards have tabulated fluxes in IRAF
directories. We did not correct for atmospheric extinction due
to the Earth’s atmosphere because our data mostly covered red
optical wavelengths, at which differential extinction is not sig-
nificant. The two observed spectra per target were combined into
a single 1D spectrum to increase the S/N of the data. The final
spectra are shown in Figure G.14, where some of the strongest
atomic and molecular features are labeled.

We derived the spectral types of our targets by direct com-
parison of the ALFOSC data with the library of empirical stellar
spectra of Kesseli et al. (2017). The templates cover spectral
types O5 through L3 with a resolving power of about 2000. We
degraded the resolution of the templates to that of the ALFOSC
data. The results are summarised in the column ‘SpT’ of Table 2.
The M-type dwarfs are shown in Figure G.1 together with a few
of the Kesseli et al. (2017) spectra, illustrating the good match
between our observations and the templates. All classified M
dwarfs have ALFOSC spectra compatible with solar metallicity
in the interval [Fe/H] = [−1, +0.5] dex. Given the low-resolution
nature of our data, we could not obtain a more restrictive con-
straint on metallicity. This metallicity determination is also com-
patible with the targets’ location in color-magnitude diagrams

3 https://tess.mit.edu/followup
4 Appendices are available in Zenodo as camera-ready material
https://zenodo.org/records/13326858
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Table 1. Targets, TICs, TESS sectors, S/N, instruments used for observations, and filters and dates for each target in the sample.

TOI ID TIC TESS Sector TESS S/N Ground-based
Photometry Filters Date

1883.01 348755728.01 8, 35 11 MuSCAT2,
MuSCAT3

g, r, i, zs
g, r, i, zs

14.03.2021,
23.03.2022,
11.02.2021

2274.01 289164482.01 14, 26, 40 10.7

MuSCAT2,
MuSCAT3,
SINISTRO,
SINISTRO

g, r, i, zs
g, r, i, zs
zs
zs

19.03.2021,
19.03.2022,
21.10.2020,
09.08.2021

2603.01 176772671.01 35 24.9 MuSCAT2 g, r, i, zs 30.12.2021

2768.01 43556801.01 6, 33 15 MuSCAT2,
SINISTRO

g, r, i, zs
i

18.10.2021,
23.01.2022

2781.01 317417916.01 6, 33 17 MuSCAT2 g, r, i, zs 08.11.2021

4438.01 22233480.01 40 14.2 MuSCAT2 g, r, i, zs
16.05.2022,
01.05.2023

5205.01 419411415.01 41 MuSCAT2 g, r, zs 20.05.2022

5268.01 202468443.01 41, 48, 49 24 MuSCAT2 g, r, i, zs 24.03.2022

5319.01 246965431.01 18, 42, 43 – MuSCAT2 g, r, i, zs 20.11.2022

5344.01 16005254.01 43, 44 30 MuSCAT2 g, r, i, zs 18.12.2022

5464.01 171646471.01 45, 48 20 MuSCAT2,
MuSCAT3

g, r, i, zs
zs

18.12.2022,
26.04.2022

5486.01 291109653.01 23, 46, 50 20 MuSCAT2 g, r, i, zs
27.05.2022,
12.02.2023

5641.01 141202786.01 49 – MuSCAT2 g, r, i, zs 08.03.2023

Table 2. NOT ALFOSC spectroscopic observations.

Target UT date Texp Air mass SpT
(s)

TOI-2274 2023 Mar 19 2× 700 1.15 M0.5± 0.5
TOI-2603 2022 Dec 01 2× 900 1.75 M1.0± 0.5
TOI-2768 2022 Dec 01 2× 600 1.40 M0.0± 0.5
TOI-2781 2022 Nov 29 2× 800 1.90 M1.0± 0.5
TOI-4438 2023 Mar 19 2× 900 1.16 M4.0± 0.5
TOI-5319 2022 Nov 29 2× 400 1.50 M3.0± 0.5
TOI-5486 2022 Nov 30 2× 600 1.70 M2.5± 0.5

using the Gaia trigonometric parallax, where they appear on top
of the main sequence of early-M type stars and clearly deviate
from the locii of metal-depleted M dwarfs ([Fe/H] ≤ −1 dex).
TOI-2603 (M1.0±0.5) shows Hα in emission with a pesudo-
equivalent width pEW = −1.6± 0.2 Å, which may hint at stellar
variability. At the resolution of our data, no other target shows
significant Hα emission. The spectroscopically derived classifi-
cation is consistent within one subtype with the spectral types
derived photometrically from optical and near-infrared colors
(e.g. Cifuentes et al. 2020).

We generated cross-correlation functions (CCFs) of the spec-
tra using observed standard stars of the same spectral type,
aiming to detect only a single CCF peak per star. This approach
enhances confidence in the confirmed planets by limiting the
possibility of blended eclipsing binaries causing the transits.
However, the resolution of the ALFOSC data is too low (16 Å,

140 km/s/pix) for this purpose. Binaries cannot be detected if
their velocity difference at the time of observation is lower
than this value. With these amplitudes, only compact com-
panions might be visible. As expected, most CCF peaks had
FWHMs ranging from 120 to 140 km/s, and no double peaks
were detected.

3.2. MuSCAT2 photometry

Ground-based observations for all of the candidates were per-
formed by the instrument Multicolour Simultaneous Camera
for studying Atmospheres of Transiting exoplanets (MuSCAT2);
Narita et al. (2019) mounted on the Telescopio Carlos Sánchez
(TCS) at the Observatorio del Teide (OT), Spain. This instru-
ment is a multi-colour imager able to perform simultaneous
photometry in four photometric bands (g, r, i, zs) using four
separate CCDs. Each channel has independent exposure times.
Usually, when observing M dwarfs, the g filter’s CCD is set to
have shorter (<15 s) exposure times and this channel’s images
are normally used to auto-guide the instrument.

A specialised pipeline (Parviainen et al. 2020) was used to
perform the data reduction and extract the aperture photometry
over a given number of comparison stars and aperture sizes. We
used the optimal combination of comparison stars and apertures
during the transit to produce the relative light curves.

3.3. LCOGT light curve follow-up

We observed one and two full predicted transit windows of
TOI-2768.01 and TOI-2274.01, respectively, using the Las Cum-
bres Observatory Global Telescope (LCOGT; Brown et al. 2013)
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1.0 m network nodes. We also observed a full predicted transit
window of TOI-1883.01 and TOI-2274.01, using the LCOGT
2 m Faulkes Telescope North at Haleakala Observatory on
Maui, Hawai’i. The details of each observation are provided
in Table E.1. We used the TESS Transit Finder, which is
a customised version of the Tapir software package (Jensen
2013) to schedule our transit observations. The 1 m telescopes
are equipped with 4096 × 4096 SINISTRO cameras, with an
image scale of 0.′′389 per pixel, resulting in a 26′ × 26′ field of
view. The 2 m telescope is equipped with the MuSCAT3 multi-
band imager (Narita et al. 2020). The images were calibrated by
the standard LCOGT BANZAI pipeline (McCully et al. 2018) and
differential photometric data were extracted using AstroImageJ
(Collins et al. 2017).

3.4. High-resolution imaging

NIRC2 installed at the 10 m Keck2 telescope observed TOI-
1883.01 in the K band, TOI-2274.01 in the Kcont band, and
TOI-4838.01 in the Br-gamma band on 24.02.2021, 23.06.2022,
and 27.12.2017, respectively. The data are shown in F.1.

We observed TOI-1883 and TOI-2274 using the ShARCS
camera on the Shane 3 m telescope at Lick Observatory (Kupke
et al. 2012; Gavel et al. 2014; McGurk et al. 2014). Observa-
tions were taken with the Shane adaptive optics system in natural
guide star mode to search for nearby, unresolved stellar compan-
ions. For TOI-1883, we collected a single sequence of observa-
tions using a Ks filter (λ0 = 2.150 µm, ∆λ = 0.320 µm). For
TOI-2274, we collected observation sequences using both a Ks
filter and a J filter (λ0 = 1.238 µm, ∆λ = 0.271 µm). We reduced
the data using the publicly available SImMER pipeline (Savel et al.
2020, 2022)5. Our reduced images and corresponding contrast
curves are shown in Appendix F.

TOI-2274.01, TOI-4438.01, and TOI-5319.01 were observed
with the SPeckle Polarimeter (SPP; Safonov et al. 2017) in Ic
band on 01.05.2021, 08.11.2022, 30.11.2022, respectively (see
Figure F.3). This is a facility instrument of the 2.5 m telescope at
the Caucasian Observatory of Sternberg Astronomical Institute
(SAI) of Lomonosov Moscow State University. For the observa-
tions of TOI-2274, we used Electron Multiplying CCD Andor
iXon 897 as a detector, while for observations of TOI-4438 and
TOI-5319, we used CMOS Hamamatsu ORCA-quest. For both
cases, the pixel scale is 20.6 mas/pixel, and the angular reso-
lution is 89 mas; the field of view is 5′′ × 5′′ centred on the
star. The power spectrum was estimated from 4000 frames with
30 ms exposure. The atmospheric dispersion compensator was
employed. We did not detect any stellar companions brighter
than ∆mag = 3.0 and 5.1 at 0.2′′ and 1.0′′ for TOI-2274, ∆mag =
3.3 and 5.8 at 0.2′′ and 1.0′′ for TOI-4438, ∆mag = 3.5 and 7.0
at 0.2′′ and 1.0′′ for TOI-5319.

HRCam has observed TOI-2768.01, TOI-2781.01, and TOI-
5486.01 in the I band on 20.11.2021, 01.10.2021, and 10.06.2022,
respectively. The data are shown in Figure F.4. Finally,
PHARO at the 5 m Palomar Telescope observed TOI-4438.01 on
19.05.2022 in the Br-gamma band, as shown in Figure F.5.

4. Stellar parameters

The stellar parameters for the stars hosting our candidates
were obtained through the Exoplanet Follow-up Observation
Program (ExoFOP 2019) website, which is operated by the
California Institute of Technology, under contract with the

5 https://github.com/arjunsavel/SImMER

National Aeronautics and Space Administration under the Exo-
planet Exploration Program. The ExoFOP website is designed to
expand the resources among collaborators in follow-up studies
of exoplanet candidates (Sun et al. 2022). ExoFOP-TESS works
as a repository for the segment of the data that is gathered by
the community on TESS planet candidates by permitting the
exchange and display of this information and more, as mentioned
in ExoFOP (2019). All of the parameters are displayed in both
Tables C.1 and C.2.

5. Methods

5.1. Multi-colour planet candidate characterisation and
validation

We analysed the TESS and ground-based light curves follow-
ing the multi-colour planet validation methodology described
in Parviainen et al. (2019, 2020, 2021, 2024). As detailed in
(Parviainen et al. 2024) and (Parviainen et al. 2019), multi-colour
planet candidate validation relies on estimating the maximum
radius for the planet candidate when accounting for third-light
contamination from possible unresolved stars. If this upper
radius limit is below the theoretical radius limit of a brown dwarf
(∼0.8 RJup, Burrows et al. 2011), the candidate can be securely
treated as a planet.

Contamination from unresolved sources inside a photometric
aperture dilutes a transit signal, making a transit with a ‘true’
depth, ∆Ftrue, appear to have an ‘apparent’ depth of

∆Fapp = (1 − c)∆Ftrue, (1)

where c is the contamination, c = Fc/(Fc + Fh), Fc is the flux
from the contaminants, and Fh is the flux from the candidate
host star. The apparent planet-star radius ratio estimated directly
from the photometry, Kapp, is related to the apparent transit depth
as Kapp ∼

√
∆Fapp.

Third-light contamination may lead to both wavelength-
independent and wavelength-dependent changes in the shapes
of the transits. First, the fact that the contaminated object’s
true radius ratio is different from the apparent one leads
to a wavelength-independent discrepancy in the transit shape
expected based on the transit depth. In theory, incorporating
contamination into a transit light curve model allows for it to
be estimated directly from a single-passband transit light curve.
Unfortunately, however, for objects up-to Jupiter radii around
sun-like host stars, this shape discrepancy is degenerate with
the effects from stellar limb darkening and the object’s orbital
impact parameter. Furthermore, its estimation from a transit light
curve requires a very high photometric precision. For M-dwarf
host this situation is better, since the radius ratio of an object
with a radius of 0.8 RJup spans from 0.2 (M3) to 0.8 (M8),
while Neptune- and Earth-sized planets span a radius ratios of
0.08–0.35 and 0.02–0.09, respectively. The shape differences
between these radius ratios and the 0.8 RJup limit are signifi-
cant enough that a Jupiter-sized object (or larger) orbiting an
M dwarf can be identified directly from a single-passband light
curve if modelled with a transit light curve that incorporates con-
tamination. However, the photometric quality still needs to be
generally higher than what TESS can achieve due to the faintess
of M dwarfs and, thus, ground-based follow-up observations are
required.

In addition to the relatively weak wavelength-independent
contamination effect, third-light contamination also leads to
a stronger wavelength-dependent effect affecting the transit
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Fig. 1. Multi-colour validation example using simulated light curves. The figure shows joint posterior distribution of the true radius ratios and
the host-contaminant effective temperature difference for seven scenarios. The simulations assume an M dwarf host star with Teff = 3600 K and
R⋆ = 0.4 R⊙, a transiting object with an apparent radius of 3 R⊕, three levels of contamination (0, 0.5, 0.93), and three host-contaminant temperature
differences (0 K, 500 K, 1000 K). The c = 0 scenario corresponds to an uncontaminated object, while c = 0.5 corresponds to a scenario that would
be expected if the contaminating star is similar to the host star (i.e. maximum amount of contamination that can be expected without significant
colour difference), and the c = 0.93 scenario corresponds to a contaminated Jupiter-sized object. The dotted vertical lines show the true ∆Teff , the
dotted horizontal line shows the true radius ratio, and the solid horizontal line shows the radius ratio limit corresponding to our chosen 0.8 RJup
brown dwarf radius limit.

depths. This is because the level of contamination in a spe-
cific wavelength depends on the spectral types of the host star
and the contaminating stars. This wavelength dependency allows
us to estimate the level of contamination by combining multi-
colour transit observations with a transit model that incorporates
a physical contamination model. The physical contamination
model is parameterised by the effective temperatures of both
the host star of the planet candidate and any contaminating
stars, along with a contamination factor in a designated refer-
ence passband. It computes passband-integrated contamination
factors using theoretical stellar spectra from Husser et al. (2013).
These calculated contamination factors are then applied to dilute
the transit light curve models. The light curve model with phys-
ical contamination can then be used in a Bayesian parameter
estimation framework (Parviainen 2018). Thus, we are able to
obtain robust estimates for the planet candidate’s orbital and
geometric parameters. In particular, by marginalising over the
host- and comparison star temperatures, as well as the contami-
nation levels supported by the photometry, we can derive a robust
estimate of the planet-star radius ratio.

Figure 1 shows the joint posterior distributions for the
true radius ratio and host-contaminant temperature difference

for a set of simulated (realistic) contamination scenarios6. We
assumed an M dwarf host with Teff = 3600 K and R⋆ =
0.4 R⊙, and a transiting object with an apparent radius of 3 R⊕.
We repeated the simulations for three contamination scenarios
(columns, c ∈ {0.0, 0.5, 0.93}) and three effective temperature
differences (rows, ∆Teff ∈ {0 K, 500 K, 1000 K}). For the ∆Teff =
0 scenarios, the ktrue posteriors strongly reject any contamination
from a star (or stars) of different spectral type than the host; the
posterior near the ∆Teff = 0 line is constrained by the colour-
independent effect contamination has on the transit shape. For
the scenarios with ∆Teff , 0 K, the true solution is covered by
the tail of the posteriors (the match would improve with a higher
S/N), and increasing the colour difference leads to an improved
ktrue estimate; we note that this is assuming a single contaminant,

6 The code reproducing the simulations, including visualisations
of the simulated light curves, is available in Jupyter notebooks
https://github.com/hpparvi/PyTransit/blob/master/
notebooks/contamination/2024_m_dwarf_host_example_
simulations.ipynb and https://github.com/hpparvi/
PyTransit/blob/master/notebooks/contamination/2024_
m_dwarf_host_example_plots.ipynb
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Fig. 2. Location of the validated and non-validated planet candidates in the period–radius diagram. The red polygons show the non-validated
candidates, the dark-green polygons show the validated planets, and the orange polygons show the candidates which validation status is only
suggestive. The grey circles show the population of all validated planets with radius uncertainties below 10%, and the blue circles highlight those
planets orbiting M-type stars. The blue-shaded region shows the Neptune desert as defined by Mazeh et al. (2016). However, in recent years, this
region has become more populated, and the boundaries of the desert do not match the typical definitions any longer. Thus, we suggest the pink-
shaded area, where the scarcity of planets is noteworthy, as an updated definition of the Neptune desert based on the current population of known
planets.

as the situation would be more complex if we were to allow for
several contaminating stars.

The multi-colour analysis presented here is computed by
a specialised pipeline that uses a transit model incorporating
physical contamination model to model both the wavelength-
dependent and independent contamination effects (implemented
in PyTRANSIT, Parviainen 2015). Furthermore, the pipeline uses
LDTk (Parviainen & Aigrain 2015) for limb darkening estima-
tions and emcee (Foreman-Mackey et al. 2013) to perform the
MCMC sampling.

For each target, we applied the multi-colour analysis jointly
to all the available data sets, including the MuSCAT2 and TESS
light curves, as well as the LCOGT light curves, if available.
The stellar parameters used for our calculations are shown in
Tables C.1 and C.2. Transit light curve model parameters and pri-
ors are shown in Table 3. The pipeline used to perform this multi-
colour analysis calculates the system parameters, the apparent
radius ratio (Kapp) distribution, contamination-corrected true
radius ratio (Ktrue) distribution, the effective temperature (Teff) of
the companion, and the impact parameter (b). All these parame-
ters allow us to determine the true nature of a transit signal and
decide whether the stellar host companion is a planetary object.

5.2. False alarm probability estimation

We multiplied each Ktrue distribution by a Gaussian distribution
corresponding to the host star radius to obtain the posterior dis-
tribution of the absolute true radius of each transiting object,
accounting for potential third-light contamination effects and the
uncertainties in the stellar radii. The absolute true radius distri-
bution offer a natural way to estimate the false alarm probability
(FAP) of a planetary candidate as the percentage of samples that

fulfills Rp > 0.8 RJ . In some cases, there are no samples above
the radius threshold, for which we set a minimum FAP as if there
was at least one sample. Tables A.1 and A.2 report the FAPs
calculated with this method for all candidates with median true
radius below the threshold. We note that a higher radius does
not rule out the planetary nature of the transiting object, as there
are more than 800 confirmed planets with Rp > 0.8 RJ to date.
Our FAPs are very conservative upper limits, as they include
giant planets as false positives, due to their radii being consistent
with those of brown dwarfs. Furthermore, the upper tail of the
true radius distributions correspond to scenarios with significant
contamination from a blended source of the same spectral type
or similar to the host star. Our complementary observations with
high-resolution imaging indicate that such scenarios are unlikely
for the targets considered in this work.

6. Results
For order and clarity, we show the individual MuSCAT2 and
TESS light curves, together with the MuSCAT3 and LCO-
SINISTRO light curves (when available), for each target in
Appendix B.1 to B.13. We also show, in Appendices D.1 and
D.2, the results of the multi-colour analysis for each target dis-
playing the joint posterior distributions of true radius ratio, Ktrue,
and the difference in effective temperature between the host and
a possible contaminant (∆Teff), the apparent radius ratio, Kapp,
the impact parameter, and the stellar density in g/cm3 for each
candidate.

The derived planet parameters for each object in our sample
are given in Tables A.1 and A.2. For reference, we show all the
planetary candidates in a radius-period diagram in Fig. 2, where
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Table 3. Prior probability distributions of the fitted parameters.

Description Parameter Value

Global parameters

Orbital period P (days) N (a)

Stellar density ρ∗ (g/cm3) U(1, 35)
Impact parameter b U(0, 1)
Zero epoch T0 N (a)

Robust area ratio k2
true U(1, 0)

Host temperature Th (K) N (a)

Cont. temperature Tc (K) U(1200, 7000)
Passband-dependent
parameters

Limb darkening q N (b)

Light-curve-dependent
parameters

Log10 white noise log10 σ U(–4, 0)(c)

Notes. Transit light curve model parameters and priors. Individual
target posteriors are shown in Tables A.1 and A.2. The global param-
eters are independent of the passband or light curve. The passband-
dependent parameters are specified for each passband, and the light-
curve-dependent parameters are repeated for each individual light curve.
N stands for a normal prior, and U(a, b) stands for a uniform distribu-
tion from a to 4b4. (a)Centered on the ExoFOP values. Prior σ equals
three times the nominal error bars. For the uniform distributions, the
whole interval equals six times the nominal error bars. (b)Limb darken-
ing coefficients correspond to the transformed power-2 limb darkening
law coefficients (Hestroffer 1997; Morello et al. 2017; Short et al. 2019)
and have normal priors calculated using LDTK. (c)Average log10 white
noise parameters for each light curve have uninformative uniform priors.

we compare them with the rest of the known planets with radius
uncertainties below 10%.

6.1. Validated planets

The validation process corroborates that the observed signal is
due to a planetary transit rather than some other astrophysical
phenomenon. Therefore, candidates that show a low degree of
contamination and whose radii are below the typical radius of
a brown dwarf (with 99% probability, FAP<1%) were validated
as planets. We adopted the conservative criterion of consider-
ing the radius limit above which an object can be a brown dwarf
at 0.8 RJ (Burrows et al. 2011), which is a discriminatory key
parameter for target validation. Thus, candidates with a radius
close to this limit (even though they might exhibit a planetary
nature) cannot be validated as planets only based on size crite-
ria. In addition, the impact of contamination in the host source
flux was considered by utilising the comparison between Kapp
and Ktrue. Our analysis suggests that contamination seems to be
negligible for the seven objects discussed in this subsection.

TOI-1883b, TOI-2274b, TOI-2768b, TOI-4438b, and TOI-
5319b were validated as planets with sizes ranging from sub-
Jovian to sub-Neptune and super-Earth. TOI-2781.01 and TOI-
5486.01 are most likely exoplanets, although they would need at
least an additional multi-band observation to be formally vali-
dated. Therefore, given the currently available data, we can only
claim strong evidence for their planetary nature. For comparison,
TOI-5486.01 has a similar size and low impact parameter to the
sub-Neptune TOI-5319b, with no signs of colour contamination

or V-shaped light-curves. The case of TOI-2781.01 is less obvi-
ous, as it would be the largest validated exoplanet of our sample,
but similar to TOI-1883b. As shown in the figures of Appendix
B, there is no significant chromaticity and no signs of strong con-
tamination in the MUSCAT2 light curves. TOI-2274 is located
close (2.48′′) to a faint (∆T = 4.61) star (TIC 1550481885); in
theory, it could also be the host to the object causing the tran-
sit signal. However, a solution where the faint background star
is be a binary diluted by TOI-2274 would lead to very strong
colour signal because the contamination would be ≈98%. The
solution where TOI-2274 is the host leads to contamination of
≈2% from the known background star, which does not affect
the radius ratio estimate in any significant way. TOI-2768b, TOI-
2781.01, and TOI-5486.01 lie near the boundaries of the Neptune
Desert region in the radius-period diagram.

For validated planets with no signs of blends, we chose to
report the apparent radius as, in absence of blends, the true radius
distribution is systematically biased to higher radii (Parviainen
et al. 2019). Some of the candidates have also been validated
by other groups. That is the case for TOI-5205.01, which was
validated by Kanodia et al. (2023). Although we could not val-
idate the planet (Section 6.2), it is a good example of the limits
of the method used. TOI-5344.01 was recently also validated
by both Hartman et al. (2023) and Han et al. (2023). Finally,
TOI-4438.01 was recently validated by Goffo et al. (2024).

6.2. Non-validated planet candidates

A false positive can occur when a star’s light is dimmed by
something other than a planet passing in front of it. Indica-
tions of this can be observed in the light curves, where there
may be patterns that do not match the expected signature of a
transiting planet. One such pattern is the significant presence
of a colour dependence in the transit depth in different spectral
bins. This is the case for TOI-2603.01 and TOI-5268.01, where
significant chromaticity is seen in the MuSCAT2 light curves.
Therefore, additional investigation and analysis will be necessary
to establish the nature of these two candidates.

Exoplanet candidates with radii exceeding the upper limit
of 0.8 RJ (including uncertainties) cannot be validated using
only multi-colour photometry. Thus, we were unable to validate
TOI-5205.01, TOI-5344.01, TOI-5464.01, and TOI-5641.01 due
to their high true radius values, enough to be above the lower
limit for a brown dwarf (although still in the planetary regime
also). TOI-5641.01 has an apparent radius smaller than, but per-
haps too close to the critical radius for being robustly validated
with a small amount of photometric observations. These three
candidates do not show a significant colour signature and all of
them lie within the gas giant region in the radius-period diagram,
some bordering the Neptune desert region.

7. Discussion and conclusions

To bolster the interpretation of our results in the context
of planetary demographics, we located our candidates in the
period-radius diagram and compared them with the population
of all known exoplanets with radius uncertainties below 10%
(Fig. 2). In the figure, we highlight the M-dwarf hosted pop-
ulation (Teff < 4000 K) as our candidates are orbiting M-type
host stars. In green, we marked the candidates that we were able
to validate and in red the candidates that we were unable to
validate.

We also highlighted in blue the region of the Neptune desert
matching the definition of Mazeh et al. (2016). Over the years,
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however, new planet discoveries have shown that the extension
of the Neptune desert proposed by Mazeh et al. (2016) does not
match the exoplanet distribution any more. Here, we propose a
new empirical definition of the Neptune desert, which simply
encompass the radius region between 2 and 10 R⊕ and extends
to periods from 1 to 3 days for these two radii, respectively. The
new proposed region is marked in pink.

The number of new targets near or within the Neptune desert
validated in our manuscript is too small to provide new statisti-
cal population insights. However, validated planets around and
inside this desert are extremely interesting targets to be further
explored for mass and bulk density determinations and, ulti-
mately, for atmospheric characterisation studies as well. These
subsequent studies (given that composition can be traced to
formation and atmospheric evolution processes) will ultimately
be able to shed light into the physical nature of the Neptune
desert. This would offer valuable insights into the formation and
composition of these exoplanets and their atmospheres.

In particular, the planetary nature of TOI-2781.01 and TOI-
5486.01, which lie exactly within the Neptune desert boundary,
has not yet been validated. However, our results show compelling
evidence that these two candidates may soon be validated as
planets. There is no evidence of color contamination in the light
curves of either candidate. The FAP values for both candidates
range between 1% and 50%. By adding further observations to
the analysis of these planets, we could potentially lower the FAP
values below the 1% threshold. The validated candidate with the
largest radius is TOI-1883.01, with Rp = 5.65 R⊕. Since the true
radius value of TOI-5486.01 is smaller than that of TOI-1883b,
we can confidently state that with one additional observation,
the FAP value for TOI-5486.01 would fall below the 1% limit.
The apparent radius of TOI-2781.01 is larger than that of TOI-
1883b. However, due to the larger errors in the radius and Kapp
compared to those of TOI-1883b, we can assess that additional
observations would be required to validate it. TOI-2768 b is
validated in this work and also lies in the same neptune desert
boundary, with a smaller radius.

It is also noteworthy that many of our planet candidates have
large radii, but these type of planets are uncommon around M
dwarf hosts (Morales et al. 2019). While we did not validate
planets with apparent radii larger than of 0.8 RJ , TOI-5205.01,
TOI-5344.01, and TOI-5464.01 show no evidence of chromatic-
ity in their light curves; thus, they are candidates for the
enlargement of the rare population of giant planets around M
dwarfs. While the host stars are faint, the expected radial velocity
semi-amplitudes are large and can be measured with state-of-
the-art instruments such as ESPRESSO or MAROON-X (among
others). This would allow for further orbital and atmospheric
characterisations. Within the group of our validated planets,
TOI-1883b stands out as a very interesting candidate, with a
warm equilibrium temperature of 524 K.

In summary, we have discussed and validated the planetary
nature of at least five new planet candidates and their properties.
We have also evaluated the degree of contamination in the flux of
each object through the analysis of the true and apparent radius
ratio. TOI-2781.01 and TOI-5486.01 remain in the suggestive
evidence category, awaiting more observations to be thoroughly
validated. We were unable to validate the other six planets in our
sample due to chromaticity in the light curves and/or a retrieved
true radius value that overlaps with the brown dwarf regime.
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