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ABSTRACT

Context. We present the analysis of five long-period TESS Objects of Interest (TOIs), all orbiting Sun-like stars, with orbital periods
exceeding one month. Initially identified by the Transiting Exoplanet Survey Satellite (TESS), we extensively monitored these targets
with the Antarctic Search for Transiting Exoplanets (ASTEP), supported by other facilities in the TESS Follow-up Observing Program
(TFOP) network.

Aims. These targets occupy a relatively underexplored region of the period-radius parameter space, offering valuable primordial probes
for planetary formation and migration as warm planets better maintain their evolutionary fingerprints.

Methods. To characterise these systems, we leveraged high-resolution speckle imaging to search for nearby stellar companions, and
refine stellar parameters using both reconnaissance spectroscopy and spectral energy distribution (SED) fitting. We combined TESS
photometry with high-precision ground-based observations from ASTEP, and when available, included additional photometry and
radial velocity data. We applied statistical validation to assess the planetary nature of each candidate and used allesfitter to jointly
model the photometric and spectroscopic datasets.

Results. We validate the planetary nature of three TOlIs, including the two warm Saturns TOI-4507 b (8.2 Rg, 104 d) and TOI-3457 b
(10.0Rg, 32.6d), as well as the warm sub-Neptune TOI-707 b (2.4 Rg, 52.8 d). The remaining two candidates are most consistent with
eclipsing binaries, namely TOI-2404 and TOI-4404.

Conclusions. These results help populate the sparse regime of warm planets, which serve as key tracers of planetary evolution, and

demonstrate ASTEP’s effectiveness as a ground-based follow-up instrument for long-period systems.

Key words. planets and satellites: detection — planets and satellites: formation — planets and satellites: general —
planets and satellites: interiors — planets and satellites: terrestrial planets — planet—star interactions

1. Introduction

The study of exoplanets has evolved rapidly over the past three
decades, driven by the growing number of discoveries and
improved observational techniques. While thousands of transit-
ing exoplanets have been identified, most orbit their stars with
short periods, typically less than a month. In contrast, long-period
planets remain underexplored due to observational challenges
such as rare transit alignments and the need for extended mon-
itoring. Transiting planets with orbital periods longer than one
month are particularly valuable, as they provide both photometric
radius measurements and, when combined with radial velocities
(RVs), mass estimates. This enables the determination of bulk

* Corresponding author: rea.erika98@gmail.com

densities and compositions, while their weaker atmospheric ero-
sion and tidal effects allow them to retain key signatures of their
formation and long-term evolution (see reviews by Madhusudhan
et al. 2014; Dawson & Johnson 2018). In this work, we inves-
tigate five long-period transiting planet candidates, spanning a
range of sizes and orbital configurations, initially identified as
TESS Objects of Interest (TOIs): TOI-4507.01, TOI-4404.01,
TOI-2404.02, TOI-3457.01, and TOI-707.01!. Where validated
and confirmed, they offer a rare opportunity to probe the physical
and dynamical properties of planets in a regime where observa-
tional insights are sparse and evolutionary processes may leave
clearer imprints than in short-period counterparts. Warm giants —

1 see ExoFOP: https://exofop.ipac.caltech.edu/tess/
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planets the size of Saturn or Jupiter with orbital periods between
10 and 200 days — can play a key role in understanding their
hot and cold siblings. In particular, the nature of giant plan-
ets inside the snowline is still debated, with multiple evolutio-
nary processes likely contributing (see reviews by Dawson &
Johnson 2018; Fortney et al. 2021). These planets are hypothe-
sised to form either through core accretion (Pollack et al. 1996)
or gravitational collapse (Cameron 1978; Boss 1997); and either
via in situ accretion close to their host stars (e.g. Batygin et al.
2016; Boley et al. 2016; Huang et al. 2016) or beyond the snow-
line followed by inward migration (e.g. Rafikov 2005). The latter
may be driven by smooth disk migration (e.g. Lin et al. 1996;
Ward 1997; Walsh et al. 2011; Nelson 2018) or high-eccentricity
mechanisms such as planet-planet scattering followed by tidal
interactions (e.g. Rasio & Ford 1996; Juri¢ & Tremaine 2008;
Ford & Rasio 2008; Jackson et al. 2008; Wu & Lithwick 2011;
Petrovich 2015). An increasing number of discoveries of hot
giants on eccentric orbits indicate that high-eccentricity mecha-
nisms may indeed play a prominent role (e.g. Kossakowski et al.
2019; Jordén et al. 2020; Schulte et al. 2024). Yet, hot giants’ radii
are often inflated due to high irradiation and their orbits are often
circularised by tidal forces, obscuring evolutionary features (e.g.
Fortney & Nettelmann 2010; Albrecht et al. 2012). Warm giants,
in contrast, experience less extreme environments, with less irra-
diation, weaker tidal interactions, and a broader range of orbital
eccentricities (Schlecker et al. 2020). They are more likely to pre-
serve initial conditions, allowing direct comparisons with their
counterparts (e.g. Huang et al. 2016; Espinoza-Retamal et al.
2025). As a result, they retain a clearer fingerprint of their pri-
mordial properties and can be a more direct probe of evolutionary
pathways for all types of giant planets.

Equally puzzling are warm (sub-)Neptunes — planets with
radii between 1.6-4 Rg — which have no analogue in our Solar
System yet are among the most common exoplanets discovered.
Despite their prevalence, their bulk composition and formation
pathways remain uncertain, particularly at longer orbital peri-
ods (e.g., Raymond & Morbidelli 2022). These planets may host
substantial H/He envelopes or be rich in heavier volatiles such
as water. However, the mass-radius relationship is degenerate:
drastically different internal compositions can yield similar bulk
properties, especially once the H/He fraction exceeds ~1% of
the total mass (e.g. Lopez & Fortney 2014). This ambiguity is
particularly relevant in the 2—4 Rg range, where planets may
be ‘gas dwarfs’ or ‘water worlds’ (e.g., Zeng et al. 2019). The
radius valley, an observed deficit of planets between 1.6-1.8 Rg,
offers key insights into planetary origins. This transition region
between rocky super-Earths and volatile-rich sub-Neptunes has
been identified in multiple independent studies (e.g. Youdin
2011; Lopez et al. 2012; Owen & Jackson 2012), and confirmed
through precise radius measurements and occurrence statistics
(e.g.Rogers 2015; Fulton et al. 2017; Van Eylen et al. 2018). Mod-
els attribute this bimodality to differences in core composition
relative to the water ice line, combined with limited gas accretion
or atmospheric loss (e.g. Venturini et al. 2020; Bean et al. 2021).
However, the location and shape of the gap vary with stellar type
and metallicity, suggesting distinct formation and migration path-
ways. For instance, metal-rich stars tend to host larger planets at
short periods (e.g. Petigura et al. 2018), while around M dwarfs,
the gap may instead separate rocky super-Earths from water-
rich sub-Neptunes (Luque & Pallé 2022). Formation frameworks
incorporate a range of physical processes, such as disk evolution,
planetesimal growth, migration, and gas accretion (see review
by Raymond & Morbidelli 2022). Some models propose late-
stage, in situ accretion from inward-drifting solids in gas-poor
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environments that limits envelope growth and migration; while
others favour formation beyond the ice line followed by disk-
driven migration that enables volatile-rich planets (e.g. Lee &
Chiang 2016; Bean et al. 2021). Moreover, dynamical instabili-
ties after disk dispersal may disrupt resonant chains and trigger
collisions, potentially explaining both the radius valley and intra-
system size uniformity (Izidoro et al. 2022). Sub-Neptunes on
short orbits undergo intense stellar irradiation, driving atmo-
spheric escape and shaping present-day radii (Owen & Wu 2017;
Ginzburg et al. 2018; Kubyshkina et al. 2019). At longer periods,
reduced flux allows warm sub-Neptunes to retain more of their
primordial atmospheres and sustain interior-atmosphere coupling
over Gyr timescales (e.g. Kite et al. 2020), preserving signa-
tures of their initial composition, thermal evolution, and volatile
inventory.

However, detecting and characterising long-period planets is
observationally challenging, requiring extensive follow-up with
high-precision photometry and radial velocity instruments to con-
firm signals and refine planet properties. Space-based missions
such as the Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) significantly expand the number of detected exo-
planets, but the relatively short observation windows in each
sector (~27 days) limit the ability to capture multiple transits
of long-period TOIs. The extended missions partly mitigate the
effect by revisiting sectors about a year later, although many
transits still fall into observational gaps, underlining the need
for complementary instruments. As such, ground-based facilities
capable of long-term monitoring play a crucial role in validating
and refining these detections. Among these, the Antarctic Search
for Transiting ExoPlanets (ASTEP; Guillot et al. 2015; Crouzet
et al. 2020) telescope, located at Dome C in Antarctica, offers a
unique advantage due to its stable atmospheric conditions and the
ability to provide continuous high-precision photometry during
the winter season. Combining TESS with ASTEP observations
enhances our ability to characterise planetary systems, especially
those with long orbital periods (Dransfield et al. 2022). We struc-
ture this study as follows. In Section 2, we describe the target
selection and observations. Next, Section 3 describes the stellar
characterisation, followed by Section 4 that details the statistical
validation of the TOIs based on all this input. In Section 5, we
detail the methods used to derive planetary parameters, including
the joint modelling of photometric and spectroscopic data. Sec-
tion 6 presents the results for each target, along with a discussion
of their physical and orbital properties in the context of planetary
formation and evolution. Finally, Section 7 summarises the main
findings and their broader implications.

2. Targets and observations
2.1. Target selection

We selected the most suitable targets from TOIs observed by
ASTEP between 2020 and 2023, considering only those classi-
fied as Planet Candidates (PC) in the NASA Exoplanet Archive
(Christiansen et al. 2025). Targets under active investigation or
associated with ongoing publications were excluded based on
literature reviews and collaborative discussions. We further nar-
rowed the sample to planets with orbital periods longer than one
month and verified that ASTEP data included at least partial
transit coverage. Where possible, we obtained additional ASTEP
observations from 2024 and 2025 to improve coverage and
refine the analysis. Our final sample includes five targets: TOI-
4507.01 (orbital period of 104.6d), TOI-2404.02/03 (74.64d),
TOI-707.01 (52.8d), TOI-4404.01 (39.6d), and TOI-3457.01
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(32.6d). All signals initially appeared consistent with Neptune-
to Jupiter-sized planet candidates. Notably, at the start of our
observing campaign, TOI-2404.03 was believed to represent a
single or double transit event with a much longer orbital period.
It was only later revealed that TOI-2404.02 and TOI-2404.03
share a common physical origin (see further discussion in this
paper).

Two of these targets also exhibit shorter-period signals: TOI-
2404.01 (20.4 d) and TOI-707.02 (17.5d). Although these were
not part of our observing campaign, we briefly address them in
the relevant sections of this paper.

2.2. Photometric observations
2.2.1. TESS photometry

NASA’s TESS mission launched in 2018 to detect exoplanets
via stellar brightness variations. It scans the sky in 27-day sec-
tors, searching for periodic dips caused by transiting planets. The
mission provides 2-minute cadence lightcurves and full-frame
images (FFIs) at 30-minute intervals, later improved in extended
missions. Stars with validated transit-like signals are classified as
TESS Objects of Interest (TOIs; Guerrero et al. 2021), including
the five targets analysed here. Observations are processed with the
Science Processing Operations Center (SPOC) pipeline, which
produces Presearch Data Conditioning-Simple Aperture Photom-
etry (PDC-SAP) flux (Stumpe et al. 2012, 2014; Caldwell et al.
2020). For TOI-3457, we also used Quick-Look Pipeline (QLP)
data when SPOC lightcurves are unavailable. Table 1 summarises
all TESS observations. We extracted and normalised PDC-SAP
flux using lightkurve (Lightkurve Collaboration 2018), cor-
recting instrumental effects and filtering flagged data. SPOC and
QLP lightcurves were further detrended with wotan (Hippke
et al. 2019) to remove long-term stellar variability and residual
systematics. We then verified candidate parameters from ExoFOP
and performed an automated search for additional transit-like sig-
nals using the Transit Least Squares (TLS) algorithm (Hippke &
Heller 2019). All lightcurves and signals are shown in Fig. 1. To
assess contamination, we inspected TESS target pixel files with
tpfplotter (Fig. A.1). The absence of nearby sources supports
the interpretation that the signals originate from the target stars
and are not affected by blending or dilution.

2.2.2. ASTEP photometry

To interpret the origin of the TOI signals, we conducted
ground-based photometric follow-up observations using ASTEP
(Crouzet et al. 2008; Guillot et al. 2015; Crouzet et al. 2020),
located at Concordia Station in Antarctica. The facility oper-
ates a 0.4 m telescope optimised for high-precision time-series
photometry under exceptionally stable atmospheric conditions
(Mékarnia et al. 2016). Since its 2022 upgrade, ASTEP+ per-
forms simultaneous observations in red (R) and blue (B) bands,
corresponding to wavelengths of 800 nm (R) and 550 nm (B),
respectively. The cameras offer pixel scales of 1.05 arcseconds
(R) and 1.30 arcseconds (B), yielding wide fields of view of
approximately 36 X 36 arcminutes (R) and 44 x 44 arcminutes
(B) (Schmider et al. 2022). We processed the data using a com-
bination of IDL-based (Mékarnia et al. 2016) and Python-based
(Dransfield et al. 2022) aperture photometry pipelines, which
correct for systematics, extract robust lightcurves, and ensure
compatibility with other datasets for joint modelling. Table 2
summarises all observations.

Table 1. Summary of TESS observations for the five TOIs.

Target Pipeline Year Observed Sectors Exposure time (s)
2018  02-03, 05-06 120
2019 07-13 120
2020  27-30,32-33 120
TOI-4507 SPOC 2021 34-39 120
2023 61-69 120
2024 87 120
2025 88-90 120
2019 07 120
2020 28-31, 33 120
2021 34-39 120
TOI-2404 SPOC 2023 61-69 120
2024 87 120
2025 88-90 120
2018 01-06 120
2019  07-09,11-13 120
2020 28-33 120
TOI-707 SPOC 2021 34-36, 38-39 120
2023 61-62, 64-67, 69 120
2024 87 120
2025 88-89 120
2021 34-37 120
TOI-4404 SPOC 2023 61-63 120
2025 88-90 120
2019 11-12 1800
TOI-3457 QLP 2021 38-39 600
SPOC 2023 65, 66 120

In addition to ASTEP, several ground-based facilities in
the TESS Follow-up Observing Program (TFOP; Collins 2019)
provided complementary photometric coverage, capturing addi-
tional transits and broadening the wavelength range. Combining
ASTEP’s R and B bands with these multi-filter data helps enhance
planet validation via achromatic behaviour and reveal eclipsing
binaries through chromatic trends.

2.2.3. LCO photometry

We utilised the Las Cumbres Observatory (LCO; Brown et al.
2013) 1.0m telescope located at Cerro Tololo Inter-American
Observatory (CTIO), equipped with the 4096x4096 SINISTRO
camera, to obtain photometric observations of three candidates
ini’, g’, and z;” bandpasses (see Table 2). All observations have
typical cadences of 200-250s, airmass values ranging from 1.5
to 1.6, and seeing conditions around 0.389"’. The data calibration
was performed using the standard BANZAI pipeline (McCully
et al. 2018) and photometric extraction was performed using
AstroImage] software (Collins et al. 2017).

2.2.4. PEST photometry

The Perth Exoplanet Survey Telescope (PEST; Tan 2025) is
located near Perth, Australia. The 0.3 m telescope is equipped
with a 5544 x 3694 QHY 183M camera. Images are binned 2x2
in software giving an image scale of 0’7 pixel~! resulting in a
32" x 21’ field of view. A custom pipeline based on C-Munipack’

2 http://c-munipack.sourceforge.net
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Fig. 1. TESS lightcurves of the five TOIs from 2018 to 2025. Each panel shows the normalised flux over time (grey) and highlights the transit
events in colour. To improve readability for these long-period systems, only time intervals with available data are shown. As a result, predicted
transits occurring during data gaps are not displayed. Section 2.2.1 and Table 1 provide further details.
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Table 2. Summary of ground-based photometric follow-up from ASTEP,
LCO-CTIO, PEST and MoanaES.

Target Telescope (filter) Date Coverage
TOI-4507.01 ASTEP (R,B) 2023-05-23  Egress
ASTEP (R,B) 2024-07-14 -
ASTEP (R) 2025-05-24 Full
TOI-2404.01 MoanaES (1) 2022-11-10 -
MoanaES (R) 2023-02-20  Ingress
TOI-2404.02 ASTEP (R) 2022-09-04 Full
ASTEP (R,B) 2023-04-16 Egress
ASTEP (R,B) 2023-06-29 -
ASTEP (R,B) 2023-09-12  Ingress
MoanaES (R) 2023-01-31 Egress
LCO-CTIO (ip) 2023-02-01 Egress
TOI-2404.03 - - -
TOI-707.01 ASTEP (R,B) 2022-05-18 Full
TOI-707.02 - - -
TOI-4404.01 ASTEP (R) 2021-09-28  Ingress
ASTEP (R,B) 2023-06-24 Full
ASTEP (R,B) 2024-05-06 Full
LCO-CTIO (gp,zs) 2022-03-06 Full
PEST (rp) 2022-01-25 Full
TOI-3457.01 ASTEP (R) 2021-09-08 -
ASTEP (R,B) 2023-06-22 Full
ASTEP (R,B) 2024-05-13 Full
MoanaES (R) 2022-05-26  Ingress
LCO-CTIO (ip) 2022-05-26  Ingress

was used to calibrate the images and extract the differential pho-
tometry. In particular, TOI-4404.01 was observed in the r’-band,
providing full transit coverage (see Table 2).

2.2.5. MoanaES photometry

MoanaES (see Trifonov et al. 2023; Brahm et al. 2023) is a station
of the Observatoire Moana located at the El Sauce Observatory
in the Rio Hurtado Valley, Chile, at an altitude of 1570 m. The
Observatoire Moana operates a global network of small-aperture
robotic telescopes for time-series photometry and transit follow-
up. The El Sauce station hosts a 0.6 m corrected Dall-Kirkham
telescope and an Andor iKon-L 936 deep-depletion 2k x 2k CCD,
delivering a pixel scale of 0’67. We observed partial transits of
TOI-2404’s candidates in the r’ band (see Table 2).

2.3. Reconnaissance spectroscopy

To vet planetary candidates and refine stellar parameters, we
leveraged reconnaissance spectroscopy using MINERVA and
CHIRON, both contributing to the TFOP network. MINERVA
(MINiature Exoplanet Radial Velocity Array) is a dedicated array
of 0.7-meter telescopes located at the Fred Lawrence Whipple
Observatory. It provides precise radial velocity measurements
and moderate-resolution spectra, tailored for identifying spectro-
scopic binaries and estimating stellar properties. It provided three
observations of TOI-4507 for initial vetting. CHIRON, mounted
on the 1.5-meter telescope at Cerro Tololo Inter-American
Observatory, is a fiber-fed Echelle spectrograph offering high-
resolution (R = 80000) spectra. Its stability and wavelength

coverage make it well-suited for stellar classification. CHIRON
provided one observation of TOI-2404, two of TOI-707, one
of TOI-4404, and 20 of TOI-3457 for initial vetting, and partly
supported stellar characterisation (see Section 3).

2.4. Radial velocity observations
2.41. FEROS spectroscopy

The Fiber-fed Extended Range Optical Spectrograph (FEROS;
Kaufer et al. 1999) is an Echelle spectrograph on the 2.2 m
MPG/ESO telescope at La Silla Observatory, Chile. It offers
a resolving power of R ~ 50000, covering the visible spec-
trum from approximately 350 nm to 920 nm. Its radial velocity
precision reaches about 10ms~!, which makes it suitable for
confirming massive exoplanets detected by TESS in the southern
hemisphere. Since 2020, FEROS has been routinely used within
the TFOP framework to measure TOI radial velocities. As part
of the WINE survey (Warm glaNts with tEss; Brahm et al. 2020;
Hobson et al. 2023; Tala Pinto et al. 2025; Eberhardt et al. 2025),
FEROS obtained eleven out-of-transit spectra for TOI-4507, 19
for TOI-2404, and seven for TOI-3457. Tables A.1, A.2, and A.3
list the observation dates, exposure times, and uncertainties.

2.4.2. CORALIE spectroscopy

We also performed spectroscopic vetting of the targets with the
CORALIE spectrograph installed at the Swiss 1.2 m Euler tele-
scope at La Silla observatory, Chile. CORALIE is a fiber-fed
high resolution spectrograph with a resolution of R =~ 60000
Queloz et al. (2000). All targets were observed with the science
fiber together with the second fiber connected to the simultaneous
Fabry—Pérot étalon. We obtained four observations of TOI-2404,
and one observation of TOI-4404. The spectra were processed
using the standard calibration reduction pipeline and the radial
velocities were derived by cross-correlation with the appropriate
stellar mask for each target (Pepe et al. 2002). The radial velocities
for TOI-2404 are listed in Table A.2. The observation of TOI-
4404 immediately revealed it as a double-lined spectroscopic
binary (see below).

2.4.3. HARPS spectroscopy

The High Accuracy Radial velocity Planet Searcher (HARPS)
spectrograph (Mayor et al. 2003) operates on the ESO 3.6 m
telescope at La Silla Observatory in Chile. This fiber-fed, cross-
dispersed Echelle spectrograph delivers a resolving power of R =
120000 and maintains long-term stability at the ~1 ms™! level,
enabling the characterisation of low-mass exoplanets. As part
of the WINE survey, HARPS provided 26 out-of-transit spectra
for TOI-4507, which serve to rule out a stellar-mass companion
and validate the planetary nature of the signal (Table A.1). In-
transit spectroscopy and Rossiter-McLaughlin modelling for this
system have been published in Espinoza-Retamal et al. (2025).
Additional HARPS observations were obtained for TOI-2404,
complementing the FEROS and CORALIE data (Table A.2).

2.5. High-resolution imaging

Blended stellar companions can mimic planetary transits or dilute
transit depths (e.g. Deeg et al. 2009; Ciardi et al. 2015). To rule
out such contamination, we conducted high-resolution speckle
imaging of our targets. The 4.1 m SOAR telescope (Tokovinin
& Cantarutti 2008) observed TOI-4507, TOI-2404, TOI-707,
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Table 3. Imaging observation summary.

Target Telescope  Instrument  Filter (nm) Date
TOI-4507 SOAR HRCam 879 2021-11-20
TOI-2404 SOAR HRCam 879 2020-12-03

TOI-707 SOAR HRCam 879 2019-11-09
TOI-4404 SOAR HRCam 879 2022-03-20
TOI-3457 Gemini Zorro 832-562  2023-04-08

and TOI-4404 in the I band (879 nm), with sensitivity curves and
auto-correlation functions extracted following Ziegler et al. 2020.
For TOI-3457, we used Zorro on the GEMINI South 8 m tele-
scope (Scott et al. 2021), which provides dual-channel imaging
in 562 nm and 832 nm, reduced via the standard pipeline (Howell
et al. 2011). As shown in Fig. A.2, no bright companions were
detected within 0.5”7-3.0”” (SOAR) or 0.2-1.2"" (Zorro), support-
ing the interpretation that the transit signals originate from the
target stars without significant blending.

3. Stellar characterisation

Characterising the host/primary star properties is pivotal for
deriving accurate companion parameters. Our analysis started
from the TESS Input Catalogue (TIC, Stassun et al. 2018), along
with Gaia DR3 (Gaia Collaboration 2023), 2MASS (Cutri et al.
2003), and other catalogues, and was refined by our observations.

3.1. Blends and stellar multiplicity

Given the low field density and the absence of nearby compan-
ions in our high-resolution imaging, the risk of blended sources is
low (see Section 2.5 and later Section 4). Nonetheless, TOI-2404
and TOI-4404 warrant caution, as both appear to host multiple
stars. For TOI-2404, the four CORALIE spectra and their cross-
correlation functions reveal only a single, isolated peak (Fig. 2),
indicating no direct spectroscopic evidence of multiplicity. How-
ever, photometric features suggest a potential planetary transit
together with a heavily diluted eclipsing binary within a multi-
star system (see Sections 4 and 6). Accordingly, we interpret the
derived stellar properties as those of the dominant star, not the
binary components. In contrast, TOI-4404 is clearly identified
as a double-lined spectroscopic binary in our CORALIE data
(Fig. 3). Throughout the analysis, we assume the primary star
dominates the system’s light and the reported stellar parameters
describe this primary component.

3.2. Spectroscopic parameters

We first used high-resolution spectroscopy (see Sections 2.3 and
2.4) to refine the stellar effective temperature (T.¢), surface grav-
ity (log g), metallicity ([Fe/H]), and projected rotational velocity
(vsini). All results are summarised in Table 4. Notably, the
reported uncertainties do not account for potential systematic
limitations and should be regarded as lower limits.

For TOI-4507 we leveraged 26 HARPS spectra, for TOI-
2404 we used 19 FEROS spectra, and for TOI-3457 we used
seven FEROS spectra. We co-added the spectra of each star
and used the zaspe code (Brahm et al. 2017) to derive precise
stellar atmospheric parameters. This procedure compares the co-
added spectrum to a grid of synthetic models in the regions of
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Fig. 2. CORALIE CCFs of TOI-2404 show no evidence of multiple stars,

presenting a puzzling contrast with its photometric features showing a
potential planetary transit alongside clear eclipsing binary signatures.
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Fig. 3. CORALIE CCF of TOI-4404 unveils it to be a double-lined
spectroscopic binary.

the spectrum that are most sensitive to changes in the atmo-
spheric parameters. For TOI-707 we used two CHIRON spectra
and for TOI-4404 we used a single CHIRON spectrum, which
were extracted via the official pipeline (Paredes et al. 2021). The
spectral analysis was performed as per Zhou et al. (2021); briefly,
line profiles were obtained from each spectrum via a least-squares
deconvolution against a synthetic spectral template, from which
radial and rotational broadening velocities were derived. Stel-
lar atmosphere parameters were determined by matching each
observed spectrum against a library of observed spectra previ-
ously classified by the Spectroscopic Parameter Classification
tool (Buchhave et al. 2010), and interpolated via a gradient
boosting regressor.

3.3. SED modelling

Next, we performed spectral energy distribution (SED) mod-
elling, in which the observed broadband fluxes, spanning from
the ultraviolet to the mid-infrared, are fitted with synthetic stel-
lar atmosphere models. We followed the procedures of Stassun
et al. (2017) and Stassun & Torres (2018), modelling each star’s
SED with Kurucz stellar atmospheres (Kurucz 1979) constrained



Table 4. Summary of stellar parameters (of the exoplanet hosts or primary stars in multi-systems).
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TOI-4507 TOI-2404 TOI-707 TOI-4404 TOI-3457
TIC™D 179582003 142087638 167342439 342314656 357312511
Gaia DR3® 4657949756881138176 5262245367587966208 5280307324275126016 5315690050833397248 5787442146160163200
RA® 05h21m48.330s 06h33m46.114s 06h34m55.100s 08h14m53.998s 12h12m49.997s
DEC® —69d59m17.58s —74d11m24.35s —67d32m14.19s ~57d25m59.10s ~79d45m25.93s
PM [RA] (mas/yr)® 22.003 + 0.0158 —~14.338 £ 0.0123 —14.750 £ 0.0142 26.172 +0.0143 —-39.544 +0.0132
PM [DEC] (mas/yr)® 3.972 +0.0169 6.035 +0.0154 —11.073 £ 0.0154 —46.221 £ 0.0158 15.071 +0.0130
Parallax (mas)® 5.643 +0.0123 3.389 +0.0109 7.676 +0.0107 3.582+0.0117 2.653 +0.0117
Distance (pc) " 178 £1.0 206 +2.2 131 +0.4 286 + 1.7 371 +3.1
Gaia RUWE® 0.783 0.807 0.856 0.833 0.981

Gaia AEN (mas)® 0.0327 0.0844 0.0705 0.1004 0.0635

10.091 + 0.006

10.711 £ 0.006

11.615 £ 0.006

mress) 10.230 + 0.006 11.464 + 0.006
MGaiaG? 10.567 11.561
MmGaiasp > 10.848 11.865
MmGaiarp® 10.133 11.084
mp® 11.52 £ 0.09 12.11£0.14
my® 10.81 £ 0.07 11.53 +0.11
my@ 9.689 +0.023 10.533 +0.026
my® 9.432 +0.024 10.252 +0.022
mys® 9.381 + 0.025 10.212 +0.025
my 9.344 +0.023 10.170 + 0.023
mws® 9.272 +0.020 10.193 + 0.020
my3® 9.227 +0.058 10.175 + 0.044
mws® 9.961 9.277

To (K) 6235 + 100© 6230 + 1207
log g (cgs) 4.44 +0.15© 4.40 +0.157
[Fe/H] (dex) —0.08 £ 0.05© 0.14 £ 0.057
v sini (km/s) 4.91 +0.3© 4.2+0.50
Ay (mag)® 0.14+0.03 0.14 + 0.06
Fiol (1079 cgs)® 1.498 +0.034 0.635 +0.015
Lig (Lo)® 1.466 + 0.034 1.724 +0.041
Ry (Ro)® 1.039 +0.036 1.203 +0.025
My (Mo)® 1.15 £ 0.07 1.16 £ 0.07
P (g/cm3)® 1.44+0.19 0.939 + 0.086
Prot/sin iy (d)® 10.7+0.8 10.1+1.7
Age (P sini) (Gyr)® 1.8+0.2 1.1+0.3

10.589 11.196 12.153
10.983 11.571 12.584
10.037 10.652 11.547

11.42 £0.07 12.42 £0.23 13.195 +0.03

10.71 £ 0.06 11.33 £0.10 12.344 +0.02
9.444 +0.023 10.033 +0.023 10.839 + 0.022
9.062 +0.023 9.704 + 0.025 10.516 + 0.021
8.972 +0.025 9.605 + 0.021 10.400 + 0.019
8.944 + 0.022 9.559 +0.022 10.423 £0.019
9.006 + 0.020 9.610 + 0.020 10.376 + 0.057
8.937 +0.021 9.588 +0.031 9.186
9.096 + 0.229 9.210 + 0.466 -

5424 + 61® 5732 + 100® 6300 + 1207
4.39 +0.07V 4.36+0.1® 4.28 +0.057
0.16 + 0.05® -0.18 £0.1® 0.28 +0.057

4.9+1.0® 53+1.0® 6.2 +0.57

0.05 + 0.04 0.15+0.05 0.36 +0.03
1.473 £0.034 0.874 +0.031 0.443 +£0.016
0.779 £ 0.018 2.124 £0.075 1.962 + 0.069
0.978 +0.021 1.581 +0.040 1.474 +0.037

0.99 +0.06 1.03 +0.06 1.04 +0.06

1.49 +0.14 0.368 + 0.035 0.458 + 0.040

9.9+2.0 - _
0.6+0.2 - -

Notes. *Sources: () TESS Input Catalog v8.2, (Stassun et al. 2018, 2019; Paegert et al. 2022). @ Gaia DR3 (Gaia Collaboration 2023). ®
TOI-4507, TOI-2404, and TOI-707 from Tycho-2 (Hgg et al. 2000); TOI-4404 and TOI-3457 from UCAC4 Catalogue (Zacharias et al. 2012). ¥
2MASS (Cutri et al. 2003). © WISE (Wright et al. 2010). ® this work; spectroscopic parameters from HARPS (Mayor et al. 2003). 7 this work;
spectroscopic parameters from FEROS (Kaufer et al. 1999). ® this work; spectroscopic parameters from CHIRON (Tokovinin et al. 2013). ® this
work; SED analysis following Stassun et al. (2017) and Stassun & Torres (2018); mass-radius relations from Torres et al. (2010); for TOI-4507,
TOI-2404, and TOI-707 spectroscopic priors are used as input; for TOI-4404 and TOI-3457 the SEDs are freely sampled. The shown parameters
are the TESS Input Catalog (TID) identifier, the Gaia Data Release 3 (DR3) identifier, right ascension (RA), declination (DEC), proper motions
(PM), parallax, distance, Gaia Renormalized Unit Weight Error (RUWE) and Astrometric Excess Noise (AEN) which may indicate binarity, the
magnitudes m in various bandpasses, stellar effective temperature 7., surface gravity g, metallicity [Fe/H], projected rotational velocity v sini,
visual extinction Ay, bolometric flux Fyo), bolometric luminosity Ly, radius R,, mass My, density p,, rotation period Prot/sin iy, and estimated

age.

by the photometry and Gaia parallax. For TOI-4507, TOI-2404,
and TOI-707 spectroscopic priors are used as input; for TOI-
4404 and TOI-3457 the SEDs are freely sampled. The SED fits
provide the visual extinction (Ay ), the bolometric flux (Fy,), the
bolometric luminosity (Lyo)), and stellar radius (R,). We com-
bined these results with empirical mass-radius relations (Torres
et al. 2010) to obtain self-consistent estimates of the stellar mass
(M,.). Using spectroscopic priors, they also allow us to constrain
the projected rotation period (Pyqt/sini) and stellar age. Table 4
presents the results and Fig. A.3 shows the corresponding best-
fit SEDs. As above, the reported uncertainties do not capture
possible systematic biases and should be interpreted as lower
limits.

3.4. Hertzsprung-Russell diagram

Fig. 4 shows the five host/primary stars placed on the
Hertzsprung-Russell diagram, with absolute magnitude on the
vertical axis and colour index on the horizontal axis. All five
targets lie along the main sequence, consistent with their classi-
fication as mid-F to late-G dwarfs, and their positions align well
with the radii, masses, and ages inferred from the SED analysis.

4. Validation of the planets

We investigated the statistical validation of all five
candidates using TRICERATOPS (Giacalone et al. 2020;

A86, page 7 of 22



Rea, E., et al.: A&A, 711, A86 (2026)

Y TOI-4507
Q TOI-2404
B Tor707
A 7012404
@ 701-3457

Absolute Magnitude
w

151

1 1 1
-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Color Index (B—V)

Fig. 4. Hertzsprung-Russell diagram showing that all targets cluster
in the same region, close to the main-sequence turn-off. The x-axis
represents the Color Index (B-V), the y-axis the absolute magnitude,
and colour maps the population density?.

Giacalone & Dressing 2020)*, a Bayesian framework tailored to
TOIs that estimates false positive probability (FPP) and nearby
false positive probability (NFPP). It evaluates scenarios such as
background eclipsing binaries, hierarchical triples, and grazing
eclipses by combining TESS photometry, Gaia astrometry, stel-
lar parameters, and contrast curves from high-resolution imaging.
The analysis uses only phase-folded lightcurves cropped around
the transit window to emphasise transit shape and exclude unre-
lated variability. For each target, we included only TESS sectors
with clearly detected signals. Contrast curves were incorporated
to exclude contaminating nearby sources within the aperture, sig-
nificantly reducing the likelihood of unresolved false positives.
For each of the five TOIs in our sample, we ran TRICERATOPS
using the corresponding TESS SPOC lightcurves, Gaia DR2
information, and our contrast curves derived from high-resolution
imaging (see Section 2.5), which rule out contaminating stellar
companions within a few arcseconds of the targets. Following
the standard thresholds of Giacalone & Dressing (2020), we con-
sider a candidate statistically validated when FPP < 1.5% and
NFPP < 0.1%. Table 5 summarises the results. Three of our long-
period candidates (TOI-4507.01, TOI-707.01, and TOI-3457.01)
fall below the validation thresholds and are statistically con-
firmed as planets. In contrast, TOI-4404.01 and TOI-2404.02/03
exceed the thresholds and are classified as false positives. This
outcome aligns with independent evidence: CORALIE mea-
surements confirm TOI-4404.01 as a double-lined spectroscopic
binary, while the signals from TOI-2404.02/03 match the pri-
mary and secondary eclipses of an eccentric eclipsing binary.
Although not part of our observing campaign, we also assessed

3 This plot is created via https://github.com/RobertoIA/
Hertzsprung-Russell using the HYG database (v3) athttp://www.
astronexus.com/hyg and https://github.com/astronexus/
HYG-Database.

4 Tool for Rating Interesting Candidate Exoplanets and Reliabil-
ity Analysis of Transits Originating from Proximate Stars; https:
//9ithub.com/stevengiacalone/triceratops
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Table 5. Results of the TRICERATOPS statistical validation analysis,
which validates candidates when FPP<1.5% and NFPP<0.1%.

Target FPP (%) NFPP (%) Validation Status
TOI-4507.01 0.14 +0.01 0.001 Validated
TOI-2404.01 0.56 +0.35 0.000 Validated
TOI-2404.02 99.98 +0.08 0.000 Rejected
TOI-2404.03 56.85 = 14.95 7.04 Rejected
TOI-707.01 0.62 +0.18 0.000 Validated
TOI-707.02  64.16 = 0.27 3.26 Rejected
TOI-4404.01 99.90 = 0.11 0.070 Rejected
TOI-3457.01 0.56 + 0.98 0.000 Validated

the shorter-period signals TOI-2404.01 and TOI-707.02. TOI-
2404.01 is confidently validated as a planetary signal, presenting
an intriguing case for future study (see Section 6.4). In contrast,
TOI-707.02 remains unvalidated, and its true nature will require
continued follow-up. A brief discussion of its possible nature is
provided in Section 6.3.

5. Photometric and radial velocity analysis

We computed planetary and eclipsing binary parameters using
allesfitter (Giinther & Daylan 2019, 2021), an open-source
framework that integrates tools such as ellc (Maxted 2016) for
lightcurve and RV modelling, and celerite (Foreman-Mackey
et al. 2017) for Gaussian Process (GP) regression. allesfitter
handles planetary transits, eclipsing binaries, and stellar variabil-
ity across photometric and spectroscopic datasets, with parameter
estimation via MCMC (emcee; Foreman-Mackey et al. 2013) and
Nested Sampling (dynesty; Speagle 2020). We jointly modelled
TESS, ASTEP, and other ground-based lightcurves, along with
RV data when available. Stellar activity and systematics were
captured using Gaussian Processes (GPs) and hybrid splines,
and models were optimised via MCMC following Giinther &
Daylan (2021). For each target, we followed a consistent multi-
step process with minor adjustments. We began by recovering
TESS transits using transitleastsquares (Hippke et al.
2019) and defining transit windows spanning roughly three transit
durations. A GP with a Matern 3/2 kernel was trained on out-of-
window data to set priors for its hyperparameters and white noise
term. We then fitted the in-window data with a transit model, uni-
formly sampling quadratic limb-darkening parameters in g-space
(Kipping 2013), while modelling systematics using normal priors
from the pre-trained GP and error scaling. We then incorporated
ASTEP and other ground-based photometry into a joint fit. Due
to their lower signal-to-noise, we applied fixed quadratic limb-
darkening coefficients derived from stellar atmosphere models,
model systematics using hybrid splines, and uniformly sam-
ple the error scaling. Specifically, we adopted coefficients from
the PHOENIX/1D grid (Claret et al. 2013; Table A.5) assum-
ing solar composition, a microturbulent velocity of 2kms™!,
a mixing-length parameter of 2.0, and spanning the relevant
ranges in temperature, gravity, and metallicity. Where FEROS,
CORALIE, or HARPS RVs were available, we performed a joint
photometric-spectroscopic fit to further constrain system param-
eters, particularly eccentricity, uniformly sampling RV offsets
and jitter (added in quadrature to reported errors). For each tar-
get, we first iteratively leveraged MCMC approaches to explore
the parameter space and refine the initial guesses. For this, we
typically use ~200 walkers and a series of shorter, consecutive
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Table 6. Summary of the companions’ posterior and derived parameters estimated in this work.
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TOI-4507.01 TOI-2404.02/.03 TOI-707.01 TOI-4404.01 TOI-3457.01
odeled as Xoplanet Cclipsing binar xoplanet clipsing binar xoplanet
Modeled Exopl. Eclipsing binary Exopl Eclipsing binary Exopl
Fitted parameters:
Ro/Ry 0.071707+0:0006> unconstrained 0.02266 = 0.00079 0.117+0-18 0.06617 = 0.00079
0.00037 0.0027 0.00055 0.0040 0.00092
(R + Ro)/an 0.01191+0-00037 0.0196+9-9027 0.01691*+9-0005 0.0157+3-0040 0.03650*0-000%2
P 0.0030 0.0013 0.0044 0.0075
cos ig 0.0024 = 0.0013 0.0186+9-0050 0.0070*9-9013 0.0139*+9-0044 0.0290*9-907
0.00021 0.000043 0.000028
Py (days) 104.616063 = 0.000081 74.60681 = 0.00021 52.79918+0-00021 39.623945+0-000043 32.600268*(-900028
Ty, (BID) 2459669.24457 + 0.00054 2459678.0782+0-9021 2459295.9113+9:9016 2459842.83508+0-0005 2459531.16898 + 0.00048
Veg cos wg - -0.4457 +0.0013 - - —0.509%0 04
Veg sin wg - 0.076+9014 - - 0.649+0-062
Kg (km/s) [99.9%] < 0.009 < 0.008 (non-detection) - - < 0.200
Ja - Unconstrained - 0.0095*9-90%, -
Dilution [99.9%] - <0.8 - - -
Derived parameters
0.00034 H 0.00053 0.00093 0.00087
Ry /ag 0.01 111500016 unconstrained 0.016545-00040 0.01399* 0010 0.034245-00080
ao/Ry« 90.0*%5 unconstrained 60.5+1.9 71.5%53 29.21+0.72
Ra/ag 0.000796*0-000039 unconstrained 0.000375 + 0.000020 0.00164*0-002% 0.002266*0-000062
Ro Rg) 8.13+0.29 unconstrained 2.416 + 0.098 20.2+3 10.64 +0.25
Ra (Rjup) 0.725 £ 0.026 unconstrained 0.2155 + 0.0087 1.80+28, 0.949 +0.022
ag (Ro) 93.143% unconstrained 59.1+2.2 113.075:1 43.0+1.4
ag (AU) 0.433+0018 unconstrained 0.275 +0.010 0.525+0-042 0.2001 + 0.0064
i 0.14 0.081 0.093 0.46
i (deg) 89.865 +0.077 88.93+0:14 89.602+9-051 89.204+0.07 88.34104
eq - 0.2044 +0.0012 - - > 0.59 [30]
wn - 170.3+2-2 - - 128.1%53
bras 0.21£0.12 unconstrained 0.421+0-062 0.990*0:22, 0.291 +0.086
0.048 0.092 0.035
Tior () 9.329+0:048 5.01+0.27 6.21570-092 2.184 +0.061 4.149*+0:93
0.052 0.10 0.15 0.031
Trua (h) 8.01870:052 1.175 £0.025 5.88070-10 0.3240:1% 3.58570-031
Tegniay=0 (K) 464.87 - 4917475 - 824.2%1053
Teqaiag=0.3 (K) 425.9*85 - 456 + 47 - 754 + 17
Pxcorbital (€€9) 1.260*9-967 - 1.50 £ 0.14 - 0.444 +0.033
My (Miyp) [99.9%] <0.24 - - - <251

Notes. *We use the suffix O as placeholder for all planet (b) and secondary star (B) identifiers. Shown are the companion radius R, host/primary star
radius R, orbital semi-major axis a, inclination i, orbital period P, epoch Ty, eccentricity e, argument of periastron w, RV semi-major amplitude
K, surface brightness ratio J, dilution, impact parameter b, total transit time Tio, full transit time Ty, equilibrium temperature Teq evaluated at
certain Bond albedos Ay, fitted stellar density p,, and companion mass Mp.

runs (~1000-10000 steps in each case). We then conducted a
series of final runs using Nested Sampling, in order to compare
the Bayesian evidence Z of various models. For each, the optimi-
sation is counted as converged once the default stopping criterion
of Alog Z = 0.01 is reached (Giinther & Daylan 2021). For TOI-
2404, the dilution of the TESS lightcurves was included as a free
parameter in the modelling, adopting a uniform prior between 0
and 1, with a resulting value of Drgss = 0.34*(:35. No explicit
dilution parameter was included for the other systems, where no
significant contamination was identified. In all cases, we then
also considered the statistical diagnostics described in Giinther
& Daylan (2021), and performed a series of visual inspections to
confirm the stability and reliability of the results.

6. Results and discussion

We present here the results for each target, including their derived
physical and orbital properties interpreted in the context of
planetary formation and evolution. Tables 6 and A.5 summarise

the posterior parameters from model fits, constraining compan-
ion radius, orbital period, and other system characteristics. Fig. 5
places our results in the broader demographic context of the
known exoplanet population. The phase-folded lightcurves for
each target are presented in this section, together with their best-fit
models, with radial velocity data shown where available.

6.1. Demographic context — planetary diversity in the
period-radius parameter space

Before examining individual targets in detail, we first zoom out
and situate our validated three planets (TOI-4507 b, TOI-3457 b,
and TOI-707b) within the broader demographic landscape of
known exoplanets. This contextual view illuminates how these
systems contribute to our understanding of planetary diversity.
Fig. 5 places our targets within the period-radius diagram, show-
ing their positions relative to the wider population of confirmed
exoplanets (e.g. Castro-Gonzdlez et al. 2024a). The diagram
reveals two dominant clusters. The first comprises short-period
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Fig. 5. Three validated planets and two eclipsing binaries (coloured
symbols) put into the context of all known planets (grey points) drawn
from the NASA Exoplanet Archive. The grey markers represent the
previously reported values prior to our analysis, while the arrows indicate
lower limits on the stellar radii in the case of eclipsing binaries. Note the
targets’ intriguing positions in the radius-period parameter space relative
to the most densely populated regions (Castro-Gonzalez et al. 2024a)°.

giant planets at radii above ~10 Rg and periods shorter than
~10 days, commonly referred to as the hot Jupiter pile-up (Udry
& Santos 2007). The second consists of short-period small
planets, mainly super-Earths and sub-Neptunes between ~1—
4 Rg and periods under ~30 days, many located on either side
of the radius valley (~1.6-1.8 Rg), likely sculpted by atmo-
spheric escape. Between these dense clusters, the distribution
in the super-Neptune/sub-Jovian domain shows a distinct struc-
ture, reminiscent of that observed for Jupiter-sized planets: an
overdensity of dense Neptunes at orbital periods of 3—6 days,
known as the Neptunian ridge (Castro-Gonzélez et al. 2024a,b),
separates the Neptunian desert (Szabd & Kiss 2011) from the
sparsely populated savanna (Bourrier et al. 2023). The savanna
connects the hot, compact populations to the cold giants and
long-period sub-Neptunes. Two of our validated planets, TOI-
4507 b and TOI-3457 b, reside in this sparse region. Both occupy
the warm Saturn regime, bridging the gap between hot giants
close to their stars and distant cold gas planets. They also lie in
a transitional zone between Neptune- and Jupiter-sized worlds,
probing a poorly sampled domain of warm giant planets at long
orbital periods. Our third validated planet, TOI-707 b, differs
slightly in nature. It sits at the outskirts of the sub-Neptune pop-
ulation, marking the gradual shift toward cooler planets that may
still retain substantial volatile envelopes. Importantly, all three
validated planets lie beyond the clusters of hot Jupiters or short-
period radius valley, and with orbital periods longer than one
month, they are part of a rare group more likely to preserve much
of their primordial atmospheres.

6.2. TOI-4507 b & TOI-3457 b — giants of the savanna

Among the studied systems, TOI-4507b and TOI-3457b
stand out as giant-sized, long-period planets whose moderate

% This plot was generated using nep-des (https://github.com/
castro-gzlz/nep-des).
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Fig. 6. Phase-folded lightcurve of TOI-4507 from TESS and ground-
based photometry. The best-fit model is generated with allesfitter.

irradiation and wide separations set them apart from the more
common short-period giants. TESS photometry first revealed
both signals, and our extensive ground-based follow-up validates
them by combining high-precision, multi-colour ASTEP and
TFOP-network photometry, FEROS and HARPS radial veloc-
ity measurements, and statistical validation. For TOI-4507 b, the
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Fig. 9. Radial velocity measurements for TOI-3457 with the best-fit
model.

joint modelling of TESS and ASTEP photometry with out-of-
transit FEROS and HARPS radial velocities (Fig. 6 and 7) yields
a warm Saturn with radius 8.13 + 0.29 Rg. Its orbital period of
104.61 d (semi-major axis of 0.45 AU), and equilibrium temper-
ature of <615K place it well beyond the reach of strong tidal
forces (Jackson et al. 2008) and intense stellar heating (Demory
& Seager 2011). Our final reported values adopt a circular orbital
model with a linear trend in the RV data. When comparing cir-
cular and eccentric models, the Bayesian evidence (AZ < 0) still
supports the simpler circular solution, although it is worth noting
the more complex model would have yielded a high eccentric-
ity inconsistent with zero. We also tested more complex models
for the evident long-term RV trend, yet the Bayesian evidence
(AZ < 3) still favors a simple linear slope given the current data.
A Generalized Lomb-Scargle (GLS) analysis of the RV data
did not reveal significant periodicities at the orbital period of
the planet, consistent with the sparse sampling and expected RV
semi-amplitude. It remains to be seen whether stellar activity or a
long-period companion may be contributing. We refer the reader
to Espinoza-Retamal et al. (2025) for a detailed analysis of this
target, in which additional Rossiter-McLaughlin effect measure-
ments can provide further insights on the system’s eccentricity,
obliquity, and thus evolutionary story.

TOI-3457 b, observed with ASTEP, MoanaES (r), and LCO-
CTIO (i") in addition to TESS, and monitored in radial velocity
with FEROS (Figs. 8 and 9), fits into the same warm giant
category. The allesfitter run indicates a planet of radius
10.64 + 0.25 Rg, orbiting every 32.60 days at 0.20 AU and an
equilibrium temperature in the <700 K range. This also makes it
consistent with minimal atmospheric escape (Owen 2019). We
report the eccentric model, which is strongly supported by the
Bayesian evidence (AlnZ ~ 54). This solution favours a non-
circular orbit, for which we conservatively report a lower limit
of e > 0.59 at 30-. We note, however, that the current dataset
remains limited, and that the eccentricity should not be inter-
preted as an independent constraint from the RV data alone. In
particular, while the RV semi-amplitude seems reasonably well
constrained, the parameters /e cos w and +/e sin w do not pro-
vide a strong exclusion of the circular solution. The eccentricity
exhibits a moderate correlation with transit-derived parameters
such as a/R, and impact parameter, which may indicate that the
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eccentricity constraint is driven by the transit duration in combi-
nation with the adopted stellar density prior. Both planets reside
in the sparsely populated savanna region of the period-radius
diagram (Fig. 5), bridging the gap between hot and cold giant
populations. Their location beyond the reach of strong tidal forces
and their probable early formation via core accretion (Savvidou,
Sofia & Bitsch, Bertram 2023) suggest migration to current orbits
before disk dispersal (Venturini et al. 2016). Theoretical models
predict that eccentricity and inclination can help distinguish such
migration mechanisms (Nelson 2018). Smooth disk migration
produces nearly circular orbits (e ~ 0). Similarly, planets under-
going high-eccentricity migration that are deposited close to the
star, within the pile-up and ridge, are expected to have mostly
circularized orbits due to tidal dissipation (Dawson & Johnson
2018; Castro-Gonzalez et al. 2026). In contrast, high-eccentricity
migration that leads to longer-period final orbits is less affected
by tidal circularization and can leave planets with e > 0.2 (e.g.
Juri¢ & Tremaine 2008). For TOI-4507 b and TOI-3457 b, the
available RV data do not yet allow a fully independent characteri-
sation of their orbital properties and may be affected by long-term
trends. Continued monitoring will be essential to constrain their
eccentricities, which may eventually hint at dynamically excited
configurations. This could clarify their migration histories, poten-
tially consistent with the view that warm Saturns form beyond
the snow line (Pollack et al. 1996) and migrate inward early
(Winn & Fabrycky 2015). Warm giants like TOI-4507b and
TOI-3457b likely retain much of their primordial atmospheres,
as transmission spectroscopy often reveals extended hydrogen-
helium envelopes (Miiller & Helled 2023). Similar planets have
recently been identified by the WINE survey, including TOI-
6695b (=80d period) (Eberhardt et al. 2025) and several warm
Jupiters and sub-Saturns with periods of 10-20d (Tala Pinto
et al. 2025), as well as by the Next-Generation Transit Survey
(NGTS; Wheatley et al. 2017), which has uncovered a number
of longer-period warm giants in a comparable regime (Gill et al.
2024; Battley et al. 2024; Ulmer-Moll et al. 2025). Future atmo-
spheric characterisation of these targets may shed further light on
their primordial fingerprints. In particular, TOI-4507 b appears
promising given its high transmission spectroscopy metric (see
Appendix H).

6.3. TOI-707 b — a sub-Neptune at the population edge

We validate TOI-707 b as a sub-Neptune with a radius of 2.4 R,
an orbital period of 52.80d and a semi-major axis of 0.28 AU.
It orbits the coolest and smallest star in our sample and sits at
the long-period outskirts of the densely populated short-period
sub-Neptune region. Only photometric data from TESS and
ASTEP are available in this study for this target (Fig. 10), leaving
the eccentricity and mass unconstrained. TOI-707 b’s placement
in the radius-period distribution suggests that it may represent
a transitional case between the more commonly detected short-
period sub-Neptunes and those on larger orbits, where only few
planets have been confirmed. Recent studies have highlighted that
sub-Neptunes potentially exhibit a wide range of compositions,
from volatile-rich mini-Neptunes to high-density super-Earths
(Tang et al. 2024). Another key factor in sub-Neptune evolu-
tion is atmospheric escape. Low-mass sub-Neptunes with small
H/He envelopes, <0.1%, can undergo complete atmospheric loss
within 10 Gyr, particularly if they receive strong irradiation
(Tang et al. 2024). Given that TOI-707 b’s host star is a rela-
tively cool G star (T.g=5409 K), atmospheric escape may have
been less efficient compared to planets orbiting hotter stars. If
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Fig. 10. Phase-folded lightcurve of TOI-707 from TESS and ASTEP
photometry. The best-fit model is generated with allesfitter.

TOI-707b still preserves an atmosphere, it would provide evi-
dence that sub-Neptunes can maintain their envelopes even at
relatively long orbital periods. The target’s equilibrium tempera-
ture of <500 K places it in the range where atmospheric retention
is still possible but subject to gradual mass loss. Also, mod-
els indicate that sub-Neptunes cool differently from terrestrial
planets, with core cooling rates being regulated by the overlying
envelope. This means that planets like TOI-707 b could still be
‘evolving’ with their internal structures shifting over time (Tang
et al. 2024). TOI-707 b shares key characteristics with other sub-
Neptunes identified in recent years. For instance, HD 21520b is
a slightly warmer sub-Neptune with a shorter orbital period of
25.1d, also transiting a bright G-type star (Nies et al. 2024). With
an estimated equilibrium temperature of 640K, HD 21520b is
expected to retain a substantial atmospheric envelope. TOI-707 b,
by comparison, orbits at roughly twice the period and has a lower
equilibrium temperature, placing it in a more temperate regime.
These conditions suggest that TOI-707 b is well-positioned to
also preserve a significant atmosphere. Another interesting com-
parison is TOI-1437b, a transiting sub-Neptune discovered by
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TESS and characterised using both the HIRES instrument at
Keck Observatory and the Levy Spectrograph on the Automated
Planet Finder (APF) telescope (Pidhorodetska et al. 2024). It
also orbits a solar-mass star and has a well-constrained radius
of 2.24 + 0.23 Rg and a mass of 9.6 + 3.9 Mg, making it one
of the most precisely characterised sub-Neptunes to date. With a
similar radius and environment, TOI-707 b might share a com-
parable bulk composition. However, in the absence of radial
velocity measurements, its mass — and by extension, its den-
sity and internal structure — remains to be determined by future
RV surveys. A final noteworthy comparison is Kepler-10c, a
super-Earth/sub-Neptune hybrid with a radius of 2.2 Rg and an
orbital period of 45 d (Fressin et al. 2011). Initially classified as
a rocky super-Earth, subsequent observations suggested Kepler-
10c may possess a higher density and potentially a substantial
atmosphere. However, Kepler-10 ¢ orbits a significantly hotter
host star, implying that its atmospheric evolution and retention
history differ markedly from that of TOI-707 b. If future radial
velocity measurements of TOI-707 b reveal a similarly elevated
mass-to-radius ratio despite its more temperate environment,
it could serve as a valuable case study for probing the transi-
tion between rocky super-Earths and volatile-rich sub-Neptunes.
Future atmospheric observations will be challenging yet essential
to determine whether TOI-707 b retained a volatile-rich envelope
or instead is the stripped core of a once-larger planet that under-
went substantial atmospheric erosion (see also Appendix H).
Beyond the validated planet TOI-707 b, we also note the pres-
ence of a further transit-like feature associated with TOI-707.02,
which is characterised by a high false positive probability and
is therefore not discussed as a validated planet candidate. Such
a feature could arise from several astrophysical configurations,
including a background eclipsing binary or a planet transiting a
secondary star gravitationally bound to the system. Furthermore,
the presence of the validated planet TOI-707 b may influence
the false positive probability estimation by introducing corre-
lations in the lightcurve modelling. Given the current data, we
cannot discriminate between these scenarios, and additional high-
resolution imaging or spectroscopic follow-up would be required
to further constrain the nature of TOI-707.02.

6.4. TOI-2404 & TOI-4404 — eclipsing binaries masking as
warm planets

The candidate signals TOI-2404.02/03 (74.6 d) and TOI-4404.01
(39.6 d) show clear signs of eclipsing binaries. Both phase-folded
light curves exhibit pronounced V-shaped profiles (Fig. 11 and
13), indicative of grazing stellar eclipses rather than flat-bottomed
planetary transits. High-resolution imaging rules out unresolved
blends bright enough to mimic the signals. Further, statistical
validation with TRICERATOPS yields high false positive prob-
abilities for both candidates (Table 5) and suggests the events
occur on target, supporting their classification as multi-star sys-
tems. For TOI-2404.02/03, the presence of two distinct V-shaped
events offset from half the orbital phase suggests an eccentric
binary orbit, with both primary and secondary eclipses. Yet, the
spectroscopic data appear to be single-peaked, showing no sign
of any stellar multiplicity. Adding to the puzzle is the likely
planetary nature of TOI-2404.01 (20.3d), whose orbit would
probably not be stable within the binary system itself. The mul-
tiple lines of evidence — including low field crowdedness, likely
lack of blending, absence of spectroscopic binarity, and distinct
photometric signals — suggest a potential triple-star configura-
tion. In such a scenario, the dominant star might host the planet
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Fig. 11. Phase-folded lightcurve of TOI-2404 showing the eclipsing
binary signal. The best-fit model is generated with allesfitter.

candidate TOI-2404.01 (20.3 d), while the eclipsing binary TOI-
2404.02/03 (74.6 d) is a faint and thus highly diluted pair, possibly
located at a greater distance. For TOI-2404.02/03, we tried var-
ious models to probe these assumptions using allesfitter,
deriving constraints on their orbital and physical parameters. We
cannot constrain the radius ratio nor surface brightness ratio due
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Fig. 12. Radial velocity measurements for TOI-2404.

to these degeneracies, but the apparent transit depth lets us place
an upper limit on the dilution of <0.8 (defined as dilution =
I — flux target/flux aperture). Thanks to the primary and sec-
ondary eclipses, we can precisely identify the orbital parameters,
yielding an eccentric orbit of e = 0.2. No significant RV signal
is detected (Fig. 12), with a non-detection threshold of < 8 m/s.
A GLS analysis of the available RV datasets also does not recover
significant peaks at the expected orbital periods of the system. We
also phase-folded the RV measurements at the 20.3-day period of
the inner transiting candidate, but no coherent phase-dependent
signal is detected within the current precision and phase cover-
age. In contrast, TOI-4404.01 exhibits clear spectroscopic evi-
dence of binarity via its double-lined cross-correlation function
(Section 3). However, the grazing eclipse and absence of a sec-
ondary signature leave the radius ratio and orbital configuration
highly degenerate. In our allesfitter model, we therefore
adopt a strong and simplifying assumption: that the signal arises
from the primary eclipse and that the orbit is circular. This
is more of a toy model than a physically constrained solu-
tion, intended to explore one plausible scenario. Under these
conditions and uniformly sampled from photometry alone, the
companion radius falls in the range 1.4-4.6 Ry, and the surface
brightness ratio to around 1-2%. However, the similar contrasts
of the two components in the CCF are not consistent with a
strongly unequal-brightness system. Statistical validation with
TRICERATOPS instead favours eclipsing binary scenarios, with
single and double eclipsing binary configurations accounting for
the majority of the probability (Table 5), including solutions
with either a lower-mass primary and faint companion or nearly
equal-brightness stellar components. We also explored an eccen-
tric grazing eclipsing binary configuration, which can naturally
explain the absence of a secondary eclipse. This scenario is mod-
erately favoured by the data (A In Z =~ +4), although not at a level
sufficient to uniquely distinguish it from other possible config-
urations. Overall, the available photometric and spectroscopic
constraints do not allow us to unambiguously determine the sys-
tem architecture. Selected radial velocity measurements or a more
detailed spectroscopic analysis could help further constrain the
system. Together, these observational and statistical results sup-
port the classification of TOI-2404 and TOI-4404 as multi-star
systems, whose eclipsing binaries initially mimicked the signals
of warm giant planets.
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7. Conclusions

This study highlights the crucial role of near-polar, ground-based
facilities like ASTEP (Guillot et al. 2015; Crouzet et al. 2020) in
the follow-up of long-period transiting TOIs, demonstrating its
ability to refine planetary parameters in ways complementary to
space-based missions such as TESS (Ricker et al. 2015). The five
candidates analysed in this work are TOI-4507.01, TOI-4404.01,
TOI-2404.02/.03, TOI-3457.01 and TOI-707.01, all with orbital
periods longer than one month, a regime where confirming tran-
sit events becomes increasingly challenging.” ASTEP’s nearly
uninterrupted monitoring during the Antarctic dark season offers
a key advantage for long-period exoplanets. Darkness sets in
from March and becomes continuous from May to mid-August,
enabling extended, nearly uninterrupted coverage of transits.
Its continuous observations provide crucial data to track these
rare events with high precision. Such coverage is unmatched by
other ground-based observatories at lower latitudes, highlighting
the unique scientific value of Antarctic facilities for exoplanet
research. While three candidates were statistically validated as
planets in an underexplored regime (warm giants TOI-4507 b
and TOI-3457b, warm sub-Neptune TOI-707 b), the other two
were found to be most consistent with eclipsing binaries (TOI-
2404 and TOI-4404) based on our data and analyses. By probing
this underexplored region of parameter space, our study adds new
empirical constraints on the occurrence and properties of warm
giants and sub-Neptunes, which are critical for testing theories
of planet formation and migration (Dawson & Johnson 2018;
Fortney et al. 2021). In particular, TOI-4507 b and TOI-3457b
enlarge the scarce sample of warm giants with multi-month orbits,
likely formed beyond the snow line and migrated inward at early
times (Pollack et al. 1996; Lin et al. 1996). Their cooler envi-
ronments and weaker tidal forces make them valuable probes
of whether migration was governed by smooth disk processes
or by high-eccentricity dynamical pathways. TOI-707 b, instead,
belongs to the poorly explored population of warm sub-Neptunes,
whose internal structure and volatile content remain debated
(Raymond & Morbidelli 2022), and whose long period and mod-
erate irradiation make it a rare opportunity to test whether such
planets retain extended H/He envelopes or instead evolve into
water-rich super-Earths (Zeng et al. 2019). By extending the fron-
tier of long-period transiting planets and offering benchmarks
for theories of formation and evolution, these results underscore
ASTEP’s contribution in refining planetary parameters while val-
idating these precious needles in the haystack of false positives
that are otherwise challenging to follow-up.

Data availability

The photometric and radial velocity data used in this work,
together with the stellar parameters, companion parameters, addi-
tional model parameters and priors adopted in the analysis,
are available in electronic form at the CDS via anonymous ftp
viahttps://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+
A/711/A86.
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Appendix A: TESS target pixel file figures

Given TESS’s relatively large plate scale (21" per pixel), the
photometric aperture used to extract lightcurves often includes
multiple Gaia sources, especially in dense stellar fields. To fur-
ther assess potential contamination and verify the location of the
transit source, we analysed the TESS target pixel files using the
tpfplotter tool (Aller et al. 2020).

tpfplotter overlays Gaia DR2 sources onto the calibrated
TESS pixel images, providing a visual representation of the stellar
environment. This allows for direct identification of any nearby
sources falling within or near the TESS aperture. In addition,
the tool marks the optimal photometric aperture used by the
TESS pipeline and annotates the magnitude difference (Am) of
nearby stars relative to the target. For all five targets, the analyses
shown in Fig. A.1 confirm that the TESS photometric aperture is
minimally affected by nearby sources. This analysis is essential
to ensure that the observed transits are indeed associated with
the intended host stars and not with nearby eclipsing binaries or
background objects.

Appendix B: Radial velocity measurements tables

As explained in Section 2.4, ample RV data obtained from a
combination of spectrographs and observing campaigns supports
our analysis. Tables A.1, A.2, and A.3 list our RV measurements
for the respective targets, including the Barycentric Julian Date
(BJD), measured RVs with uncertainties, bisector inverse spans
(BIS) with uncertainties, and instrument identifiers.

Appendix C: High-resolution imaging figures

Section 2.5 describes the details of the high-resolution imaging
campaign, summarised in Table 3 and Fig. A.2. Here, we pro-
vide the full contrast curves and reconstructed images for each
target. Observations were performed with SOAR/HRCam in the
I-band (879 nm) and Gemini/Zorro in the 562 and 832 nm bands
for TOI-3457. These data confirm the absence of nearby stel-
lar companions within separations of 0.2-3.0”” and magnitude
differences up to ~ 5 — 7 mag.

Appendix D: SED analysis figures

As explained in Section 3, we performed SED analysis to further
refine the stellar parameters. The resulting fits can be found in
Fig. A3.

Appendix E: Priors adopted in the analysis

Table A.4 summarises the priors adopted in the MCMC and
nested sampling analyses for the main fitted parameters of each
target.

Appendix F: Additional posterior parameters table

Section 5 outlines the model fitting and analysis approach used
in this study. Table A.5 presents the posterior distributions for
the limb darkening coefficients, systematic noise parameters,
and white noise levels that were included in the fit. These val-
ues provide insight into the photometric precision and model
assumptions adopted for each target.

Appendix G: Empirical masses and predicted RV
semi-amplitudes

Since TOI-707b lacks radial-velocity data, its mass was
inferred from empirical mass-radius relations using the results
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from Chen & Kipping (2017). For consistency, we also com-
puted empirical-mass values for TOI-4507b and TOI-3457b.
The adopted empirical masses are M, = 50.6 Mg (TOI-4507b),
6.43 Mg (TOI-707b), and 80.0 Mg (TOI-3457b). Using these
empirical masses together with the orbital solutions of Table 6
(circular for TOI-4507b and TOI-707b; ¢ = 0.684 for TOI-
3457b), we compute the expected RV semi-amplitude with the
standard Keplerian expression (Cumming et al. 1999):

Mp sin i 1
(My + M) 1 -2

The resulting semi-amplitudes are Kpreq = 6.26 m s~! (TOI-
4507b), 1.10 ms~! (TOI-707b), and 21.4 ms~! (TOI-3457b),
which can be directly compared with the K upper limits reported
in Table 6.

G\
P

Kpred = (

Appendix H: Atmospheric characterisation
prospects

For the three validated planets, TOI-4507b, TOI-707 b, and
TOI-3457 b, the observational prospects for atmospheric char-
acterisation with JWST and Ariel are estimated at first order
using the Transmission (TSM) and Emission Spectroscopy Met-
rics (ESM) (Kempton et al. 2018). When empirical masses
are required (see Appendix G), they are used consistently in
these estimates. Adopting empirical masses, the TSM values for
TOI-707 b and TOI-3457 b are modest and lie below commonly
used follow-up thresholds (> 90). For TOI-4507 b the empirical-
mass TSM is also below threshold (of order ~ 60, depending
on the albedo assumption). In contrast, when the RV-derived
mass for TOI-4507 b is used, the TSM becomes high (~ 200, or
~ 180 for Ag = 0.3), exceeding standard giant-planet cutoffs. For
TOI-3457 b, adopting its RV-derived mass does not change the
qualitative conclusion: its TSM remains below commonly used
thresholds. All three planets yield ESM values below the typical
threshold of 7.5, indicating that thermal-emission spectroscopy
would be more challenging.
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Fig. A.1: TESS target pixel images for the five targets using tpfplotter (Aller et al. 2020). Gaia DR2 sources within and around the TESS
photometric aperture are overplotted as red dots, with nearby stars annotated by their magnitude differences. The photometric aperture is minimally
contaminated by nearby sources, supporting the interpretation that the transit signals originate from the intended host stars. Panels: (a) TOI-4507,
(b) TOI-4404, (c) TOI-2404, (d) TOI-3457, and (e) TOI-707.
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Fig. A.2: High-resolution speckle imaging of the five targets obtained with SOAR/HRCam in the I-band (879 nm) for TOI-4507, TOI-2404,
TOI-707, and TOI-4404, and with Gemini/Zorro in the 562 nm (blue) and 832 nm (red) bands for TOI-3457. The resulting contrast curves and
reconstructed images confirm the absence of nearby stellar companions within separations of 0.2-3.0”” and down to magnitude differences of
~ 5 mag, supporting the planetary origin of the observed transit signals.
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Table A.1: Radial velocity measurements of TOI-4507.

BJD RV (m/s) RV err (m/s) BIS (m/s) BIS err (m/s) Instrument
2458717.9321 26094.5 11.0 33.0 10.0 FEROS
2458718.8983 26072.7 9.0 33.0 9.0 FEROS
2458722.8798 26053.6 9.3 39.0 9.0 FEROS
2458724.9013 26075.4 11.3 54.0 11.0 FEROS
2458725.8661 26090.3 114 21.0 11.0 FEROS
2458800.7123 26071.4 10.3 37.0 10.0 FEROS
2458804.6729 26031.6 9.5 25.0 9.0 FEROS
2458810.8081 26026.6 9.5 25.0 9.0 FEROS
2460263.7975 26009.3 124 17.0 11.0 FEROS
2460266.7953 25987.4 8.1 20.0 8.0 FEROS
2460268.8010 25971.5 9.0 20.0 9.0 FEROS
2458766.8297 26045.8 2.6 45.0 2.0 HARPS
2458773.8446 26063.5 39 25.0 3.0 HARPS
2458777.8408 26057.2 7.6 40.0 7.0 HARPS
2458781.8231 26056.9 3.4 26.0 3.0 HARPS
2458803.6903 26055.6 2.0 30.0 2.0 HARPS
2458805.7769 26071.7 3.6 17.0 3.0 HARPS
2458810.7656 26045.2 4.8 30.0 4.0 HARPS
2458832.7768 26054.4 4.8 32.0 4.0 HARPS
2458852.6945 26048.8 2.0 43.0 2.0 HARPS
2458871.6149 26071.8 6.3 30.0 6.0 HARPS
2458881.5876 26062.2 2.5 25.0 2.0 HARPS
2458894.6413 26053.4 3.7 40.0 3.0 HARPS
2459180.6397 26069.7 33 18.0 3.0 HARPS
2459183.6347 26055.3 33 27.0 3.0 HARPS
2459185.6363 26038.9 4.0 37.0 4.0 HARPS
2459205.5873 26055.4 3.4 18.0 3.0 HARPS
2459213.6455 26048.6 2.0 15.0 2.0 HARPS
2459228.6015 26030.0 5.3 17.0 5.0 HARPS
2459238.5614 26044.8 3.8 27.0 3.0 HARPS
2459244.6436 26057.4 32 33.0 3.0 HARPS
2459246.5703 26040.8 4.5 51.0 4.0 HARPS
2459281.5894 26042.0 4.5 25.0 4.0 HARPS
2459295.6066 26038.5 6.4 20.0 6.0 HARPS
2460226.8824 26053.9 7.5 32.0 7.0 HARPS
2460227.8712 26042.1 5.3 40.0 5.0 HARPS
2460256.7031 26030.8 4.2 40.0 4.0 HARPS

Notes. FEROS program IDs: 0103.A-9008(A), 0104.A-9007(A), 0110.A-9011; HARPS program IDs: 0104.C-0413(A), 106.21ER.001, 1102.C-
0923(A), 112.25W1.001, 114.27CS.001, 115.286G.001.
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Fig. A.3: Spectral energy distribution (SED) fits for the five host stars. Each panel shows the observed broadband photometry and the best-fit stellar
atmosphere model with corresponding band-integrated model fluxes. The SED-derived parameters are listed in Table 4.
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Table A.2: Radial velocity measurements of TOI-2404.

BJD RV (m/s) RV err (m/s) BIS (m/s) BIS err (m/s) Instrument
2459505.8140038 35748.9 10.6 37.0 12.0 FEROS
2459506.8494581 35726.4 11.6 -40.0 12.0 FEROS
2459517.8287537 35710.6 10.2 -2.0 11.0 FEROS
2459541.7908497 35688.8 9.9 -14.0 11.0 FEROS
2459646.6023768 35681.8 11.7 123.0 13.0 FEROS
2459652.6523509 35689.7 10.4 11.0 11.0 FEROS
2459682.4686043 35776.6 14.9 9.0 14.0 FEROS
2459685.4918301 35692.0 10.4 30.0 11.0 FEROS
2459691.5317308 35692.6 10.3 15.0 11.0 FEROS
2459943.7332785 35660.5 8.3 13.0 10.0 FEROS
2459945.7487735 35702.7 11.3 -47.0 12.0 FEROS
2459946.7221484 35693.2 8.5 8.0 10.0 FEROS
2459947.6404759 35686.9 8.3 30.0 10.0 FEROS
2459953.7195185 35667.3 8.5 15.0 10.0 FEROS
2460033.5411028 35671.2 8.5 100.0 10.0 FEROS
2460063.5319138 35669.0 9.2 31.0 11.0 FEROS
2460064.5210173 35651.0 10.7 38.0 12.0 FEROS
2460102.5327807 35728.5 10.0 -45.0 11.0 FEROS
2460262.7823104 35684.6 8.3 46.0 10.0 FEROS
2459675.52926672017 35672.829 27.543 1.576 38.951 Coralie
2459682.48607122991 35677.319 27.726 -24.059 39.211 Coralie
2459710.50937693985 35719.551 23.726 98.147 33.554 Coralie
2459724.50117135979 35684.185 29.203 -37.653 41.299 Coralie
2460231.82314332016 35597.967 5.433 -16.177 10.865 HARPS
2460239.77621026989 35583.600 7.433 -14.778 14.866 HARPS
2460252.78869066993 35583.214 5.209 -8.587 10.418 HARPS
2460256.79602485988 35600.782 5.084 -11.882 10.169 HARPS
2460288.69165703980 35586.916 8.017 -12.549 16.035 HARPS
2460295.73969470989 35595.538 6.244 -8.301 12.488 HARPS
2460355.62906228984 35597.176 4.940 10.529 9.880 HARPS
2460376.62453335989 35587.318 6.993 28.842 13.986 HARPS
2460598.74740936980 35592.299 5.223 -33.011 10.446 HARPS
2460601.73171277996 35594.251 5.998 -27.033 11.995 HARPS
2460618.76715038018 35607.170 8.466 -12.656 16.932 HARPS
2460638.81724887993 35603.705 5.523 -43.668 11.047 HARPS
2460656.70732444013 35594.380 4.427 -13.732 8.853 HARPS
2460701.61303166021 35569.753 7.450 -9.406 14.901 HARPS
2460705.69758271985 35605.165 5.066 -19.982 10.132 HARPS
2460720.56952964980 35591.327 4.596 -10.045 9.193 HARPS
2460733.60477608023 35589.840 5.366 -0.868 10.732 HARPS

Notes. FEROS program IDs: 0108.A-9003(A), 0109.A-9003(A), 0110.A-9011(A), 0111.A-9011(A), 112.265K.001; HARPS program IDs:
112.25W1.001, 112.261U.001, 112.261U.003.

Table A.3: Radial velocity measurements of TOI-3457.

BJD RV (m/s) RV err (m/s) BIS (m/s) BIS err (m/s) Instrument
2459592.8313 10142.1 14.9 -27.0 13.0 FEROS
2459649.8014 10111.2 16.5 -21.0 15.0 FEROS
2459643.7859 10048.9 15.9 124.0 14.0 FEROS
2459702.7092 10021.4 17.8 1.0 15.0 FEROS
2459689.6489 10114.5 16.8 -22.0 15.0 FEROS
2459687.7445 10046.9 13.9 80.0 13.0 FEROS
2459683.6790 10108.2 22.1 -52.0 18.0 FEROS

Notes. FEROS program IDs: 0108.A-9003(A), 0109.A-9003(A).

Table A.4: Priors adopted for the main fitted parameters of each target.

Parameter TOI-4507 TOI-2404 TOI-707 TOI-4404 TOI-3457

P (d) 104.616 + 0.005 74.607 + 0.005 52.799 + 0.005 39.624 + 0.005 32.600 + 0.005

Ty (BID) 2459669.2445 + 0.005 2459678.079 + 0.01 2458345.5245 + 0.005  2459248.475 £ 0.005  2459531.1692 + 0.005
Reomp/Rx 0.071 [0,0.1] 0.229 [0,10] 0.029 [0,0.1] 0.55[0,1] 0.068 [0,0.1]
(R + Reomp) /a 0.0117 [0,0.1] 0.0192[0,0.1] 0.0287 [0,0.1] 0.024 [0,0.1] 0.0336 [0,0.1]
cosi 0.001 [0,0.1] 0.0183 [0,0.1] 0.0249 [0,0.1] 0.023 [0,0.1] 0.0168 [0,0.1]

K (kms™) 0.0012 [0,0.01] 01[0,0.01] - - 0.074 [0,0.2]

Ve cos w - -0.449 [-0.451,-0.443] - - 0[-1,1]

Ve sin w - 0.002 [-0.1,0.1] - - 0[-1,1]
Dilution - 0[0,1] - — —

Notes. Values correspond to the initial guesses, while the numbers shown in brackets or after the + symbol define the adopted uniform prior bounds.
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Table A.5: Summary of additional model parameters.

4507.01 2404.02/03 707.01 4404.01 3457.01
Limb-darkening coefficients
ar 0.4422 0.4363 0.4883 0.5031 0.4923
br 0.1932 0.1956 0.1737 0.1607 0.1646
as 0.6754 0.6652 0.7697 0.8086 0.7871
bp 0.1411 0.1554 0.0619 0.0302 0.0485
ay - 0.3652 - - 0.4086
by - 0.1976 - - 0.1809
ag - - - 0.7411 -
by - - - 0.0591 -
ay - - - 0.3458 -
by - - - 0.1875 -
ay - - - 0.5281 -
by - - - 0.1603 -
q1-TESS 0.300+0-08% 0.46 +0.25 0.46%077 0.77+0:12 0.3683
q2-TESs 0.086f§-_§‘§16 0.43*032 0.55+0.28 0.25t§-_%§ 0.1153
Gaussian-process hyperparameters (Matérn-3/2)
In GPo1Ess ~7.463*001% -8.485+0.025  -9.161+0.021  -8.180+0.023 -8.7149
In GP,.1ESs —-0.811 +0.025 -1.416 + 0.075 —1.489 + 0.058 -2. 179igzg§.‘; —1.3420
Photometric noise parameters
log oTESS —6.61892 + 0.00098 —6.326lf(())'.(())(())lll1 —6.86056 + 0.00090 —6.4523f%'.%%% —6.2147t%_%%%
log O ASTEP;2021;R - - - —6.830 + 0.058 -
log oASTEP2022:R - -4.960 + 0.030 —-6.159 £ 0.016 - -
log AsTEP;2022;B - - -6.639 + 0.028 - -
10g T ASTEP2023:R -5.591+0.018 —4.569*0-05 - -5.919+£0.026  —5.902*002
log oASTEP:2023:B —6.122 + 0.045 —5.384t§'§§§ - - -6.247 £ 0.027
log oAsTEP2023(2):R - —6'025f8'.8£? - - -
log oASTEP:2023(2):B - —6~308t0',039 - - -
log O ASTEP;2024:R - - — —5.4701'%'%113 —6.144 +£ 0.028
log O ASTEP:2024:B — — - —6.486 + 0.032 —
log O ASTEP;2025:R —-4.6622 + 0.0093 — — - —
log o'MoanaES:r - -5.723 +0.028 - - —5.758 £ 0.028
log O'LCO—CTIO;g — — — —6. 1771’%%2% —
log oLco-cTI0:ip - —6.301 + 0.037 - - —6.341 £ 0.032
log opest - - - - -
Logarithmic representation of the RV jitter ory (kms™")
log oFEROS -3.49 £0.31 - - - —3.69t%";16
10g0’HARps_1 -4.87 +0.28 — — - -
log oHARPS-2 —4.447029 - - - -
Instrument zero-point offset (kms™")
ARVEgros 26.051+0.010 - - - 10.049*+0:011
ARVyARPS-1 26.0584 + 00027 — — - -
ARVHARPS -2 26.0593*9-9080 - - - -
Linear RV slope (ms™" day™")
RV slope -0.027+9013 - - - -

Notes. Shown are the quadratic limb-darkening coefficients a and b for the ground-based instruments’ various bandpasses from Claret et al. (2013);
the white noise parameters o and GP Matérn 3/2 hyperparameters GP, and GP,, for the respective instruments as derived in this work. All
logarithms denoted as log are base 10, while /n indicates the natural logarithm.
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