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TOI-2407 b: a warm Neptune in the desert
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ABSTRACT
We present the validation of TOI-2407 b, a warm Neptune-sized planet with a radius of 4.26± 0.26 R⊕ , orbiting an early M-type
star with a period of 2.7 days and an equilibrium temperature of 705 ± 12 K. The planet was identified by TESS photometry
and validated in this work through multi-wavelength ground-based follow-up observations. We include an observation with
the novel CMOS-based infrared instrument SPIRIT at the SPECULOOS Southern Observatory. The high-precision transit data
enabled by CMOS detectors underscore their potential for improving the detection and characterisation of exoplanets orbiting
M-dwarfs, particularly in the infrared, where these stars emit most of their radiation. TOI-2407 b lies within the boundaries
of the period–radius Neptune desert, an apparent scarcity of Neptune-sized planets at short orbits. Further characterisation of
TOI-2407 b, such as radial velocity measurements, will refine its position within planetary demographic trends. This system also
provides a comparison case for the well-studied Neptune-sized planet Gliese 436 b, of similar radius, period and stellar type.
Comparison studies could aid the understanding of the formation and evolution of Neptune-like planets around M-dwarfs.
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1 INTRODUCTION

Space-based telescopes conducting transit surveys, particularly Ke-
pler, launched in 2009 (Borucki et al. 2010), and most recently TESS,
launched in 2018 (Ricker et al. 2015), have led to the discovery of
thousands of exoplanets. This population contains a high abundance
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of small planets (𝑅p < 4 R⊕) (Batalha et al. 2013; Dressing & Char-
bonneau 2013) across a wide range of parameter space without a di-
rect Solar System analogue, such as super-Earths and sub-Neptunes.
Statistical studies into the population of Neptune-sized planets have
uncovered a scarcity of such planets in close-in orbits (2–4 day pe-
riod) around their host stars, in a region of parameter space now
called the Neptune desert (Szabó & Kiss 2011; Benítez-Llambay
et al. 2011; Mazeh et al. 2016). The Neptune desert is likely to be
caused by an interplay of formation and evolution mechanisms. The
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material availability of the inner disk may inhibit the formation of
Neptune-sized planets, meaning planets in the Neptune desert have
formed at an intermediate distance and migrated inwards (Lee &
Chiang 2016; Dawson & Johnson 2018).Migration models suggest
that the upper mass limit of the desert may be caused by tidal forces
as the planet migrates inwards (Liu et al. 2013; Valsecchi et al. 2015).
At such close orbital distances, gaseous planets would be susceptible
to tidal forces from the host star, leading to their disruption or sig-
nificant mass loss through approach to the Roche limit, tidal heating
or tidally-induced orbital decay. The lower mass limit of the desert
is attributed to photoevaporation (Owen & Lai 2018; Vissapragada
et al. 2022). High-energy radiation from the host star, particularly
in the form of X-ray and extreme ultraviolet (XUV) flux during the
first ∼ 100Myrs, strips the primordial H/He atmospheres of close-in
planets over time (Owen & Wu 2017). This process is particularly
relevant in scenarios of intense stellar irradiation. Planets with initial
masses below the desert’s lower limit are likely to lose their gaseous
envelopes, leaving behind the cores.

The discovery of short-orbit sub-Neptunes, such as NGTS-4 b
(West et al. 2019) and more recently TOI-3261 b (Nabbie et al. 2024),
have provided new information about the origin and boundaries of
the Neptune desert. We expect extent and origin of the desert to vary
with stellar type (McDonald et al. 2019), and M-dwarf systems of-
fer a distinct test case due to their lower irradiation in short orbits.
Characterisation of Neptune-like planets around M-dwarfs can then
isolate the dominant mechanisms shaping the distribution of close-
in Neptunes, particularly photoevaporation, bounds of the Neptune
desert specific to cool stars.

In this work, we validate a planet orbiting the M2-type star TOI-
2407 (TIC 153078576) at a distance of 92 pc from the Sun. This target
was initially observed with TESS and flagged as a TESS Object of
Interest (TOI; Guerrero et al. 2021) in 2020. Follow-up ground-based
photometric observations were taken with SPECULOOS (Delrez
et al. 2018; Sebastian et al. 2021), TRAPPIST-South (Jehin et al.
2011; Gillon et al. 2011), LCOGT (Brown et al. 2013a) and ExTrA
(Bonfils et al. 2015).

In this work, the details on the observations and instruments used
are shown in Section 2. Section 3 showcases our stellar characterisa-
tion through spectroscopic (Section 3.1) and spectral energy distri-
bution (Section 3.2) analysis; where we obtain the stellar properties
we use throughout the work. We performed statistical and imaging-
based validation of to rule out false-positive scenarios, explained in
Section 4. Section 5 details our global analysis, with transit fitting on
Section 5.1 and search for additional planet candidates in the system
on Section 5.2. Finally, we discuss our results and future prospects
on Section 6.

2 OBSERVATIONS

Given the TESS pixel scale of 21′′, ground-based follow-ups are
needed to rule out blended sources and confirm the transit event is on
target. The target being relatively faint (See Table 2) disfavours spec-
troscopic follow-ups, so we collected photometric observations from
ground-based instruments as part of the TESS Follow-up Observing
Program (TFOP) (Collins 2019). The observations used to follow up
on this target are summarised on Table 1, and the astrometric and
photometric properties of the target are shown on Table 2.

2.1 TESS

The target was initially observed by TESS (Ricker et al. 2015) on
sector 3 from UT 2018 September 21 to 2018 October 17 and 4 from
2018 October 19 to 2018 November 14, with 30-minute cadence.
It was then re-observed with 2-minute cadence on sectors 30 and
31 from 2020 Sep 23 to 2020 Oct 20 and 2020 Oct 22 to 2020
Nov 18 respectively. The 2-minute cadence data were processed in
the TESS Science Processing Operations Center (SPOC; Jenkins
et al. 2016) pipeline, and the 30-minute cadence data were processed
in the TESS-SPOC High Level Science Product pipeline (Caldwell
et al. 2020). The SPOC conducted a transit search of the 2-minute
cadence light curve for sector 30 on UT 30 October 2020 with an
adaptive, noise-compensating matched filter (Jenkins 2002; Jenkins
et al. 2010, 2020), producing a Threshold Crossing Event with a
2.703 day period. An initial limb-darkened transit model was fitted
(Li et al. 2019) and a suite of diagnostic tests were conducted to
help assess the planetary nature of the signal (Twicken et al. 2018).
The transit signature passed all diagnostic tests presented in the
SPOC Data Validation reports, and the source of the transit signal
was localized within 2.71 ± 2.63 ′′of the target star. All TESS Input
Catalog (TIC; Stassun et al. 2018b) objects other than the target star
were excluded as potential sources of the transit signal. The TESS
Science Office reviewed the vetting information and issued an alert
for the candidate, TOI 2407.01, on UT 24 November 2020.

The SPOC Presearch Data Conditioning Simple Aperture Pho-
tometry (PDCSAP; Stumpe et al. 2012, 2014; Smith et al. 2012)
lightcurves, shown in Figure 1, were obtained from the Mikul-
ski Archive for Space Telescopes using the lightkurve1 software
(Lightkurve Collaboration et al. 2018). The Simple Aperture Pho-
tometry (SAP) lightcurves were used to check for long-term stellar
variability in the absence of high-resolution spectroscopic observa-
tions.

2.2 Ground-based observations

2.2.1 SPECULOOS CCD photometry

The SPECULOOS Southern Observatory (SSO) in Paranal Obser-
vatory, Chile, consists of four 1-m telescopes: Callisto, Europa,
Ganymede and Io (Delrez et al. 2018). All four are equipped with
Andor-iKon 2k × 2k CCD cameras with a pixel scale of 0.35′′, yield-
ing a total field of view of 12′ × 12′ (Burdanov et al. 2018). These
cameras are optimised for the near-infrared to observe ultra-cool
M-dwarfs (Sebastian et al. 2021).

The target was observed by Europa on UT 21 December 2022
in the Sloan-𝑔′ filter. It was re-observed on UT 24 October 2024
in the I+z band. The data were processed with the SSO pipeline
(Murray et al. 2020), which performs bias, dark current and flat-field
corrections during the data reduction process. The pipeline performs
the photometry with varying aperture radii and selects the optimal
one, in this case 6 pixels or 2.1′′. It accounts for atmospheric and
instrumental effects through differential photometry using a weighted
sample of comparison stars.

2.2.2 TRAPPIST-South

TRAPPIST-South (TRAnsiting Planets and PlanetesImals Small
Telescope, Jehin et al. 2011; Gillon et al. 2011) is a 60-cm Ritchey-
Chrétien telescope installed at ESO-La Silla Observatory in Chile

1 lightkurve: https://github.com/lightkurve/lightkurve
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Figure 1. TESS lightcurves of TOI-2407 (TIC 15307857). Long-cadence sectors 3 and 4 are shown in the top panel and short-cadence sectors 30 and 31 in the
bottom panel. Planetary transits are highlighted in blue. The binning showed in black corresponds to 1.5 hour bins.

since 2010. The telescope is equipped with a 2k × 2k FLI Proline
CCD with a pixel-scale of 0.65′′, with a resulting field of view of
22′ × 22′. Three full transits were observed with TRAPPIST-South
on UT 13 December 2020, 1 January 2021 and 5 November 2022
in the 𝐼 + 𝑧, 𝑉 and Sloan-𝑧′ filters, with exposure times of 40, 120
and 90 s, respectively. The data reduction and photometric extrac-
tion were performed using PROSE2 pipeline (Garcia et al. 2022) and
AstroImageJ3 (Collins et al. 2017b).

2.2.3 ExTrA

ExTrA (Exoplanets in Transits and their Atmospheres, Bonfils et al.
2015) is a low-resolution near-infrared (0.85 to 1.55 µm) multi-object
spectrograph fed by three 60-cm telescopes located at La Silla Obser-
vatory in Chile. Nine transits of TOI-2407.01 were observed using
one, two or three of the ExTrA telescopes, and 8′′ diameter aperture
fibres and the low-resolution mode (𝑅∼20) of the spectrograph, with
an exposure time of 60 s. Five fibres are positioned in the focal plane
of each telescope to select light from the target and four comparison
stars. The resulting ExTrA data were analyzed using custom data
reduction software.

2.2.4 LCO-CTIO

To confirm the event on target and check the field for possible nearby
eclipsing binaries, TOI-2407 was observed on UT 6 December 2020
with the Las Cumbres Observatory Global Telescope (LCOGT;
Brown et al. 2013b) 1.0-m network node at Cerro Tololo Inter-
American Observatory (CTIO). Observations were in the Sloan-𝑖′
band and consisted of 82 s exposures. Science images were cali-
brated using the standard LCOGT BANZAI pipeline (McCully et al.
2018), and photometric measurements were extracted using the
AstroImageJ software (Collins et al. 2017a).

2 Prose: https://github.com/lgrcia/prose
3 AstroImageJ: https://www.astro.louisville.edu/software/
astroimagej

2.2.5 SPECULOOS CMOS photometry with SPIRIT

One of the SPECULOOS transits was obtained with the complemen-
tary metal-oxide-semiconductor (CMOS) infra-red detector SPIRIT
(Pedersen et al. 2024). CMOS detectors (Fossum 1997) differ from
CCDs (Boyle & Smith 1970) in structural design and operation. CCD
detectors work by transferring pixel charges across the sensor array
to a readout node, where they are then converted to voltage and
processed. This sequential transfer offers high image quality with
low noise levels but slow readout. In contrast, for CMOS sensors,
each pixel is equipped with its own amplifier. This allows parallel
readout across the entire array, meaning significantly faster read-
out speeds. The fast readout provides an advantage for high-cadence
time-series observations. Recent use of CMOS sensors in astronomy
show these instruments can achieve photometric accuracies and noise
levels comparable to those of their CCD counterparts (Alarcon et al.
2023).

SPIRIT is a 1280 × 1024 near-infrared InGaAs CMOS detector
installed on the Callisto telescope in the SSO (Pedersen et al. 2024).
It is equipped with a custom wide-pass filter, zYJ, that operates at
0.81–1.33 µm. Given that SPIRIT operates in the near-infrared, its
performance is expected to be advantageous for ultracool dwarfs
observations beyond 1.1 µm. This is a regime that traditional silicon-
based detectors, such as CCDs, cannot reach due to silicon’s intrinsic
wavelength cut-off.

TOI-2407 was observed by SPIRIT on UT 21 December 2022
with 10 s exposures. The data were processed with a modified ver-
sion of the Murray et al. (2020) SPECULOOS pipeline, optimised
for CMOS and for the near infrared. In CMOS detectors, the current
flowing through each pixel’s readout integrated circuit (ROIC) pro-
duces infrared photons, which causes a glow in the image (Beletic
et al. 2008). This is mitigated by using dark current frames with ex-
posure times matching that of the science images. CMOS detectors
also display scattered bad pixels across the sensor, less compactly
distributed than CCDs (Smith et al. 2014). This is addressed in the
pipeline through nightly bad pixel mapping. The effect of precipitable
water vapour (PWV) is minimised by the use of the custom-made
zYJ filter. SPIRIT produces high time-cadence data with a read-out
time of 0.1 s.

MNRAS 000, 1–12 (2025)
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Table 1. Summary of ground-based observations. SSO refers to the SPECULOOS Southern Observatory, where the zYJ filter on the Callisto telescope is the
SPIRIT infrared detector. The de-trending parameters chosen based on the Bayesian Information Criterion (BIC) are shown on the right-most column for each
instrument and filter.

Instrument Filter Aperture (pix) Pixel size (′′) Exposure (s) De-trending parameters

SSO Europa Sloan-𝑔′ 6 0.35 90.0 Time, airmass, FWHM, y displacement
SSO Io 𝐼 + 𝑧 6 0.35 10.0 Time, airmass
SSO Callisto zYJ 4 0.309 10.0 Time, background

TRAPPIST South 𝑉 8 0.64 120.0 Time, background, airmass
TRAPPIST South Sloan-𝑧′ 5 0.64 90.0 Time, airmass, y displacement, meridian offset
TRAPPIST South 𝐼 + 𝑧 5 0.64 40.0 Time, meridian offset

ExTrA 1.2 µm - - 60.0 Time, airmass, background, x and y displacement

LCO-CTIO Sloan-𝑖′ 13 0.39 82.0 Time

Table 2. Astrometry and photometry of TOI-2407. (1) Gaia EDR3 Gaia
Collaboration et al. 2021; (2) TESS Input Catalog Stassun et al. 2018b; (3)
UCAC4 Zacharias et al. 2012; (4) 2MASS Skrutskie et al. 2006a; (5) WISE
Cutri et al. 2021.

Target designations

TOI-2407
TIC 153078576
GAIA DR3 4847001302277419904
2MASS J03185915-4627273

Parameter Value Source

Parallax and distance

RA (J2000) 03:18:59.17 (1)
Dec (J2000) -46:27:28.89 (1)
𝜋 (mas) 10.845 ± 0.012 (1)
𝜇RA (mas yr−1) 10.868 ± 0.012 (1)
𝜇Dec (mas yr−1) −98.287 ± 0.013 (1)
Distance (pc) 92.2 ± 0.1 (1)

Photometric properties

TESSmag 12.526 ± 0.007 (2)
𝑉mag 14.68 ± 0.11 (3)
𝐵mag 15.97 ± 0.05 (3)
𝐽mag 11.13 ± 0.02 (4)
𝐻mag 10.56 ± 0.03 (4)
𝐾mag 10.32 ± 0.02 (4)
𝐺mag 13.6328 ± 0.0004 (1)
𝑊1mag 10.22 ± 0.02 (5)
𝑊2mag 10.16 ± 0.02 (5)
𝑊3mag 10.01 ± 0.04 (5)
𝑊4mag 8.57 (5)

3 STELLAR PROPERTIES OF TOI-2407

3.1 Spectroscopic analysis

3.1.1 SOAR/TripleSpec4.1

We collected a medium-resolution near-infrared spectrum of TOI-
2407 on UT 19 September 2024 with the TripleSpec4.1 spectro-
graph (Schlawin et al. 2014) on the Southern Astrophysical Research
(SOAR) 4.1 m telescope using the Astronomical Event Observatory
Network (AEON) queue. The fixed 1.′′1 slit of the instrument pro-
vides 𝑅∼3500 spectra covering 0.80–2.47 µm. Nodding in an ABBA
pattern, we gathered four exposures of 120.8 s, and four 13.8 s ex-
posures of the A0 V standard HD 21638 (𝑉 = 9.57). We reduced
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Figure 2. TripleSpec4.1 spectrum of TOI-2407 (red), alongside the
IRTF/SpeX spectrum of M1 standard HD 42581 (grey) for comparison. Re-
gions of strong telluric absorption are shaded, and prominent spectral features
of M dwarfs are highlighted. The TripleSpec4.1 spectrum has a higher resolv-
ing power than the SpeX spectrum (𝑅∼3500 vs. 𝑅∼2000), giving it a more
jagged appearance.

the data using Spextool v4.14 (Cushing et al. 2004), modified for
TripleSpec4.1 data, using the standard set of flat field and arc lamp
exposures collected the previous afternoon. The final spectrum has a
median S/R per pixel of 49 and an average of 1.4 pixels per resolution
element.

Fig. 2 shows the TripleSpec4.1 spectrum of TOI-2407. Compar-
ing it to single-star spectral standards in the IRTF Spectral Library
(Cushing et al. 2005; Rayner et al. 2009) using the SpeX Prism
Library Analysis Toolkit (SPLAT; Burgasser & Splat Development
Team 2017), we find the best match to the M1 V standard HD 42581
and thus adopt an infrared spectral type of M1.0 ± 0.5. We also used
SPLAT to measure the H2O–K2 index (Rojas-Ayala et al. 2012) and
the equivalent widths of the 𝐾-band Na i and Ca i doublets. Using
the empirical relation between these features and stellar metallic-
ity (Mann et al. 2013b), and propagating uncertainties with a Monte
Carlo approach (see, e.g., Barkaoui et al. 2024; Ghachoui et al. 2024),
we estimate an iron abundance of [Fe/H] = +0.20 ± 0.16 for TOI-
2407.

4 TripleSpec reduction: https://noirlab.edu/science/observing-n
oirlab/observing-ctio/observing-soar/data-reduction/tripl
espec-data.
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Figure 3. Baade/MagE spectrum of TOI-2407 compared to the M2 SDSS
template from Bochanski et al. (2007, magenta line). Data are normalized at
7400 Å, and key spectral features across the 4300–8100 Å region are labelled,
including the location of uncorrected telluric oxygen and water bands (⊕).
The inset box show the 6555–6585 Å region with H𝛼 and Ca I absorption
features labelled.

3.1.2 Magellan/MagE

TOI-2407 was also observed on UT 6 October 2022 with the Mag-
ellan Echellette spectrograph (MagE; Marshall et al. 2008) on the
6.5-m Magellan Baade Telescope. Conditions were clear with see-
ing of 0.′′9. We used the 0.′′7×10′′ slit to obtain resolution 𝜆/Δ𝜆
≈ 6000 over 4000–9000 Å, and obtained two 100-s exposures at an
average airmass of 1.05. We also observed the spectrophotometric
calibrator Feige 110 for flux calibration (Hamuy et al. 1992, 1994),
and obtained bias, ThAr arc lamp, Xe flash lamp, and incandescent
lamp exposures at the start of the night for wavelength and flux cali-
bration. We did not observe a telluric absorption calibrator for these
observations, hence strong telluric features from oxygen and water
remain in the spectrum. Data were reduced using PypeIt (Prochaska
et al. 2020a,b; Prochaska et al. 2020c) using standard settings. The
final calibrated spectrum has a median S/N ≈ 60 at 5450 Å and S/N
≈ 105 at 7450 Å.

Fig. 3 displays the MagE spectrum of TOI-2407 over the 4200–
8800 Å range. We used analysis tools in the the kastredux package5

to characterize the spectrum. Comparison to M dwarf spectral tem-
plates from Bochanski et al. (2007) finds a best match to a slightly
later spectral type, M2, which is consistent with index-based classifi-
cations from Reid et al. (1995, M2.0±0.3); Gizis (1997, M1.5±0.4);
and Lépine et al. (2003, M2.5±0.7). H𝛼 is observed in absorption
with an equivalent width EW = 0.30±0.03 , which implies an age
≳1.2 Gyr (West et al. 2008), consistent with the large space ve-
locity of the system relative to the Sun (𝑈,𝑉,𝑊) = (27.11±0.16,
−52.2±0.7, −29.5±1.0) km/s (Gaia Collaboration et al. 2023). We
measure the metallicity index 𝜁 from CaH and TiO absorption fea-
tures near 7000 Å (Lépine et al. 2007; Mann et al. 2013a), finding a
value of 𝜁 = 1.24±0.02 that suggests a supersolar metallicity ([Fe/H]
≳ +0.2; Mann et al. 2013a), consistent with our near-infrared spec-
tral analysis. Low-resolution spectral measurements from Gaia DR3
also indicate a slightly supersolar metallicity, [Fe/H] = 0.117±0.003
(Andrae et al. 2023).

3.2 Spectral energy distribution

As an independent determination of the basic stellar parameters, we
performed an analysis of the broadband spectral energy distribution

5 kastredux: https://github.com/aburgasser/kastredux.
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Figure 4. Spectral energy distribution (SED) of the host star TOI-2407.
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(SED) of the star together with the Gaia DR3 parallax (with no sys-
tematic offset applied; see, e.g., Stassun & Torres 2021), in order
to determine an empirical measurement of the stellar radius, follow-
ing the procedures described in Stassun & Torres (2016); Stassun
et al. (2017, 2018a). We pulled the 𝐽𝐻𝐾𝑆 magnitudes from 2MASS,
the W1–W3 magnitudes from WISE, and the 𝐺𝐺BP𝐺RP magni-
tudes from Gaia. We also utilized the absolute flux-calibrated Gaia
spectrophotometry. Together, the available photometry spans the full
stellar SED over the wavelength range 0.4–10 µm (see Figure 4).

We performed a fit using PHOENIX stellar atmosphere mod-
els (Husser et al. 2013), with the principal parameters being the
effective temperature (𝑇eff), surface gravity (log 𝑔) and metallic-
ity ([Fe/H]), adopted from the spectroscopic analysis. We limited
the extinction, 𝐴𝑉 , to the maximum line-of-sight value from the
dust maps of Schlegel et al. (1998). The resulting fit, shown in
Figure 4, has a reduced 𝜒2 of 2.2 and 𝐴𝑉 = 0.02 ± 0.02. Inte-
grating the (unreddened) model SED gives the bolometric flux at
Earth, 𝐹bol = 1.692 ± 0.059 × 10−10 erg s−1 cm−2. Taking the
𝐹bol and 𝑇eff together with the Gaia parallax, gives the stellar ra-
dius, 𝑅★ = 0.567 ± 0.034 R⊙ . In addition, we can estimate the
stellar mass from the empirical relations of Mann et al. (2019), giv-
ing 𝑀★ = 0.548 ± 0.016 M⊙ . We use this mass and radius in our
analysis.

4 VALIDATION OF THE PLANET

4.1 Statistical validation

We considered astrophysical false-positive scenarios through statis-
tical validation using TRICERATOPS6 (Giacalone et al. 2021; Gi-
acalone & Dressing 2020). This software uses a Bayesian framework
to calculate the overall false-positive probability (FPP) and the nearby
false-positive probability (NFPP), which is the probability that the

6 TRICERATOPS: https://github.com/stevengiacalone/tricera
tops
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Figure 5. Archival images of TOI-2407 and its field taken on 1977, 1994
and 2022 by DSS/POSS-II and SPECULOOS South. From left to right taken
with the POSS-II blue plate, POSS-II infrared plate and SPECULOOS I+z
band. The red circle shows the current position of the target.

transit feature is caused by a nearby star in the field. For a false pos-
itive scenario to be ruled out, the values must be NFPP < 10−3 and
FPP < 0.015. Using the 4 TESS sectors, we obtained an FPP of 0.005
± 0.004 and NFPP < 10−4. Although this statistically rules out the
transit feature being produced by resolved stars, we use archival and
high-resolution imaging to confirm it is not caused by unresolved
sources.

4.2 High-resolution and archival imaging

It is necessary to search for nearby sources that can contaminate
the TESS photometry, resulting in an underestimated planetary ra-
dius, or be the source of astrophysical false-positives, such as back-
ground eclipsing binaries. We used archival images from POSS-
II/DSS (Lasker et al. 1996) and 2MASS (Skrutskie et al. 2006b) to
find nearby stars that could be currently unresolved by TESS. From
the images we discarded any nearby sources closer than 30′′ to the
target with a 𝐽-magnitude upper limit of 22.5, shown in Figure 5.
However, TOI-2407 has a low proper motion of 99 mas yr−1 (Gaia
Collaboration 2020), meaning a total motion of ∼ 4′′ since the first
POSS-II observation of the target in 1977. In this case, discarding
the presence of contaminating background objects through archival
imaging is not enough. We thus obtained high-resolution imaging to
further constrain the presence of a companion object.

We searched for stellar companions to TOI-2407 with speckle
imaging on the 4.1-m Southern Astrophysical Research (SOAR) tele-
scope (Tokovinin 2018) on 3 December 2020 UT, observing in the
Cousins I band, a visible bandpass similar to TESS. This observation
was sensitive to a 4.2-magnitude fainter star at an angular distance of
1′′ from the target. More details of the observations within the SOAR
TESS survey are available in Ziegler et al. (2020). The 5𝜎 detection
sensitivity and speckle autocorrelation function of the observations
are shown in Figure 6. No nearby stars were detected within 3′′of
TOI-2407 in the SOAR observations.

5 TRANSIT ANALYSIS

5.1 Transit fitting

The lightcurves were analysed globally with a transit model, a stellar
activity correction, and a baseline model on the ground-based data
to account for atmospheric effects and instrumental systematics.

The transit model was calculated with batman7 (Kreidberg 2015).
This Python packages calculates lightcurves from input parameters,
in our case: orbital period 𝑃, mid-transit time 𝑡0, planet-star radius

7 batman: https://lkreidberg.github.io/batman
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ratio, impact parameter 𝑏, eccentricity and argument of periastron
as

√
𝑒 cos𝜔 and

√
𝑒 sin𝜔, stellar density 𝜌∗, and quadratic limb

darkening coefficients.
A baseline model was applied independently to each ground-based

lightcurve. These baselines were built as linear combinations of ob-
servable parameters such as airmass, sky background, full-width-
half-maximum (FWHM) of the PSF, and displacement on the x and y
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axes of the detector. The baseline parameters used for each night were
determined with the Bayesian Information Criterion (BIC; Schwarz
1978) and are summarised in Table 1.

The stellar activity correction was applied to the TESS data using
a Gaussian Process (GP) with celerite (Foreman-Mackey 2018).
This accounts for stellar variation that is unexplained through physi-
cal modelling. The kernel chosen was a semi-periodic stochastically-
driven damped harmonic oscillation with a periodicity term 𝜔0, a
noise amplitude term 𝑆0, and a quality factor 𝑄 which was fixed to
1/
√

2.
The models were then fit to the lightcurves with emcee (Foreman-

Mackey et al. 2013), a software implementation of an affine invariant
Markov chain Monte Carlo (MCMC) ensemble sampler (Goodman
& Weare 2010). We used uniform priors on all free parameters except
𝑃 and 𝜌∗. For the period, a Gaussian prior was used based on an initial
period estimate through a periodogram of the TESS data. The stellar
density prior was also Gaussian, determined by the mass and radius
values obtained in Section 3.2. The eccentricity 𝑒 and the argument
of the periastron 𝜔 were fitted together by sampling

√
𝑒 cos𝜔 and√

𝑒 sin𝜔 without informative priors, to avoid biasing the posterior
towards non-zero eccentricities. For the stellar activity GP kernel,
we used wide uniform priors on log(𝜔0) and log(𝑆0).

The stellar limb darkening was modelled with the quadratic limb
darkening described in Mandel & Agol (2002), which fits two
quadratic parameters: 𝑢1 and 𝑢2. In our MCMC, to avoid unphysical
combinations of these parameters, we sample the transformed trian-
gular quadratic limb darkening parameters from Kipping (2013),

𝑞1 = (𝑢1 + 𝑢2)2 (1)

𝑞2 =
𝑢1

2(𝑢1 + 𝑢2)
. (2)

As shown in Appendix A, we decided to use wide uniform priors
on both parameters following the evidence of deviation between the
empirical and tabulated limb-darkening parameters shown in Patel &
Espinoza (2022). Since the limb darkening is wavelength dependent,
we sampled this parameter separately for lightcurves of different
filters.

We ran the MCMC with 100 walkers for 5000 steps to sample the
posterior distribution of each fit parameter and calculate its uncer-
tainties. Our results are shown in Table 3 and Figure 7. Chromaticity
checks confirmed the consistency of the transit depths at each wave-
length.

The SPIRIT light curve is displayed in Figure 7 (second from the
bottom). Due to its infrared-sensitive CMOS architecture, SPIRIT
exhibits a higher thermal noise contribution compared to the other
instruments, leading to an increased root-mean-square (RMS) scatter
in the light curve. However, limb darkening effects decrease at longer
wavelengths, reducing degeneracies in transit depth measurements,
which improves the precision of planetary radius estimates.

5.2 Search for additional candidates

We looked for evidence of additional planets in the system by
searching the TESS data for possible missed transits, performing
injection recovery to calculate the upper limits of a non-detected
planet, and looking for transit timing variations (TTVs).

For checking the presence of other transits in the TESS data,
we used the SHERLOCK8 software (Pozuelos et al. 2020a; Dévora-
Pajares et al. 2024). SHERLOCK is an end-to-end pipeline that allows

8 SHERLOCK: https://github.com/franpoz/SHERLOCK

Figure 8. Injection-recovery test performed using the MATRIX ToolKit. The
solid lines show the 95% (top; blue) and 5% (bottom; white) recovery rates.
The dashed white line represents the 50% recovery rate. The red dot is the
position of TOI-2407 b in period–radius space.

the users to explore the data from space-based missions to search
for planetary candidates. It can be used to recover alerted candidates
by the automatic pipelines such as SPOC (Jenkins et al. 2016) in
our case, and to search for candidates that remain unnoticed due to
detection thresholds, lack of data exploration, or poor photometric
quality. To this end, SHERLOCK has seven different modules to (1)
acquire and prepare the light curves from their repositories, (2) search
for planetary candidates, (3) vet the interesting signals, (4) perform
a statistical validation, (5) carry out planetary system stability tests,
(6) model the signals to refine their ephemeris, and (7) compute the
observational windows from ground-based observatories to trigger a
follow-up campaign.

We ran SHERLOCK on all four sectors covering possible periods
from 0.5 to 33 days with 3 runs each. TOI-2407 b was recovered
on the initial run. One additional candidate was flagged, but only
observed in three of the four sectors. This candidate had a depth of
1.4±0.4 ppt and period of 26.3 days with a signal-to-noise ratio of 4.4.
The S/R is below 5 and the candidate is not statistically significant
so we did not explore it further in this work.

Even if no evidence of other planetary signals were found, there
could be planets in the system that cannot be retrieved with the TESS
photometric precision. We used the MATRIX ToolKit9 (Dévora-
Pajares & Pozuelos 2022) to calculate the detection limits of a planet
in our TESS data. MATRIX performs transit injection-recovery by in-
jecting synthetic planets into our TESS lightcurves, combining all
available sectors. The parameter space explored covered planetary
radii from 0.5 to 6 R⊕ in steps of 0.2 R⊕ , and orbital periods from
0.5 to 13 days in steps of 0.7 days. Each (𝑅𝑃 , 𝑃) pair was tested
at four different orbital phases (i.e., 𝑇0 values), resulting in a total
of 491 scenarios. After injection, MATRIX detrends the light curves
using a bi-weight filter with a 0.5 day window. A synthetic planet is
considered recovered if its epoch matches the injected epoch within
1 hour and the recovered period is within 5% of the injected value.
For simplicity, all injected planets assume zero eccentricity and im-
pact parameter, meaning the derived detection limits represent an
optimistic case (see e.g. Eisner et al. 2020; Pozuelos et al. 2020b).
The results from the injection-recovery are shown in Figure 8.

Finally, we looked for the gravitational effect of undetected planets

9 tkmatrix: https://github.com/PlanetHunters/tkmatrix
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Table 3. Stellar and planetary parameters excluding limb-darkening coefficients, which are listed in Appendix A. The stellar parameters, except the density, were
obtained through spectral and SED analysis shown in Section 3. The density is consistent with the mass and radius. The planet parameters with empty prior
columns are fit parameters obtained without informative priors and derived parameters.

Parameter Value Priors

Stellar parameters

Stellar density (g cm−3) 4.85+0.28
−0.29 N(4.24, 0.77)

𝑇eff (K) 3530 ± 100 -
[Fe/H] 0.21 ± 0.16 -
𝑅∗ (R⊙) 0.567 ± 0.034 -
𝑀∗ (M⊙) 0.548 ± 0.016 -
𝐿∗ (L⊙) 0.0448 ± 0.0016 -
Bolometric flux 𝐹bol (erg s−1 cm−2) (1.692 ± 0.059) × 10−10 -

Planet parameters

Period (days) 2.702969 ± 0.000001 N(2.703, 0.05)
Mid-transit time 𝑡0 (BJD - 2450000) 9149.0561 ± 0.0003 U(9149.05, 9149.06)
Transit duration (hours) 1.70+0.04

−0.09 -
𝑅𝑝/𝑅∗ 0.0689+0.0008

−0.0009 U(0.01, 0.1)
Radius (R⊕) 4.26 ± 0.26 -
Transit impact parameter 𝑏 0.25+0.09

−0.11 U(0, 1)
Orbital inclination 𝑖 (deg) 88.83+0.55

−0.41 -
√
𝑒 cos 𝜔 0.19+0.17

−0.13 U(−1, 1)
√
𝑒 sin 𝜔 0.16+0.07

−0.10 U(−1, 1)
Eccentricity 𝑒 0.08+0.07

−0.04 -
Argument of periapsis 𝜔 (deg) 42+32

−30 -
Semi-major axis (AU) 0.033 ± 0.001 -
Stellar irradiation (S⊕) 41 ± 4 -
Equilibrium temperature (K) 705 ± 12 -

in the system with a TTV search. We fixed our found fit parameters
and allowed the mid-transit timing to vary on each observed transit.
The difference between observed and predicted is shown in Figure
9. We found no significant evidence of TTVs.

6 DISCUSSION

TOI-2407 b lies in the Neptune desert in period–radius space (Mazeh
et al. 2016). This provides an opportunity to test the prevailing the-
oretical models for the existence of this region, encompassing both
formation and atmospheric evolution processes. As shown in Figure
10, TOI-2407 b lies next to the ’Neptune ridge’, an overdensity of
Neptune-like planets on 3.2–5.7 day period orbits (Castro-González
et al. 2024). This ridge could arise as a stopping point in their mi-
gration path after which planets would undergo photoevaporation.
Thus, planets found inside the desert past the ridge could have ex-
perienced high-eccentricity migration (Fortney et al. 2021) at a late
stage, where the star was no longer emitting strongly in the X-ray and
XUV.

The bounds of the Neptune desert were found using predominantly
FGK-type stars. Since M-dwarf planets at a given orbital distance
receive lower irradiation than those around earlier-type stars, an al-
ternative way to define the desert is in the irradiation–radius rather
than period–radius plane (McDonald et al. 2019; Kanodia et al.
2021; Powers et al. 2023). Under this definition, TOI-2407 b would
not be classified as part of the M-dwarf Neptune desert. However,
TOI-2407 b would still present a valuable case for studying photoe-
vaporation in M-dwarf planets, and how it can play a different role in
shaping the demographics of such systems compared to FGK stars

8390 8400 8410 8420 8430
20

0

20
TESS low-cadence O - C

9120 9130 9140 9150 9160 9170
20

0

20

O
bs

er
ve

d 
t0

 - 
pr

ed
ic

te
d 

t0
 (m

in
s)

TESS high-cadence O - C

9250 9500 9750 10000 10250 10500
Time (BJD - 2450000)

20

0

20
Ground-based O - C

Figure 9. Difference between predicted and observed time for each of the
transits to search for transit timing variations (TTVs).

MNRAS 000, 1–12 (2025)



TOI-2407 b: a warm Neptune 9

1 10 100 1000
log Period (days)

1

10

100

lo
g 

R
ad

iu
s (

Ea
rth

 ra
di

i)

Neptune desert (Mazeh et al. 2016)
TOI-2407b

Figure 10. Exoplanets discovered with a radius measurement of at least 10%
precision shown in log10 period-radius space. Planets discovered around M-
dwarfs are shown in red. TOI-2407 b is shown as a red star. Data from NASA
Exoplanet Archive, January 2025: https://exoplanetarchive.ipac.ca
ltech.edu

(seen, e.g. Luque & Pallé 2022). A density measurement of TOI-
2407 b will be useful for distinguishing between different formation
and evolution models and understanding how the host star influences
the desert. A low-density measurement would indicate the presence
of a substantial gaseous envelope, suggesting that TOI-2407 b has
retained a large fraction of its primordial atmosphere.

Using the Chen & Kipping (2017) mass–radius relation, we predict
a mass of 17 ± 2 M⊕ , placing it in the lower-mass regime of the
Neptune desert. Radial velocity measurements of TOI-2407 b will
be needed to characterise the mass and bulk density. This could
be obtained with high-precision spectrographs with red and near-
infrared wavelength coverage, such as NIRPS (Bouchy et al. 2017),
which can achieve <10 m/s precision for M-dwarfs.

For possible JWST observations, based on the predicted mass,
we derive a Transmission Spectroscopy Metric (TSM) of 69 and an
Emission Spectroscopy Metric (ESM) of 12 using the framework de-
scribed in Kempton et al. (2018). The NIRSpec/G395H instrument,
which provides higher spectral resolution in the infrared (2.87—
5.14 µm), would allow for constraints on the presence of carbon-
bearing molecules such as CO2, CO and CH4 in the atmosphere,
as well as metallicity measurements. C/O ratio measurements with
NIRSpec/G395H or through emission spectroscopy with MIRI (5—
12 µm) could aid in understanding the atmospheric chemistry of
TOI-2407 b and its formation and evolution history.

TOI-2407 b also presents a unique opportunity for comparative
studies with Gliese 436 b (Butler et al. 2004), a well-characterized
warm Neptune orbiting an M2.5 V dwarf with a period of 2.64 days
and a radius of 4.33 ± 0.18 R⊕ (Deming et al. 2007). Gliese 436 b
has been repeatedly observed in transmission and emission spec-
troscopy, revealing a CH4-deficient, metal-rich atmosphere (Spitzer;
Stevenson et al. 2010; Lanotte et al. 2014; Morley et al. 2017; JWST;
Mukherjee et al. 2025). Additionally, atmospheric escape has been
observed on Gliese 436 b through Lyman-𝛼 transit observations de-
tecting an extended hydrogen envelope driven by XUV irradiation
(Ehrenreich et al. 2015). TOI-2407 b, with its similar radius and

period orbit around an M-dwarf, occupies a comparable parameter
space and could provide insight into whether such chemical and dy-
namical processes are common among Neptunes in this regime. A
comparative study with Gliese 436 b could help constrain potential
atmospheric compositions and refine models of atmospheric evolu-
tion in the Neptune desert, particularly for M-type stars.

7 CONCLUSIONS

This work presents the validation of TOI-2407 b, a Neptune-sized
exoplanet with a radius of 4.26 ± 0.26 R⊕ orbiting an M2-type star
with a period of 2.7 days. The planet was initially identified through
TESS photometry and confirmed via multi-wavelength ground-based
transit observations, including data from the near-infrared CMOS
detector SPIRIT at the SSO. We report a stellar irradiation of 41 ±
4 S⊕ , corresponding to a zero-albedo equilibrium temperature of
705 ± 12 K. The planetary parameters place TOI-2407 b within the
bounds of the Neptune desert in period–radius space, but not in
irradiation-radius space.

Further characterisation of TOI-2407 b through radial velocity
measurements will be necessary to constrain its mass and bulk den-
sity, to constrain its composition and evolutionary history. Given its
location near the boundary of the period–radius Neptune desert, ad-
ditional spectroscopic observations could provide insights into the
role of atmospheric mass loss and planetary migration in shaping
this region of parameter space.

With an extensive dataset comprising months of SPIRIT obser-
vations on a large sample of targets, we will conduct a systematic
analysis to further assess the viability of CMOS-based infrared detec-
tors in ground-based exoplanet transit studies. Expanding the sample
of transiting exoplanets detected in the infrared will be crucial for im-
proving constraints on planetary demographics around M-dwarfs and
for refining models of planet formation and atmospheric evolution
in the low-mass stellar regime. SPIRIT will continue to observe the
coldest stars, enhancing the SPECULOOS Transit Survey’s ability
to detect and characterise planets around ultracool dwarfs.
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Parameter Value Priors

Limb-darkening coefficients

𝑞1,TESS 0.21+0.22
−0.12 U(0, 1)

𝑞2,TESS 0.22+0.19
−0.16 U(0, 1)

𝑞1,SPIRIT 0.60+0.23
−0.22 U(0, 1)

𝑞2,SPIRIT 0.26+0.16
−0.15 U(0, 1)

𝑞1,g′ 0.48+0.31
−0.25 U(0, 1)

𝑞2,g′ 0.24+0.17
−0.16 U(0, 1)

𝑞1,z 0.52+0.29
−0.26 U(0, 1)

𝑞2,z 0.27+0.17
−0.18 U(0, 1)

𝑞1,V 0.34+0.29
−0.21 U(0, 1)

𝑞2,V 0.15+0.17
−0.11 U(0, 1)

𝑞1,I+z 0.33+0.28
−0.21 U(0, 1)

𝑞2,I+z 0.26+0.15
−0.16 U(0, 1)

𝑞1,LCO 0.34+0.33
−0.24 U(0, 1)

𝑞2,LCO 0.31+0.13
−0.19 U(0, 1)

𝑞1,ExTrA 0.06+0.13
−0.04 U(0, 1)

𝑞2,ExTrA 0.21+0.19
−0.16 U(0, 1)

𝑢1,TESS 0.19+0.14
−0.14 -

𝑢2,TESS 0.28+0.23
−0.21 -

𝑢1,SPIRIT 0.38+0.20
−0.21 -

𝑢2,SPIRIT 0.38+0.26
−0.27 -

𝑢1,g′ 0.32+0.23
−0.23 -

𝑢2,g′ 0.35+0.26
−0.25 -

𝑢1,z 0.35+0.23
−0.24 -

𝑢2,z 0.34+0.28
−0.27 -

𝑢1,V 0.19+0.16
−0.15 -

𝑢2,V 0.39+0.24
−0.24 -

𝑢1,I+z 0.27+0.16
−0.17 -

𝑢2,I+z 0.29+0.24
−0.23 -

𝑢1,LCO 0.33+0.25
−0.24 -

𝑢2,LCO 0.23+0.18
−0.17 -

𝑢1,ExTrA 0.11+0.078
−0.077 -

𝑢2,ExTrA 0.18+0.15
−0.15

APPENDIX A: LIMB DARKENING AND DETRENDING
PARAMETERS

This paper has been typeset from a TEX/LATEX file prepared by the author.
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