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ABSTRACT

Context. Small-sized (< 4 Rg) exoplanets in tight orbits around young stars (10-1000 Myr) give us the opportunity to investigate the mechanisms

that led to their formation, the evolution of their physical and orbital properties and, especially, of their atmospheres. Thanks to the all-sky survey

carried out by the TESS spacecraft, many of these exoplanets have been discovered and have subsequently been characterized with dedicated

follow-up observations.

Aims. In the context of a collaboration among the Global Architecture of Planetary Systems (GAPS) team, the TESS-Keck Survey (TKS) team and,
the California Planet Search (CPS) team, we measured with a high level of precision the mass and the radius of TOI-1430 b, a young (~ 700 Myr)
exoplanet with an escaping He atmosphere orbiting the K-dwarf star HD 235088 (TOI-1430).

Methods. By adopting appropriate stellar parameters, which were measured in this work, we were able to simultaneously model the signals due

(O to strong stellar activity and the transiting planet TOI-1430 b in both photometric and spectroscopic series. This allowed us to measure both the
S radius and mass (and consequently the density) of the planet with high precision, and reconstruct the evolution of its atmosphere.

Results. TOI-1430 is an active K-dwarf star born 700 + 150 Myr ago and rotates in P, ~ 12 days. This star hosts a mini-Neptune whose

orbital period is P, = 7.434133 + 0.000004 days. Thanks to long-term photometric and spectroscopic monitoring of this target performed with
—ITESS, HARPS-N, HIRES, and APF, we estimated a radius Rpp, = 1.98 + 0.07 Rg, a mass Mp;, = 4.2 + 0.8 M,, and thus a planetary density

0o = 0.5 £ 0.1 pg. TOI-1430 b is hence a low-density mini-Neptune with an extended atmosphere, at the edge of the radius gap. Because this
—i planet is known to have an evaporating atmosphere of He, we reconstructed its atmospheric history. Our analysis supports the scenario in which,
shortly after its birth, TOI-1430 b may have been super-puffy, with a radius 5x—13x and a mass 1.5x-2x that of today; in ~ 200 Myr from now,
TOI-1430 b should lose its envelope, showing its Earth-size core. We also looked for signals from a second planet in the spectroscopic/photometric
series, without detecting any.

Key words. planets and satellites: fundamental parameters — Planets and satellites: atmospheres — Planets and satellites: individual: TOI-1430b

v:2411.12795v

X
S

— stars: fundamental parameters — stars: individual: HD 235088 — techniques: photometric — techniques: spectroscopic

1. Introduction

Young exoplanets (< 1 Gyr) offer the unique opportunity
to understand the mechanisms of formation and evolution of
planetary systems. The Transiting Exoplanet Survey Satel-
lite (TESS, Ricker et al. 2015) has allowed us to increase the
number of planets belonging to this scarcely populated cate-
gory. In fact, in the last five years, many projects started to
search for young planets with TESS (e.g., Boumaet al. 2019;
Nardiello et al. 2019; Newton et al. 2019; Battley et al. 2022).
Despite the difficulties due to large variations of the light
curves of active stars, many candidate exoplanets have been
found both around members of young stellar clusters, associa-
tions, and moving groups (e.g., Bouma et al. 2020; Rizzuto et al.
2020; Newton et al. 2021; Mann et al. 2020; Nardiello 2020;
Nardiello et al. 2021; Tofflemire et al. 2021; Mann et al. 2022;
Wood et al. 2023; Thao et al. 2024) and orbiting young sin-
gle stars (e.g., Giacaloneetal. 2022a,b; Vachetal. 2022;
Mantovan et al. 2022). The intensive spectroscopic follow-
ups of these objects have allowed not only to put con-

straints on the planetary masses (e.g., Benatti et al. 2019, 2021;
Barragan et al. 2022b; Kabéth et al. 2022; Desidera et al. 2023;
Damasso et al. 2023; Barragan et al. 2024; Damasso et al. 2024;
Mantovan et al. 2024a; Carleo et al. 2024) but also to identify
extended (escaping) atmospheres (e.g., Orell-Miquel et al. 2023;
Zhang et al. 2023; Gaidos et al. 2023; Pérez-Gonzalez et al.
2024; Masson et al. 2024). The discovery and the full charac-
terization of young exoplanets help us constrain the timescales
on which mechanisms like photo-evaporation (Owen & Wu
2013; Lopez & Fortney 2014) and core-powered mass loss
(Ginzburg et al. 2018; Gupta & Schlichting 2019) act.

The Global Architecture of Planetary Systems (GAPS) col-
laboration (Covino et al. 2013) is aimed at spectroscopic follow-
up of transiting and non-transiting exoplanets with the goal
of determining planetary masses, as well as measuring or-
bital properties (Damasso et al. 2015), detecting planetary atmo-
spheres (e.g., Pino et al. 2022; Sicilia et al. 2024; Guilluy et al.
2024) and characterizing the host stars (Maldonado et al. 2022;
Biazzo et al. 2022; Claudi et al. 2024). In particular, the Young
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Fig. 1. Finding chart (15 x 15 arcmin®) of TOI-1430 (cyan diamond)
from a TESS Full Frame Image: neighbor stars with G < 15 are identi-
fied with red circles whose radii are inversely proportional to the differ-
ence between the magnitude of TOI-1430 and that of its neighbors. The

green circle indicates the eclipsing binary that generates the spurious
signal in the SAP light curves.

Objects program (Carleo et al. 2020) provides a spectroscopic
follow-up of planets younger than 750-1000 Myr. Under this
program, we carried out a three-year observational campaign
of the young K-dwarf star HD 235088 (a.k.a. TOI-1430, V ~
9.2) that hosts a potential transiting exoplanet (TOI-1430 b),
as reported in Giacalone et al. (2021, False Positive Probabil-
ity equal to 0.03). Detection of an atmosphere for this planet
were obtained by Zhang et al. (2023) using Keck/NIRSPEC and
by Orell-Miquel et al. (2023) adopting CARMENES data. They
both detected the presence of an evaporating helium atmosphere.
Polanski et al. (2024) detected an hint (< 207) of TOI-1430 b’s
signal using radial velocities (RVs) measurements.

In this work we detect and characterize TOI-1430 b making
use of a combination of photometric data from 9 TESS sectors
and spectroscopic data collected with the High Accuracy Radial
velocity Planet Searcher for the Northern emisphere (HARPS-
N, Cosentino et al. 2012) on the Telescopio Nazionale Galileo
(TNG) for the GAPS program and with the High Resolution
Echelle Spectrometer (HIRES) on the 10 m Keck I telescope for
the TESS-Keck Survey (Dalba et al. 2020) and California Planet
Search programs. On the basis of our results, we characterize the
evolutionary history of TOI-1430 b’s atmosphere.

2. Observations and data reduction
2.1. TESS data

The dataset of TOI-1430 used in this work has been collected by
TESS in short-cadence mode in nine different sectors (see Fig. 1):
during the 2nd Cycle of TESS operations in Sectors 14, 15, and
16 (18 July 2019 — 7 October 2019), during Sector 41 (4th Cycle
of TESS mission, 23 July 2021 — 20 August 2021), in Sectors 54,
55, and 56 between cycle 4 and cycle 5 (1 September 2022 — 30
September 2022), and finally in cycle 6 during sectors 75 and 76
(30 January 2024 — 26 March 2024).

In this work we did not make use of the Pre-search Data Con-
ditioning Simple Aperture Photometry (PDCSAP) light curves
(Smith et al. 2012; Stumpe et al. 2012, 2014) because of system-
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atic effects introduced by the TESS official correction pipeline
in the cases of variable stars (see Fig. A.l1 in Nardiello et al.
2022 and Fig. A.1 of this work). Moreover, we found that the
SAP light curves also suffer from a systematic effect introduced
by contaminated local background (see panels (b) and (c) of
Fig. A.1): in fact, we found a periodic signal (~ 2.81 days) due
to a close-by eclipsing binary (TIC 293954660, Shi et al. 2022)
that clearly affected the local background that is subtracted to
the pixel values inside the photometric aperture adopted to ex-
tract the light curve of TOI-1430.

We extracted the light curves of TOI-1430 (and of all
the stars within the same Camera/CCD) and we corrected
them for systematic effects adopting the PATHOS pipeline pre-
sented by Nardiello et al. (2019) (for a detailed description of
the pipeline, see also Nardiello et al. 2020; Nardiello 2020;
Nardiello et al. 2021), based on the PSF-based approach de-
veloped by Nardiello et al. (2015, 2016b) and also used for
Kepler/K2 data (see, e.g., Libralato et al. 2016; Nardiello et al.
2016a). During the extraction of stellar fluxes, for the calculation
of the local background, we took care to exclude all the pixels
contaminated by the flux of the neighbor stars by using masks
obtained from the PSF models and the Gaia DR3 catalog.

For the analysis described in the next sections, we removed
all the points flagged with the quality parameter DQUALITY>O0.
The analysed light curve is shown in Fig. 2.

2.2. KELT

In this work, we used the light curves obtained during the Kilo-
degree Extremely Little Telescope (KELT) survey (Pepper et al.
2007). The photometric series contains 2847 points (see Fig. 2).
Observations were carried out with KELT-North (Winer Obser-
vatory, Sonoita, Arizona, USA) between 21 February 2012 and
30 November 2014. The same light curves were also analysed
by Oelkers et al. (2018).

2.3. STELLA

TOI-1430 was observed with the WiFSIP imager mounted at
the robotic STELLA telescope (Izana Observatory, Tenerife,
Spain; Strassmeier et al. 2004) between March and December
2020. Observations were carried out in nightly observing blocks
of five exposures in V-Johnson (fx, = 4 s) and five expo-
sures in /-Cousin bands (fx, = 3 s). The pipeline described by
Mallonn et al. (2015, 2018) was used to obtain the differential
light curves. The individual exposures per observing block and
filter were averaged. The final V and I light curves contain 126
and 129 points, respectively (see Fig. 2).

2.4. Asiago Schmidt 67/92 cm Telescope

We observed TOI-1430 with the Asiago Schmidt 67/92 cm tele-
scope between September and December 2022. Observations
were carried out in u#-Sloan band with an exposure time of
6 s. Light curve was extracted by using the routines described
in Nardiello et al. (2015, 2016b). The light curve contains 646
points (Fig. 2).

2.5.LCO

In this work, we used public archive images collected at the tele-
scopes of the Las Cumbres Observatory (LCO). In particular, we
used 284 frames collected during the night of May 24, 2021 with
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Fig. 2. Light curves of TOI-1430 obtained with different instruments. From top to the bottom: TESS light curve (black dots), obtained from short
cadence data of sectors 14, 15, 16, 41, 54, 55, 56, 75, and 76, KELT light curve (blue crosses), STELLA light curves (green and red squares for
V and I bands, respectively), Asiago Schmidt 67/92 cm u-sloan light curve (magenta squares), and LCO light curves in zs filter (azure circles).
Vertical dashed lines in the upper panel indicate the gaps between the different years of the TESS mission.

the 1.0m Telescope at the McDonald Observatory, and the 292
images obtained during the night of August 6, 2022 at the 1.0m
Telescope at the Teide Observatory. Both the time series were
obtained with the Sinistro imager in PanStarrs zs filter and with
an exposure time of 30s. In this work, we used the already pre-

reduced images by the BANZALI pipeline (McCully et al. 2018;
Xu et al. 2023).

We extracted the light curves from the LCO data with the
STARSKY code (Nascimbeni et al. 2013), a software pipeline
specifically designed for the TASTE project (Nascimbeni et al.
2011a) to perform differential photometry on defocused images.
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Fig. 3. Spectroscopic time series obtained with HARPS-N (green squares), HIRES (red circles) and APF (blue triangles) and used in this work.

’

From the top to bottom panels: the RV, the log R},

the Ha, and the BIS time series. Dashed orange lines represent the Sth-degree polynomial

models used for the modeling of the long trend in the spectroscopic series. The RVs have been reported in the same scale applying to them an
offset; the log R, series are calibrated in the same Mt. Wilson scale (Baliunas et al. 1995).

The size of the circular apertures and the weights assigned to
each reference star were automatically set by STARSKY in order
to minimise the photometric scatter of the target. More details
about the STARSKY pipeline are reported in Nascimbeni et al.
(2011b); Granata et al. (2014); Leonardi et al. (2024). The time
stamps were consistently converted to the B]Dtpp standard fol-
lowing Eastman et al. (2010).

2.6. HARPS-N data

TOI-1430 is one of the stars included in the GAPS Young Ob-
jects program (Carleo et al. 2020) to be monitored with HARPS-
N at TNG. Observations of this star were obtained during three
different seasons: the first one covered the period 1 March 2020 —
28 December 2020; observations during the second season were
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carried out between 2 May 2021 and 17 December 2021; finally,
in the third season TOI-1430 was observed between 15 April
2022 and 13 November 2022. We collected a total of 191 spec-
tra with an average S/N ~ 85.7 and a dispersion o(S /N)~ 21.1.
The average airmass and seeing conditions of the observations
are 1.3 £ 0.3 and 1.2 + 0.3 arcsec, respectively. In this work, we
excluded the observation obtained during the night of 18 April
2022, because the S /N associated with the spectrum was too low
(S/N ~ 13).

We reduced the HARPS-N spectra by using the standard
Data Reduction Software (DRS) pipeline running through the
YABI workflow interface implemented at the INAF Trieste Ob-
servatory'.YABI allows the HARPS-N users to run the DRS in

! https://www.ia2.inaf.it/
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offline mode, with the possibility to custom the reduction by
changing the binary mask or the RV range to evaluate the CCF
(e.g. when the target is a moderate/fast rotator). It also allows to
evaluate the log R{; activity index from the spectra collected for
the RV monitoring. The RVs are extracted by using the Cross-
Correlation Function (CCF) approach as specified in Pepe et al.
(2002) and references therein. With this method, the observed
spectrum is cross-correlated with a binary mask depicting the
typical features of a specific spectral type to obtain a normalized
weighted mean of the line profiles of the spectrum. In the case of
TOI-1430, we used a K5 mask”. The typical value of the RV un-
certainty is 0.8 ms~!. From the resulting CCF, we can measure
asymmetry indices such as the Bisector Span (BIS), which is
useful for tracking line profile changes due to the stellar activity.
We also obtained two additional indices of the chromospheric
activity, i.e., log Ry and Ha. The former is directly provided by
the DRS according to the methodology reported in Lovis et al.
(2011) and references therein, the latter is extracted by using the
ACTIN2 code (Gomes da Silva et al. 2018, 2021). The HARPS-
N RV, logR, ., Ha, and BIS time series are shown in Fig. 3

HK’
(green squares).

2.7. HIRES data

TOI-1430 was observed with HIRES (Vogt et al. 1994) on the
10 m Keck I telescope at the W. M. Keck Observatory on
Maunakea.HIRES spectral range covers from 0.3 to 1.1 pm.
Polanski et al. (2024) published 66 HIRES spectra of TOI-1430
obtained between 10 December 2019 and 21 October 2021 as
part of the TESS-Keck Survey (TKS; Chontos et al. 2022). We
subsequently obtained 47 spectra of TOI-1430 between 7 June
2022 and 14 July 2023 under the University of California and
Keck observing program 2022B-U084 (PI: N. Batalha), in col-
laboration with the California Planet Search (CPS). All HIRES
observations were obtained with a warm (50°C) cell of molec-
ular iodine at the entrance slit (Butler et al. 1996). The su-
perposition of the iodine absorption lines on the stellar spec-
trum provides both a fiducial wavelength solution and a precise,
observation-specific characterization of the instrument’s PSF.
The mean airmass of the observations is 1.5 + 0.4. Across all
113 HIRES iodine-in spectra, the observations have a median
exposure length of 305 s and a median S/N of 220 per pixel at
5500 A. The majority of the observations (99 out of 113) were
taken using the B5 decker (3”5 x 07861, R = 45,000), while
the remaining exposures used the C2 decker (14"x 07861, R =
45,000). The only difference between the two is that the length
of the C2 decker enables better sky subtraction during data re-
duction, though this is not critical for a bright star like TOI-1430
(choosing B5 versus C2 typically makes a difference for targets
with V > 10 mag). The exposures were taken with a median
seeing of 1”72 and all observations were collected with a moon
separation of > 30°.

To measure precise RVs using the iodine method, a high-
resolution, high-S /N, iodine-free “template” spectrum must also
be obtained to create a deconvolved stellar spectral template
(DSST) of the host star. To compute RVs, we used the iodine-
free template of TOI-1430 taken by TKS on 10 December 2019.
The template was produced by averaging together two iodine-
free exposures taken back-to-back. Each spectrum was collected

2 Although the K2 mask would be the best choice for this star, it is
currently not available in the YABI interface. However, we do not ex-
pect this choice to affect the RV precision, which is limited by stellar
activity.

using the B3 decker (14" 077574, R = 60,000), which provides
slightly higher resolution compared to the B5 or C2 deckers at
the cost of throughput. The spectra were obtained at an airmass
of 2.6, in seeing of 1”1, and at a moon separation of 91°. The two
template observations had exposure times of 291 s and 293 s, re-
sulting in S/N of 215 per pixel at 5500 A for both. Triple-shot
exposures of rapidly rotating B stars were taken with the iodine
cell in the light path immediately before and after the template
was collected to precisely constrain the instrumental PSF. The
data collection and reduction followed the methods of the Cali-
fornia Planet Search (CPS) as described in Howard et al. (2010).

We note here that while the HIRES template observations
were obtained at a relatively high airmass, we do not find any
evidence that this affects our RV measurements. Upon visual in-
spection, the DSST shows no signs of poor-performing decon-
volution, which would typically manifest itself in the form of
ripple-like features in the spectrum. Furthermore, none of the
PFS fitting parameters are correlated with the measured RVs, in-
dicating that the DSST itself is not introducing systematics into
the RV measurements. Finally, the median RV precision for the
HIRES data is 1.2 ms~!, which is typical for CPS observations
of stars of similar spectral type.

RVs were determined following the procedures of
Howard et al. (2010). As part of a forward model, the stel-
lar spectrum was divided into about 700 pieces between
~5000—-6000 A, with each piece being 2 A in width. For each
piece, the product of the DSST and the Fourier Transform
Spectrograph iodine spectrum was convolved with the PSF to
match the iodine-in observation. As one of the free parameters,
an RV for each piece of spectrum was produced. The pieces
were weighted using all observations of the star to produce a
single RV for each iodine-in spectrum. Pointwise measurement
uncertainties were estimated by taking the weighted standard
deviation of the mean of the velocity measured from each of the
2 A-wide spectral chunks across all observations.

In addition to computing RVs from each spectrum, we
also measured S-value activity indicators, which track Ca II H
and K emission strength. The S-values were computed follow-
ing the methods of Isaacson et al. (2024). The HIRES RV and
log R}, time series are shown in Fig. 3 (red circles).

2.8. APF literature data

The TKS obtained 20 iodine-in spectra of TOI-1430 with the
Levy spectrograph mounted on the 2.4 m Automated Planet
Finder telescope (APF; Vogtetal. 2014) at Lick Observatory
between 17 December 2019 and 27 May 2020 (Polanski et al.
2024). The observations had a median exposure time of 1800 s
and a median S/N of 54 pixel™! at 5500 A. The observations
were taken with the W decker (1”x 3”7, R = 95,000).

The reduction pipeline used to compute RVs from the APF
spectra mirrors the methods of Howard et al. (2010). As with the
HIRES observations, spectra were obtained with a warm cell of
molecular iodine in the light path. We computed the APF RVs
using the iodine-free HIRES template. HIRES templates have
been shown to serve as effective replacements for APF templates
in the CPS Doppler reduction pipeline (e.g., Dai et al. 2020;
MacDougall et al. 2021; Lange et al. 2024), and provide an ef-
ficient alternative to the long exposure that would otherwise be
required to achieve similar S/N on an iodine-free APF observa-
tion. The APF RV and log R}, time series are shown in Fig. 3
(blue triangles).
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2.9. SOPHIE literature data

Four SOPHIE RVs of TOI-1430 were published by
Soubiran et al. (2018), spanning from August 2008 to Septem-
ber 2015. The rms dispersion of these RVs is 5.6 m/s and their
mean value is —27.331 kms~!, close to the mean value of
HARPS-N RVs. This supports the lack of large (~ few tens m/s)
variations over timescales of 15 years.

3. Stellar parameters
3.1. Kinematics and multiplicity

TOI-1430 is not associated with any known moving groups and
our search, based on Gaia DR3 (see Nardiello et al. 2022, Ap-
pendix B for a detailed description) did not identify any convinc-
ing comoving objects within 5 deg, a separation much larger than
any plausible physically associated companion. Oh et al. (2017)
flagged the K6 star HIP 98381 as a comoving object at 673 ar-
cmin but updated astrometry from Gaia DR3 and the highly dis-
crepant RVs between the two stars (Soubiran et al. 2018) rule out
a physical association.

TOI-1430’s position on the U,V plane is similar to that of
the Hyades and well within the kinematic space of nearby young
stars proposed by Montes et al. (2001). The W velocity differs by
about 12 km/s with respect to that of the Hyades (see Table 1).
The a posteriori probability distribution function for the kine-
matical age as computed from the U, V, W velocity components
with the method of Almeida-Fernandes & Rocha-Pinto (2018)
has a rather sharp maximum centred around ~ 1.3 Gyr, support-
ing the youthness of TOI-1430.

The similar mean RV~ —27.3 kms~! derived from SOPHIE
(2008-2015) and HARPS-N (2020-2022) argues against the
presence of unrecognized massive companions at a separation
of a few astronomical units. This is also supported by the Renor-
malised Unit Weight Error (RUWE=0.966) in Gaia DR3 and the
lack of significant Gaia-Hipparcos proper motion anomaly (S /N
~ 1.52, Kervella et al. 2022).

3.2. Stellar atmospheric parameters

For the determination of stellar parameters, we considered the
coadded spectrum of the target, which has an §/N ~250 at
~6000 A. Following the same strategy as in Nardiello et al.
(2022), Damasso et al. (2023), and Mantovan et al. (2024a), we
inferred the atmospheric stellar parameters using the approach
presented in Baratella et al. (2020) and based on equivalent
widths (EW) of iron (Fe) and titanium (Ti) lines. The method
was designed specifically to analyse young and intermediate-
age stars which show high levels of stellar activity. Briefly, it
uses a combination of Fe and Ti lines to impose the excitation
equilibrium for deriving T, and only Ti for the measurement
of surface gravity log g and microturbulence velocity & through
ionization equilibrium and the zeroing of the trend between Ti1
abundance and EW/ A, respectively. This way, we overcome pos-
sible systematic effects observed on the stellar spectra that affect
the derivation of the ¢ parameter, and ultimately the iron abun-
dance (see Baratella et al. 2020 for details).

We adopted the same line list and codes as done in the
works mentioned above. The EWs are measured with ARES v2
(Sousa et al. 2015), excluding those lines with EW uncertain-
ties larger than 10% and with EW> 120 mA. We then adopted
the 1D-LTE ATLAS9 model atmospheres with the ODFNEW
opacity treatment (Castelli & Kurucz 2003) and we used the
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2019 version of the MOOG code (Sneden 1973) to derive the
stellar parameters. Our final spectroscopic analysis indicates a
T.g of 5075 = 75 K, a logg of 4.55 + 0.05 dex, a microtur-
bulence & equal to 0.79 + 0.07 km/s, and an iron abundance
of [Fe/H]= —0.02 + 0.03 dex and a titanium abundance[Ti/H]=
0.05 + 0.06 dex (see Table 1). The uncertainties on iron and tita-
nium abundances consider both the EWs scatter and the stellar
parameters error contributions.

The spectroscopic results confirm with excellent agreement
the values obtained using various relations exploiting Gaia DR3
photometry and parallax (Gaia Collaboration et al. 2023) and
2MASS photometry (Cutri et al. 2003). Using the code colte
(Casagrande et al. 2021), we derived the photometric values of
effective temperature in 21 different color indexes, which varies
from a minimum of 5048 + 61 K (in Ggp — K) up to a maxi-
mum of 5175 + 103K (in Ggp — J), with a mean photometric
Teg of 5104 + 60 K. Given the small distance of ~42 pc from the
Sun, we assumed no reddening to estimate a surface gravity of
4.58 + 0.04 dex from the Gaia parallax and a microturbulence
& of 0.79 + 0.04 km/s from the relation by Dutra-Ferreira et al.
(2016), again in excellent agreement with our spectroscopic val-
ues. Very close stellar parameters were also recently derived by
Orell-Miquel et al. (2023) through CARMENES spectra.

3.3. Lithium detection

We looked for the lithium line at 6707.8 A in the coadded spec-
trum and, unlike Orell-Miquel et al. (2023), we detected a small
feature, with a mean equivalent width of EWp; = 0.6 + 0.2 mA.
The probable disagreement with this recent work could be in-
deed due to the lower resolution and S /N of the coadded spec-
trum used by those authors, which set an upper limit of 3mA for
the Li EW.

However, from our stellar parameters and EW measurement,
we could only obtain an upper limit of < 0.1 dex on the lithium
abundance with non-LTE corrections by Lind et al. (2009). This
upper limit seems to be consistent with clusters not younger
than the Hyades or Praesepe (~650Myr), as also claimed by
Orell-Miquel et al. (2023). Our age estimate will be discussed
in Sect. 3.7.

3.4. Projected rotational velocity

As done in other previous works (see, e.g., Damasso et al.
2023; Mantovan et al. 2024a), we synthesized the absorption
lines around three spectral regions (namely, 5400, 6200, and
6700A) to obtain an estimate of the projected rotational ve-
locity (vsini), after assuming the stellar parameters derived in
Sect. 3.2 and fixing the macroturbulence velocity to 1.9 kms™!
from Brewer et al. (2016), the limb-darkening coefficient, and
the instrumental resolution. We considered the same MOOG
code and ATLASY grids of model atmospheres as done above
and obtained a vsini = 1.9 + 0.6 km/s (see Table 1), which is
slightly below the resolution of HARPS-N, suggesting a very
slow stellar rotation unless the star is observed nearly pole-on.
Similarly, Orell-Miquel et al. (2023) provided a projected rota-
tional velocity of < 2.9 km/s, which is at the limit of the resolu-
tion of their spectra.
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Fig. 4. Analysis of the rotation period of TOI-1430 performed with different photometric series. The left panels show the light curves folded with
the period associated with the peak of the corresponding GLS periodogram (right panels). @ is the rotational phase of the star.From the upper
panel to the bottom, we reported the analysis carried on TESS, KELT, STELLA, and Asiago Schmidt light curves, respectively.

3.5. Stellar rotation
3.5.1. Stellar rotation from photometric series

We used the light curves described in Sect. 2 to estimate the
rotation period of TOI-1430. For each photometric series, we
extracted the Generalized Lomb-Scargle (GLS) periodogram
(Zechmeister & Kiirster 2009), and we identified the period as-
sociated with the most powerful peak. Results are shown in
Fig. 4: the GLS periodogram of the entire TESS light curve
shows a very important peak at Py, = 11.88 + 0.05 d (first row
from the top of Fig. 4). Error on the rotation period is calcu-
lated by locally fitting a Gaussian function to the peak in the
periodogram, and considering as period’s error the standard de-
viation. We also measured the rotation period in each of the four
TESS seasons, to test any sign of differential rotation: we found
Pt = 11.7+£0.6d, Prot = 129+ 1.8d, Py = 11.8 £0.7 d,
and Py = 11.9 £ 0.9 d for observations obtained in the years
2019, 2021, 2023, and 2024, respectively. Within the errors, all
the measured rotation periods agree and no clear evidence of dif-
ferential rotation is detectable from TESS data.

The second row of Fig. 4 shows the phased KELT light curve
and the GLS periodogram that peaks at Py, = 11.72+0.06 d with

an analytical False Alarm Probability FAP~ 107!, The sam-
pling and the number of points in the STELLA light curves are
not ideal for identifying the rotation period of TOI-1430; indeed,
in both the photometric bands, we identified a strong peak in
the STELLA GLS periodograms at P,,c = 12.9 + 0.3 d, with
a FAP~ 0.17. The Asiago Schmidt light curve was not ideal
for our purpose either, because of its low photometric preci-
sion; however, we identified a peak in the GLS periodogram at
Pt = 12.13 £ 0.7 d, associated with a FAP~ 0.09.

3.5.2. Stellar rotation from spectroscopic series

We calculated the rotation period of the star from the HARPS-N
and HIRES spectroscopic time series. As shown in Fig. 3, the
log R, Ha, and BIS series show a long, sinusoidal-trend likely
due to a long-period cycle of activity (P > 1000 d). To estimate
the rotation period of the star we first removed this long trend by
fitting a Sth-degree polynomial function to the time series char-
acterized by coefficients shared to all the datasets and a multiply-
ing factor associated with each time series (see, e.g., Costes et al.
2021). The 5th-degree polynomial models are shown in Fig. 3
(orange dashed line).
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Fig. 5. Analysis of the rotation period of TOI-1430 carried on the
HARPS-N (five upper panels) and HIRES (three bottom panels) spec-
troscopic series shown in Fig. 3 (after the subtraction of the long trend).
Panels show the GLS periodograms extracted from the RV, log Ry
Ha, and BIS time series. Red dashed lines indicate the frequency of the
peak. The window function periodograms are also reported.

We extracted the GLS periodograms of all the time series
(after the subtraction of the long trend) illustrated in Fig. 3, first
by individually analyzing the time series obtained with the in-
dividual instruments, and then by considering all the points at
once. Periodograms are shown in Fig. 5: from the HARPS-N
RV, log R}, Ha, and BIS series we observed a peak in the

periodogram at P, = 11.85 + 0.12 d (FAP~ 107%), Py =
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11.67+0.11 d (FAP~ 1077), P,oy = 11.85+0.09 d (FAP~ 107%),
and Py = 11.51+0.17 d (FAP~ 107%), respectively (see the five
topper panels of Fig. 5). The HIRES RV and log R, series peri-

odograms show a peak at Py = 12.05+0.11 d (FAP~ 2x 10~ )
and P, = 12.45 + 0.26 d (FAP~ 7 x 107%) (bottom panels
of Fig. 5). Analysing the complete RV time series we obtained
Pt = 11.85 + 0.09 d(FAP~ 3 x 1077).

Averaging all the P, estimated from photometry and spec-
troscopy, we obtained a weighted average rotation period Pyo; =
11.9+0.3d.

3.6. Coronal and chromospheric activity

The chromospheric activity S-index was measured on the spectra
as described in Sect. 2. The median value from the HARPS-N
time series is ~ 0.480, that is log Rj; ~ —4.48, derived adopting
(B-V)= 0.888 from T.¢= 5090 K, as the observed B-V color
has large uncertainty.

TOI-1430  has an X-ray detection (IRXS
J200226.34+532229) within 15 arcsec from the optical po-
sition on ROSAT Faint Source Catalog (Voges etal. 2000).
The corresponding X-ray luminosity, derived following
Hiinschetal. (1999), is Lx = 2.44 x 10% erg s7!, and the
ratio log Lx /Ly, =~ —4.76. More recently, the object was the
target of XMM-Newton observations (Zhangetal. 2023).
The analysis of this observation by Orell-Miquel et al. (2023)
yielded Lx = 1.89 + 0.07 x 102 erg s™! in the band 5-100 A,
corresponding to log Lx /Lol = —4.86. Both log Ry, and Lx /Ly
are below the mean value for Hyades stars of similar color,
but in agreement with the predictions of these emission levels
based on the stellar age and rotational period (Pizzolato et al.
2003; Mamajek & Hillenbrand 2008). In particular, the X-ray
luminosity is below the 1o~ lower boundary of the dispersion
for the members of the Hyades cluster observed in X-rays
(Penz et al. 2008).

3.7. System age

The rotation period, lithium abundance, coronal and chromo-
spheric emission are all consistent with an age similar and prob-
ably slightly older than the Hyades. The kinematic properties
are also fully compatible with such an age value but there are
no known companions or comoving objects to further refine the
age determination. Therefore, considering the measurement un-
certainties and the scatter in the indicators for coeval objects, we
adopt an age of 700 + 150 Myr. Our adopted age is significantly
older than that adopted by Zhang et al. (2023) (165+30 Myr),
as they obtained a rotation period which is roughly half of our
determination and consider only gyrochronology for dating the
star. Our age determination is instead in good agreement with
the findings by Orell-Miquel et al. (2023) and Filomeno et al.
(2024) (600-800 Myr), based on a combination of various meth-
ods, similar to our adopted procedure’. As noticed also by
Orell-Miquel et al. (2023), the expected lithium abundance for
the age by Zhang et al. (2023) is highly discrepant with the ob-
servational value, ruling out such a young age.

3 Qur slightly larger uncertainty is based on a conservative choice con-
sidering the variability due to the prominent activity cycle and the pos-
sible effects on the stellar inclination.
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3.8. Stellar radius and mass

Stellar radius was obtained from Stefan-Boltzmann law, using
the adopted T.g, the observed V mag from Hipparcos, and the
bolometric correction from Pecaut & Mamajek (2013) . The
stellar luminosity results in 0.360+0.026 L, and the stellar ra-
dius 0.772+0.029 Re.

Stellar mass was obtained using the PARAM web inter-
face (da Silva et al. 2006)° which interpolated the models by
Bressan et al. (2012), in a Bayesian framework to identify the
most probable solution considering the observational errors
and the lifetime of the various evolutionary phases. Only the
age range derived by indirect methods was allowed in the re-
trieval, as in Desidera et al. (2015), considering the evolution-
ary timescales of an early K dwarf. The stellar mass results
0.849+0.009 M.The small uncertainty is only due to the con-
tribution of the "internal" error of the fitting procedure, while
systematic uncertainties of the stellar models are not included;
for this reason we increased the error on the prior on stellar den-
sity in next analyses.

The mass and radius agree to be better than one sigma with
Orell-Miquel et al. (2023), Zhang et al. (2023), and TESS Input
Catalog (TIC, Stassun et al. 2018, 2019).

4. Detection and vetting of TOI-1430 b

A transiting object in the light curve of HD 235088 was de-
tected by the Science Processing Operations Center (SPOC)
pipeline (Jenkins et al. 2016) in November 2019, and was as-
signed to the identifier TOI-1430.01. Through a statistical anal-
ysis, Giacalone et al. (2021) found a False Positive Probability
(FPP) of ~ 0.03 for the transit signals, labeling this object as
a likely planet. In this section, we provide further proofs of the
planetary nature of this object.

First, we detrended the light curve of TOI-1430 by us-
ing the Tukey’s biweight M-estimator implemented in wotan
(Hippke et al. 2019), with a window length of 1 day. To ob-
tain the model, we masked the likely transit events by using the
ephemeris given by the SPOC pipeline. The detrending model
is shown in red in panel (a) of Fig. 6. We extracted the Tran-
sit Least Squares (TLS) periodogram (Hippke & Heller 2019) of
the detrended light curve (panel (b) of Fig. 6), looking for transit
signals with periods between 1 and 100 days: the periodogram il-
lustrated in panel (d) of Fig. 6 shows a peak at P ~ 7.434 d with
a Signal Detection Efficiency (SDE) of ~ 91.1, and a stacked
S/N ~ 21.3. Odd and even transits are reported with magenta
and blue triangles in panel (b), respectively. We checked if the
depths of the odd/even folded transits agree; the results are re-
ported in panels (c). The significance (in standard deviations)
between odd and even transit depths is ~ 0.4, i.e. odd and even
transits have on average the same depth within ~ 0.40. We also
tested the in-/out-of-transit centroid associated with the signal of
the transiting object as described in Desidera et al. (2023) and
Maldonado et al. (2023). The result is shown in Fig. 7: all the
centroids, each one calculated as the average of the in-/out-of-
transit centroids of each sector, agree within the errors with the
position of TOI-1430. Finally, we also checked if there is any
correlation between transits and (X,Y) positions of the star on
the CCD and between transits’ depths and different photomet-
ric apertures. The transiting object passed positively all the vet-

4 Updated values at: https://www.pas.rochester.edu/~emamajek/
EEM_dwarf_UBVIJHK_colors_Teff.txt
5 http://stev.oapd.inaf.it/cgi-bin/param_1.3

Table 1. Stellar properties of TOI-1430

Parameter TOI-1430 Reference
Other Target Identifiers
TIC 293954617 (1)
2MASS J20022741+5322365 2
Gaia DR3 2089570519439964416 3)
Astrometric information
@(J2016.0) [deg.] 300.61549185196 3)
6(J2016.0) [deg.] +53.37746192023 3)
Hor [masyr™!] 165.050 + 0.015 3)
HUs [mas yr’l] 145.170 £ 0.015 3)
Parallax [mas] 24.2456 + 0.0121 3
Distance [pc] 41.21+0.02 @
RUWE 0.966 3)
Photometric information
T [mag] 8.388 £ 0.006 D
G [mag] 8.953 £ 0.003 3)
Ggp [mag] 9.407 = 0.003 3)
Grp [mag] 8.335 £ 0.004 3)
V [mag] 9.19+£0.03 @)
J [mag] 7.646 +0.037 2)
H [mag] 7.224 + 0.034 2)
K [mag] 7.084 +£0.016 2)
W, [mag] 6.995 + 0.050 (&)
W, [mag] 7.095 + 0.020 (&)
W3 [mag] 7.075+0.016 (&)
W4 [mag] 7.160 = 0.070 (&)
Fundamental parameters
RV [kms™] -27.33+0.13 3
RV [kms™'] —27.246 + 0.001 6)
U [kms™!] -41.728 £ 0.023 ®)
V [kms™!] -21.764 + 0.375 ®)
W [kms™'] —18.950 + 0.057 ®)
T (spec.) [K] 5075 £75 Sect. 3.2
T (phot.) [K] 5104 + 60 Sect. 3.2
log g [cgs] 4.55 +0.05 Sect. 3.2
[Fe/H] [dex] -0.02 £0.03 Sect. 3.2
[Ti/H] [dex] 0.05 +0.06 Sect. 3.2
Ly [Lo] 0.360+0.026 Sect. 3.8
M, [Mg] 0.849 + 0.009 Sect. 3.8
R, [Ro] 0.772 + 0.029 Sect. 3.8
Age [Myr] 700 + 150 Sect. 3.7
E(B - V) [mag] 0.0022*001) ©)
vsini, [kms™!] 1.9+0.6 Sect. 3.4
Pro [d] 11.9+0.3 Sect. 3.5
S-index (MW) 0.480 + 0.006 Sect. 3.6
logRi —4.480 + 0.003 Sect. 3.6
log Ly [erg s™] (1.89 +0.07) x 10?8 (10)
]Og Lx /Ly -4.86 +£0.03 Sect. 3.6
EWy; [mA] 0.6+0.2 Sect. 3.3
A(Li)NLTE < 0.1 Sect. 3.3

Notes. (V' TESS Input Catalogue v8.2 (Stassun et al. 2018); @ Two
Micron All Sky Survey (2MASS, Skrutskie et al. 2006); @ Gaia DR3
(Gaia Collaboration et al.  2023); ®  Bailer-Jones etal. (2021);
©® Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010);
©® This work; ” Hipparcos; ® Gaia Collaboration et al. (2021);
© Montalto et al. (2021); 19 Orell-Miquel et al. (2023)

ting tests and we confirmed its planetary nature (hereafter TOI-
1430 b).
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Fig. 6. Detection and vetting of the candidate exoplanet TOI-1430.01. Panel (a) shows the TOI-1430’s stacked light curve and the detrending
model (in red). Panel (b) shows the flattened light curve and the position of the odd (magenta) and even (blue) transits. Panels (c) are a comparison
between the mean depths of the odd and even transits; the dashed lines are the mean depths while the shaded colored regions represent the 30
confidence interval. Panel (d) is the TLS periodogram: the period of the peak is indicated with a green triangle.

We masked the transit events of the planet TOI-1430 b from
the detrended light curve, and we extracted three TLS peri-
odograms to look for other transit features. In the first TLS peri-
odogram, we sampled all the periods between 0.45d and 1.0 d, in
the second periodogram all the periods between 1.0d and 10.0d,
and finally in the third periodogram we looked for transit signals
with periods between 10.0 and 100.0 d. We did not obtain any
strong peaks in the periodograms. Indeed, in the first case, we
measured a peak at period P~ 0.85 d with an SDE~ 0.09 and
S/N ~ 1; in the second case the peak in the periodogram corre-
sponds to P ~ 7.04 d (SDE~ 12, §/N ~ 3.5); finally in the third
case we obtained a peak in the TLS periodogram at P ~ 84.6 d
with an SDE~ 11 and S/N ~ 8.5. Inspecting the folded light
curve with the recovered periods, no evidence of transits is visi-
ble.

5. The planetary system of TOI-1430

In this section, we present the modeling of the TESS light curve
and of the RV series in order to characterize TOI-1430 b. We
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used the publicly available code PyORBIT® (Malavolta 2016;
Malavolta et al. 2016, 2018), a versatile public available soft-
ware for the characterization of planetary systems that is able
to model stellar activity, planetary signals, and instrumental sys-
tematics in the light curves, RV and activity index series, also
adopting Gaussian processes regression with a variety of ker-
nels. This code has been successfully adopted in many works un-
der the GAPS Young Objects program (see, e.g., Mantovan et al.
2024a; Carleo et al. 2024). It firstly derives the starting val-
ues of the parameters used in the fit of the models by execut-
ing the algorithm PyDE’ (Storn & Price 1997), a global opti-
mization code ideal to obtain the starting conditions. Secondly,
these starting parameters are then used to initialize the affine
invariant Markov chain Monte Carlo (MCMC) sampler emcee
(Foreman-Mackey et al. 2013).

We analysed the detrended light curve shown in panel (b)
Fig. 6 and the spectroscopic series shown in Fig. 3 with PyORBIT
in order to retrieve the planet’s properties. We adopted as Gaus-

6 https://github.com/LucaMalavolta/PyORBIT
7 https://github.com/hpparvi/PyDE
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Fig. 7. The in-/out-of-transit centroid analysis for TOI-1430.01. TOI-
1430 is centered in (0,0). Black filled circles are the neighbor stars from
Gaia DR3; dimension of the points are proportional to the apparent lu-
minosity of the stars. Each colored point corresponds to the average of
the centroids in each sector. Within the errors, centroids match with the
position of TOI-1430.

sian priors the stellar parameters (stellar mass and radius, M,
and R,, respectively) reported in Table | as input; however, to
take into account that the error on the stellar mass is underesti-
mated, we adopted a broader prior on the stellar density.

We modelled the transits by using the package batman®
(Kreidberg 2015) in order to retrieve information on the central
time of the first transit (7 ), the orbital period (Py), the impact
parameter (by), the planetary-to-stellar-radius ratio (Rpp/Ry),
the duration of the transit (744, calculated as in Winn 2010)
the stellar density (o4), and the photometric jitter term (i phot)
to be added in quadrature to the errors of the photometry to take
into account any systematic or physical residual effects we did
not corrected. We took into consideration the contamination of
the neighbour stars that fall inside the photometric aperture, and
we calculated the dilution factor (df = 0.0073 £ 0.0002) that we
used as Gaussian prior in the modelling. Also, by adopting the
[Fe/H], log g and Tt shown in Table 1, we calculated the co-
efficients of limb darkening (LD) by using the routine PyLDTk’
(Husser et al. 2013; Parviainen & Aigrain 2015), increasing the
errors of a factor 10 in the priors in order to avoid deviations
between the measured and predicted LD coefficients. During the
modeling, we adopted the LD formalism by Kipping (2013) and
we took into account the 2-minute cadence of the light curve
(Kipping 2010). Priors for the planet transit modeling, chosen
on the basis of the analysis performed in the previous sections,
are reported in Table 2.

We used PyORBIT to simultaneously model the stellar activ-
ity and the planetary signal in the RV time series and the stellar
activity signal in the log R};,, Ha, and BIS series. Stellar activity
was modelled through the multidimensional Gaussian process

8 https://github.com/lkreidberg/batman
® https://github.com/hpparvi/ldtk

(GP) framework. In this work, we made use of the tinyGP'’ rou-
tines for the GP regression, that works also on GPUs!'. The mul-
tidimensional GP is implemented in PyORBIT following the pre-
scription of the work by Rajpaul et al. (2015) (see Barragan et al.
2022a for details). We modeled the RV, log R;_[K, BIS, and Ha
spectroscopic time series. The four-dimensional GP model is de-
scribed by the following equations:

ARV = V.G() + V,G(7) (1)
logR}, = L1.G(?) )
BIS = B.G(?) + B,G(?) 3)
He = L2.G(F) 4)

where G(f) and G(t) are the underlying GP and its derivative,
with the quasi-periodic kernel described by:

sin’ [n(t; - l‘j)/Prot] (6= fj)z} (5)

2w? 2P

dec

y(i, 1) = exp {—

where Py is the GP period equivalent to the stellar rotation pe-
riod, w is the coherence scale, and Pgy.. is associated with the
decay time scale of the active regions. The constants V., Vi,
L1, B, By, and L2, are free parameters that link the individual
time series to the GP and its derivative (Nardiello et al. 2022;
Barragan et al. 2023). To take into account the different data re-
duction and instrument properties, we treated observables com-
ing from different observatories as independent datasets, with
their own offset and jitter parameters We adopted a Gaussian
prior on the stellar rotation equal P, = 11.9 + 0.3 d, on the ba-
sis of the results obtained in Sect. 3.5. We explored the period
and the semi-amplitude of the planet in linear space, and we im-
posed the eccentricity equal to 0. The priors adopted are shown
in Table 2.

After running the global parameter optimisation routine
PyDE, we adopted 8 X ngi,, walkers (where ngin, is the dimension-
ality of the model) to run the sampler with the standard ensemble
method (Goodman & Weare 2010) for 120 000 steps, excluding
the first 30 000 as burn-in. To reduce the effect of the chain auto-
correlation, we adopted a thinning factor of 100. We adopted
the Gelman-Rubin statistics and the auto-correlation analysis to
check the convergence of the chains.

All the results are reported in Table 2. Figure 8 shows the
activity modelling for all the available time series, and the mod-
elling of TOI-1430 b in both the photometric and RV series.

We also tested the case with non-null eccentricity: we found
similar results shown in Table 2 and an eccentricity e = 0.15*0- 19,
i.e., consistent with zero. We run again the analysis of cases with
e = 0 and with e # 0 using the dynamic nested sampling al-
gorithm implemented in the package dynesty (Buchner 2016;
Higson et al. 2019; Speagle 2020) both to check the consistency
of the results of the posteriors distributions of the planet parame-
ters, and to calculate (and compare) the Bayesian evidence log Z
to evaluate the quality of the fits in the two cases. The obtained
results for the stellar activity and planet parameters are consis-
tent with those obtained with emcee. In the case of circular or-
bit, we obtained a log Z ~ 299.2, while in the case of Keplerian
orbit log Z ~ 297.2. Even if the difference in log Z between
the models is not significant (Alog Z ~ 2), the case of a circu-
lar orbit is preferred. We note that even assuming a strong tidal

10 https://github.com/dfm/tinygp
1 Tn this work we used NVIDIA RTX A5500 GPU.
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Activity model: Multidimensional GP
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Fig. 8. Overview of the modeling by using the multidimensional GP for the stellar activity. From the top, the first four panels show the RV,
logR{;x, Ha, and BIS time series. In green, red and blue the HARPS-N series, HIRES, and APF time series, respectively. The activity models
adopted for each time series are reported with the same colors; below each panel the residuals from the activity model. Panels in the last row: on
the left-hand is reported the light curve modeling of TOI-1430 b’s planetary signal; the upper plot shows the folded transits of TOI-1430 b after
the detrending of the light curve and, in red, the derived model of the transits. The mean photometric error (considering also the photometric jitter
summed in quadrature) is shown in magenta. The lower plot shows the residuals of the light curve after the subtraction of the planetary transit
model. The right-hand panels illustrate the planet detection in the RV series; the upper plot is the phase folded RV time series with the period of
planet TOI-1430 b after removing the stellar activity signal with the multidimensional GP. Binned RV points are shown in black, as also the model
of planet b. Lower plot shows the RV residuals after removing the planetary model.

dissipation in the solid core of the planet (see Sect. 6 for inter- factor of 2 -3 suggesting that the initial orbit was not remarkably
nal models) as parameterized by a modified tidal quality factor eccentric.

0}, = 150 (Henning et al. 2009), the decay time of the eccentric-

ity is e/|de/dt| ~ 0.9 Gyr that is not short in comparison with

the estimated age of the system. Therefore, any primordial ec-

centricity should not have been reduced by tides by more than a
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Table 2. Stellar activity with multidimensional GP and parameters of TOI-1430 b.

Parameter Unit Prior Value
TOI-1430 Stellar activity

Stellar rotational period (Pyy)

days N(11.9,0.3)

12’]7+0.12

-0.12
Decay Timescale of activity (Pgec) days (13, 1000) 26.8f::g
Coherence scale (w) 0.65f8' i;

HARPS-N RV offset ms™! —27244-83i8§3
Uncorrelated HARPS-N RV jitter ms™! 3_22t8%‘3¥
HARPS-N V. ms™! 3.51 jg:iz)
HARPS-N V; ms™! 31 .]ti:?
HIRES RV offset ms™! 0.49f8:§§
Uncorrelated HIRES RV jitter ms™! 3-21f8:;§
HIRES V, ms! 31 ztgig
HIRES V, ms! 263748
APF RV offset ms™! —9.3fif
Uncorrelated APF RV jitter ms™! 3.8
APF V, ms! 70721
APF V; ms~! 4oji
HARPS-N log Ry, offset —4.4792+0 0078
Uncorrelated HARPS-N log R}, jitter 0.00866* 0 000es
HARPS-N L1, 0.033 1t88843lg
HIRES log R}, offset _4'4879t8:88;§
Uncorrelated HIRES log Ry jitter 0.00693*0 0007
HIRES L1, 0.0318+00044
APF log R, offset —4.454*0012
Uncorrelated APF log R, jitter 0.0301+0-0064
APE LI oo gl
HARPS-N Ha offset 02471700012
Uncorrelated HARPS-N Ha jitter 0.00192+00013
HARPS-N L2, 0.00498 000070
HARPS-N BIS offset ms! 2827109
Uncorrelated HARPS-N BIS jitter ms™! 3.90*02%
HARPS-N B, ms-! 165t8431%
HARPS-N B, ms™! _33.51&:461
Photometric jitter (o7 ) ppm .. 2925+1.6
Stellar density (ox) Po N(1.85,0.25) 1.86%01
TOI-1430 b parameters
Orbital Period (Py) days  N(7.43,0.05) 7.4341325+0:0000042

RV semi-amplitude (K})
Impact factor (by,)

ms™!  2(0.01,10)

0.30
s
0.4357 0o

Planetary-to-stellar-radius ratio ((Rp,/Rx)) % 2. 360f858§§
Mean longitude of the ascending node (€2p) deg 176.584+0:929
Orbital eccentricity (ep) deg 0 (fixed)
Limb darkening (u;) N(0.47,0.01) 0.466+9:910
Limb darkening (u2) N(0.14,0.01) 0.141+0.010

Central time of the first transit (T )

Semi-major-axis-to-stellar-radius ratio ((ap/R4))

BID (2458705, 2458706)

0.00062
24587+(())55 ~56461 4% 000050
19.71+0.35

Orbital Semi-major axis (ay) au 0.07060*0:9%054
Orbital inclination (iy,) deg 88.74t8ﬁ8
Duration of the transit (7'4) hours 2'673t8:81;
Planetary radius (Rp) Re 198238@
Planetary mass (Mpp) Mg, 4.1 Sigzgg
Planetary density (pp) Do 05 3t8:i%

5.1. Searching for other planets

We investigated the presence of a second, non-transiting planet
in the RV dataset. We limited the analysis to the spectroscopic
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Fig. 9. Analysis of TTVs based on TESS and LCO data. The figure shows the O—C plot of the observed (O) and calculated (C) transit times for

the linear ephemeris of TOI-1430 b.

series, giving a strict prior on the period of planet b on the
basis of the previous analysis (but leaving free the RV semi-
amplitude).

To check the presence of a second planetary signal, we run
PyORBIT again adopting the multidimensional GP framework
for the modeling of the stellar activity, which is less sensitive
to overfitting problems of the spectroscopic series. By using the
same priors of Table 2, chains converged for P, ~ 96.4 d (that
is ~ 8 X P,or) and K. ~ 1.3 m/s (~ 40 detection). We re-
stricted this analysis to sampling orbital periods in the interval
0.4 < P. < 20.0 days; the result was a signal at P, ~ 12.68 d
and K. ~ 1.3 m/s (~ 40 detection).

The disagreement between the results obtained with different
models of stellar activity (see also Appendix E) suggests that the
measured signal of candidate planet c is probably due to resid-
uals in the fit of the stellar activity, which turns out to be quite
difficult to model.

For the sake of completeness, we report in Appendix E, in
Fig. E.1 and Table E.1 all the results related to these signals;
more data and analysis are mandatory to confirm their planetary
nature.

5.2. Analysis of Transit Timing Variations

We investigated the presence of dynamical interactions of TOI-
1430 b with other potential bodies in the system. In order to
perform this analysis, we calculated the transit timing variations
(TTVs, Agol et al. 2005; Holman & Murray 2005) as the differ-
ence between the observed central times of the transits (O) and
the computed central times of the transits (C) from the linear
ephemeris (Table 2). We modelled every single transit by us-
ing PyORBIT. In this analysis, we also included the two ground-
based light curves collected with LCO. The modeling of single
transits is reported in Fig. F.1. Figure 9 shows the O—C diagram.
The possible TTV amplitude, i.e. the semi-amplitude of the
O-C series, is Arry = 7.7 minutes. To check if there is any hint
of TTV we calculated the y? of the linear ephemeris fitting as:

-Z

where N is the number of available epochs for which we cal-
culated the central times of the transits, and o, and o_ are the
positive and negative errors assocmted with the O-C. We ob-
tained x> ~ 9.4 and a reduced y?, X d(32) ~ (.29, where 32 are
the degrees of freedom. The linear ephemerls fits well the data

(0:i-C)*
(0' +0')

(6)
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and there is no hint of TTV. In Table F.1 the T values for the
different epochs are reported.

6. Results
6.1. System inclination

The combination of the measured stellar rotation period, pro-
jected rotational velocity (Sect. 3.4, Table 1), and stellar radius
(Table 1) yield a stellar inclination of SSfS deg. The equato-
rial velocity implied by stellar rotation period and stellar radius
is 3.2840.17 kms™'. The possibility that the true rotation pe-
riod is two times the observed one (double-dip behavior) can be
dismissed considering the levels of chromospheric and coronal
activity, which are fully consistent with the adopted rotation pe-
riod, derived from both spectroscopic and photometric time se-
ries. Therefore, there are indications that the star rotation is not
aligned with the planetary orbit, although this needs to be con-
firmed through measurement of the Rossiter-McLaughlin effect
(Queloz et al. 2000, expected maximum amplitude ~ Ims™).
Tides induced by the planet in the star are not sufficiently strong
to modify the obliquity of the orbit because of the small mass of
the planet. Therefore, the current obliquity should be close to the
primordial obliquity of the system.

6.2. Mass-radius diagram

In this work, we have measured the mass and the radius of the
exoplanet TOI-1430 b with an high-level of precision (~ 19 %
and ~ 4 %, respectively). In Fig. 10 we report the results in the
mass-radius diagram, where all other young planets (< 1 Gyr)
with accurate (based on different techniques) and precise (rela-
tive errors < 50 %) age measurements are also reported. Com-
bining the values reported in Tables D.1 and 2, we obtained a
planetary density of ~ 0.53pg ~ 3 gcm™. The low density of
this exoplanet is due to its extended atmosphere; the detection of
an escaping atmosphere is reported by Zhang et al. (2023) and
Orell-Miquel et al. (2023): both the works reported the detection
of helium excess absorption (~ —0.6 — —0.9 %) due to the atmo-
sphere of TOI-1430 b. It is among the few small planets with a
robust detection of the atmosphere.

As shown in Fig. 10, TOI-1430 b is located at the upper
limit of the "radius gap" (Fulton et al. 2017; Fulton & Petigura
2018), that region in the mass-radius diagram sparsely populated
by exoplanets that divides the rocky Earths/super-Earths from
the low-density mini-Neptunes. This gap could be an effect of
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the atmospheric evolution of mini-Neptunes characterized by a
rocky core and an extended H/He atmosphere that inflates their
radius. This atmosphere is then stripped away through mecha-
nisms like, e.g., photoevaporation (Owen & Wu 2013, 2017) or
core-powered mass loss (Ginzburg et al. 2018), resulting in the
exposure of the rocky core, i.e the rocky planets we observe to-
day below the radius gap.

By comparing the derived planet parameters with the tracks
by Zeng et al. (2019)'?, it results that TOI-1430 b is compati-
ble with an Earth-like rocky core (32.5 % Fe+67.5 % MgSiO3)
+ 0.3 % H, atmosphere/envelope, or with a water world (50 %
Earth-like rocky core + 50 % H,0). Also, the comparison of the
mass and radius of TOI-1430 b with the 700 Myr old tracks cal-
culated by Lopez & Fortney (2014) is in agreement with a planet
with a 0.2-0.5 % H/He envelope. The atmospheric evolution
model described in the next section, based on the assumption the
planet is a rocky world with an extended atmosphere, predicts
that in ~ 200 Myr this planet will lose its envelope showing its
~ 1.5 Rg rocky core, as illustrated by the arrow in Fig. 10.

6.3. TOI-1430 b atmospheric evolution

Given its young age (700 £+ 150 Myr), TOI-1430 b represents a
prime target for photoevaporation studies.

To assess the current atmospheric mass loss rate, the past his-
tory and the fate of the TOI-1430 b atmosphere subjected to pho-
toevaporation, we followed a modeling approach proposed by
Locci et al. (2019), which has been utilized and updated in sev-
eral previous works (e.g. Benatti et al. 2021; Maggio et al. 2022)
and most recently described in detail by Mantovan et al. (2024b).
In brief, we coupled the new ATES photoionization hydrody-
namics code (Caldiroli et al. 2021, 2022; Spinelli et al. 2023)
with the planetary core-envelope models by Fortney et al. (2007)
and Lopez & Fortney (2014), the MESA Stellar Tracks (MIST;
Choi et al. 2016), and the XUV luminosity time evolution by us-
ing different prescriptions (Penz et al. 2008; Sanz-Forcada et al.
2022; Johnstone et al. 2021).

Simulating a grid of exoplanets with different levels of X-ray
and Extreme Ultraviolet (XUV) irradiation and different gravita-
tional potential energy, Caldiroli et al. (2022) found an analyti-
cal approximation for the evaporation efficiency, n.4. Using this
evaporating efficiency as a function of the gravitational poten-
tial energy of the planet and the XUV irradiation in the classical
energy-limited formula (Erkaev et al. 2007), it is possible to de-
rive an approximation of the atmospheric mass loss rate evalu-
ated with hydrodynamic simulations:

3Fxuv
4GKp, ’

M = neg(Fxuv, ¥) (7

where Fxyv is the XUV flux at the (average) orbital distance,
¥ the gravitational potential energy of the planet, p, is the mean
planetary mass density and the factor K accounts for the host star
tidal forces (Erkaev et al. 2007). We used this analytical approx-
imation to speed up the modeling of the past and future evolution
of the planet.

We considered the stellar bolometric and XUV luminosity
evolution. We obtained the stellar evolutionary track (the theoret-
ical temperature-luminosity diagram shown in Fig. 11) through
the web-based interpolator'® of the MESA Isochrones and Stel-
lar Tracks (MIST, Choi et al. 2016).

12 https://lweb.cfa.harvard.edu/~1lzeng/planetmodels.html
3 https://waps.cfa.harvard.edu/MIST/interp_tracks.html

We assumed two different descriptions to estimate the evolu-
tion of stellar X-ray and EUV emission. The first method is the
X-ray luminosity versus age analytical relation for G-type stars
derived by Penz et al. (2008), anchored to the current value of the
X-ray luminosity (Sect. 3.6). In this case, to estimate the stellar
irradiation in the EUV band, we used the scaling law between
EUV (100-920 A) and X-ray (5-100 A) luminosities, derived by
Sanz-Forcada et al. (2022):
log Lgyv = (0.793 £ 0.058) log Ly + (6.53 + 1.61), )
In Fig.12, we show with red lines the predicted evolution of the
X-ray and EUV stellar luminosities obtained with this method.

The second method that we adopted to model the evolution
of TOI-1430 X-ray and EUV emission is the semi-empirical
modeling by Johnstone et al. (2021), where the X-ray to bolo-
metric luminosity ratio, Lx / Lyo follows a broken power law with
the Rossby number (Pizzolato et al. 2003; Wright et al. 2011),
i.e., the ratio of the rotation period to the convective turnover
time. In this case, the initial rotation rate of the star at early ages
(Qq at t = 1 Myr) determines the evolutionary track of L,/Lp,
in time, for any star with a given mass. For TOI-1430 we se-
lected the track of a star with M, = 0.85 Mgwhich predicts the
X-ray luminosity nearest to the measured value, at an age in the
range 550-850Myr. Then, we computed the EUV luminosity
following again Johnstone et al. (2021), who proposed an em-
pirical mass-independent power-law scaling between the surface
EUV and X-ray fluxes calibrated on a sample of stars observed
with the Extreme Ultraviolet Explorer satellite and solar spectra
derived from the TIMED/SEE mission. The X-EUV luminosity
tracks derived with this second method are also shown in Fig.12
with blue lines.

It must be noted that the actual (measured) Lx value
(Sect. 3.6) remains lower than the emission level expected in
both the descriptions by Penz et al. (2008) and Johnstone et al.
(2021). According to the latter, the expected X-ray luminos-
ity for the stars with the lowest activity level should be about
4 x 10®erg s7! (Fig. 12), corresponding to a Rossby number
R, = 0.62*003 (Wright et al. 2018), that is more than a factor 2
higher than the observed Lx value. In other words, TOI-1430 ap-
pears to have a high-energy emission level relatively lower than
expected for stars with similar mass and age, such as the mem-
bers of the Hyades open cluster.

Assuming the planetary parameters in Table 2, the mass loss
rate estimated by running the ATES hydrodynamic simulation
gives a value between 3.1-3.5x10'° g s=! depending on the XUV
prescriptions (Johnstone et al. 2021 and Sanz-Forcada et al.
2022 respectively). This value is consistent with the estimation
performed by Orell-Miquel et al. (2023) (1.5-5 x10'° gs7!),
who used the 1D hydrodynamic model by Lampén et al. (2020).

To evaluate the past and the future evolution of the plane-
tary atmosphere subjected to photoevaporation we determined
the planetary core mass, the atmospheric mass fraction and the
radius at the current age by adopting the core-envelope model
described in Lopez & Fortney (2014). This core-envelope model
has four unknowns: the mass and radius of the core, M.y and
Rcore, the radius of the envelope, Reyy, and the atmospheric mass
fraction, fym. Four relations and two observational constraints
link these quantities: the measured planet radius and total mass,
R, and M,; the Lopez & Fortney (2014) relation which links
Reny, fam, and M,; and a relation between Reore, Ry, and M, at the
given age and star—planet distance. For the latter, we adopted the
internal structure models by Fortney et al. (2007), where cores
can be composed of different ice-rock or rock-iron mixtures.
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Fig. 11. Evolutionary track of TOI 1430 in the effective temperature-
bolometric luminosity plane. A grey dot marks the current location of
the star on the track.

We note that the relation by Lopez & Fortney (2014) was
developed for atmospheres dominated by H-He, and also takes
into account the cooling and contraction of the envelope as a
consequence of its thermal evolution (Lopez et al. 2012). In the
Lopez & Fortney (2014) relation, the radius time dependence is
linked to the metallicity. For atmospheres with solar opacity, the
radius of the envelope decreases with age as oc %!, while for
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total XUV luminosity of TOI 1430, according to Penz et al. (2008) and
the X-ray/EUV scaling by Sanz-Forcada et al. (2022) (red lines) and
according to Johnstone et al. (2021) (blue lines). Uncertainties on the
age and X-ray luminosity of TOI 1430 are also indicated. The gray area
is the original locus for dG stars in Penz et al. (2008).

an enhanced opacity, the variation is oc %18, Allowing for the
time variation of bolometric luminosity and surface temperature
equilibrium introduces a further time dependence on the enve-
lope size.

Assuming an Earth-like core composed of 67% rocks and
33% iron, and an envelope with solar opacity, we found for TOI-
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1430-b a solution with M¢orep, = 4.13 Mg, Reorey = 1.45Rg,
Rewp = 0.53Rg, and fym = 0.42%, corresponding to the
measured planetary mass and optical radius. With an enhanced
metallicity envelope we found another solution with Mcore, =
4.14 Mg, Reorep = 1.45 R, Renvp = 0.53 Rg, and fym = 0.33%.

We then proceeded with the time evolution of the photoe-
vaporation. For each time step of the simulation, we computed
the mass-loss rate and updated fym and the planetary mass, ob-
taining a new value of R.,, with the relation by Lopez & Fortney
(2014). The latter quantity added to the core radius (assumed
constant) provides the updated planetary radius.

According to the aforementioned scenario and assuming a
core that does not change in size or mass, we followed the plan-
etary evolution back in time. We stopped our simulations in the
past at 3 Myr, the end time of planetary formation models, that
is, when the circumstellar disc has already disappeared and each
planet is in its final, stable orbit. For future evolution, we let the
system evolve from the current age (700 Myr) until 5 Gyr. The
results of the simulations dependent on different assumptions are
shown in Figure 13.

Currently, the planet is close the radius gap (Fulton et al.
2017) with a radius of 1.982 Rg. As shown in Figure 13, our
model shows that the planet experienced significant evolution in
the past, from a birth as a (super-)puffy planet to the current sub-
Neptune properties.

In order to retain a part of this envelope at the current age
(700 Myr, an envelope mass fraction of ~0.3-0.4%) our model
suggests that the planet was surrounded by a very large envelope
at the beginning of its evolution. More specifically, the model
with a solar-opacity envelope suggests an envelope mass frac-
tion at 3 Myr of 29% or 21%, assuming the Sanz-Forcada et al.
(2022) or Johnstone et al. (2021) XUV evolution, respectively.
The corresponding planetary radius was 12.7 Rg or 11.0 Rg,
with a planetary mass of 5.9 Mg or 5.3 Mg. The model with
an enhanced-opacity envelope suggests an even larger envelope.
Assuming the Sanz-Forcada et al. (2022) XUV evolution, this
model predicts an envelope mass fraction at 3 Myr of 59%,
with a radius of 26.8 Ry and a mass of 10.0 Mg, while as-
suming Johnstone et al. (2021) the envelope mass fraction was
51%, with a planetary radius of 25.7 Rg and a planetary mass
of 8.5 Mg. At 3 Myr the exoplanetary mass loss rate was in the
range 5.8-11.1x10'? gs~! for the solar-opacity model, and 6.5—
8.2x10'3 gs~! for the enanched-opacity envelope model.

Under the effect of photoevaporation, the planet lost much of
its envelope in the first 300 Myr under the effect of high-energy
stellar irradiation. At 300 Myr the envelope mass fraction was
between 3.6% and 6.1% depending on the different assumptions
that we adopted, with a planetary radius and a planetary mass
between 3.5-4.9 Ry and 4.3-4.4 Mg, respectively.

Regarding the future of the planet, our model predicts that it
will completely lose its envelope in the next 150-200 Myr, and it
will become an envelope-stripped super-Earth-size planet with a
radius equal to the core radius (1.48 Rg). Our simulations show
that the planet undergoes a noticeable radius evolution. In fact,
the planet started its evolution as a Jovian or puffy-Jovian (de-
pending on the model). Between around 100 and 600 Myr, it
passed through the first peak of the bimodal distribution, reach-
ing its current position at the edge of the Fulton gap. Within
the next hundreds of Myr, the planet will completely lose its at-
mosphere, crossing the Fulton gap and ending its evolution as a
Chthonian planet in the second peak of the distribution.

7. Conclusions

In this work, we measured the density of the young planet
TOI-1430 b with high precision thanks to the combination of
exquisite data-sets coming from TESS, HARPS-N, HIRES, and
APF instruments.

First, we derived the stellar parameters adopting information
from Gaia and analysing complementary spectroscopic and pho-
tometric data. In particular, on the basis of the stellar rotation
period (Pyot ~ 12 d), the kinematics, the lithium abundance, and
the coronal and chromospheric activity, we found that TOI-1430
is 700 + 150 Myr old.

We combined the TESS light curves of nine sectors
with spectroscopic series collected with HARPS-N@TNG,
HIRES@Keck and APF in a »3-year campaign to simultane-
ously model the activity and the signal of the planet. To model
the stellar activity in the spectroscopic series we adopted two
different approaches: (i) GP regression with a quasi-periodic ker-
nel, and (ii) multidimensional GP framework. Planet parameters
are reported in Table 2. We measured a stellar rotational period
Pt = 12.2 £ 0.1 d and a planetary mass Mpp, = 4.2 + 0.8 M.
The planetary radius we measured is Rpp, = 1.98 + 0.07 Rg.
From these values we inferred a density pp ~ 0.53 £ 0.12 pg =
2.9+0.7 gem™3, i.e. TOI-1430 b is a low-density mini-Neptune
with an extended atmosphere located at the upper edge of the
radius gap in the mass-radius diagram (see Fig. 10).

Zhang et al. (2023) and Orell-Miquel et al. (2023) detected
an evaporating He atmosphere around TOI-1430 b. By adopting
the planet parameters derived in this work, we traced the his-
tory of the atmosphere of this planet, from 3 Myr after its birth
to the present age and also for the next 5 Gyr. We found that the
planet’s radius has significantly evolved during its lifetime: start-
ing from a Jovian/puffy-Jovian (~10-25 Rg and ~5-10 Mg, on
the basis of the model adopted), the planet lost most of its enve-
lope in the first 100-300 Myr. With a radius of ~ 2 Rg, actually,
the planet is entering the Fulton gap and continues to lose atmo-
sphere. In the next 100-200 Myr, TOI-1430 b will lose its entire
envelope, becoming an Earth-size rocky planet of ~ 1.5 Rg.
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Fig. 13. The evolution of the planetary mass (upper-left panel), planetary radius (upper-right panel), atmospheric mass loss rate (bottom-left panel)
and atmospheric mass fraction (bottom-right panel) according to our models with different assumptions. Black squares mark the current location

of the star in each plot.

use of observations collected at the Asiago Schmidt 67/92 cm telescope (Asiago,
Italy) of the INAF — Osservatorio Astronomico di Padova. This paper made use
of data from the KELT survey (Pepper et al. 2007).

References

Agol, E., Steffen, J., Sari, R., & Clarkson, W. 2005, MNRAS, 359, 567

Almeida-Fernandes, F. & Rocha-Pinto, H. J. 2018, MNRAS, 476, 184

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Demleitner, M., & Andrae,
R. 2021, AJ, 161, 147

Baliunas, S. L., Donahue, R. A., Soon, W. H., et al. 1995, AplJ, 438, 269

Baratella, M., D’Orazi, V., Biazzo, K., et al. 2020, A&A, 640, A123

Barragan, O., Aigrain, S., Rajpaul, V. M., & Zicher, N. 2022a, MNRAS, 509,
866

Barragan, O., Armstrong, D. J., Gandolfi, D., et al. 2022b, MNRAS, 514, 1606

Barragan, O., Gillen, E., Aigrain, S., et al. 2023, MNRAS, 522, 3458

Barragdn, O., Yu, H., Freckelton, A. V., et al. 2024, MNRAS, 531, 4275

Battley, M. P., Armstrong, D. J., & Pollacco, D. 2022, MNRAS, 511, 4285

Article number, page 18 of 30

Benatti, S., Damasso, M., Borsa, F,, et al. 2021, A&A, 650, A66

Benatti, S., Nardiello, D., Malavolta, L., et al. 2019, A&A, 630, A81

Biazzo, K., D’Orazi, V., Desidera, S., et al. 2022, A&A, 664, A161

Bouma, L. G., Hartman, J. D., Bhatti, W., Winn, J. N., & Bakos, G. A. 2019,
AplS, 245, 13

Bouma, L. G., Hartman, J. D., Brahm, R., et al. 2020, AJ, 160, 239

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127

Brewer, J. M., Fischer, D. A., Valenti, J. A., & Piskunov, N. 2016, ApJS, 225, 32

Buchner, J. 2016, Statistics and Computing, 26, 383

Butler, R. P., Marcy, G. W., Williams, E., et al. 1996, Publications of the Astro-
nomical Society of the Pacific, 108, 500

Caldiroli, A., Haardt, F., Gallo, E., et al. 2021, A&A, 655, A30

Caldiroli, A., Haardt, F., Gallo, E., et al. 2022, A&A, 663, A122

Carleo, 1., Malavolta, L., Desidera, S., et al. 2024, A&A, 682, A135

Carleo, 1., Malavolta, L., Lanza, A. F,, et al. 2020, A&A, 638, A5

Casagrande, L., Lin, J., Rains, A. D., et al. 2021, MNRAS, 507, 2684

Castelli, F. & Kurucz, R. L. 2003, in Modelling of Stellar Atmospheres, ed.
N. Piskunov, W. W. Weiss, & D. F. Gray, Vol. 210, A20

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Chontos, A., Murphy, J. M. A., MacDougall, M. G., et al. 2022, AJ, 163, 297



D. Nardiello et al.: The GAPS Programme at TNG

Claudi, R., Bruno, G., Fossati, L., et al. 2024, A&A, 682, A136

Cosentino, R., Lovis, C., Pepe, F., et al. 2012, in Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, Vol. 8446, Ground-based and
Airborne Instrumentation for Astronomy IV, ed. I. S. McLean, S. K. Ramsay,
& H. Takami, 84461V

Costes, J. C., Watson, C. A., de Mooij, E., et al. 2021, MNRAS, 505, 830

Covino, E., Esposito, M., Barbieri, M., et al. 2013, A&A, 554, A28

Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, 2MASS All Sky Catalog
of point sources.

da Silva, L., Girardi, L., Pasquini, L., et al. 2006, A&A, 458, 609

Dai, F,, Roy, A., Fulton, B., et al. 2020, AJ, 160, 193

Dalba, P. A, Gupta, A. F.,, Rodriguez, J. E., et al. 2020, AJ, 159, 241

Damasso, M., Esposito, M., Nascimbeni, V., et al. 2015, A&A, 581, L6

Damasso, M., Locci, D., Benatti, S., et al. 2023, A&A, 672, A126

Damasso, M., Polychroni, D., Locci, D., et al. 2024, A&A, 688, Al5

Desidera, S., Covino, E., Messina, S., et al. 2015, A&A, 573, A126

Desidera, S., Damasso, M., Gratton, R., et al. 2023, A&A, 675, A158

Dutra-Ferreira, L., Pasquini, L., Smiljanic, R., Porto de Mello, G. F., & Steffen,
M. 2016, A&A, 585, A75

Eastman, J., Siverd, R., & Gaudi, B. S. 2010, PASP, 122, 935

Erkaev, N. V., Kulikov, Y. N., Lammer, H., et al. 2007, A&A, 472, 329

Filomeno, S., Biazzo, K., Baratella, M., et al. 2024, A&A, 690, A370

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Fortney, J. J., Marley, M. S., & Barnes, J. W. 2007, ApJ, 659, 1661

Fulton, B. J. & Petigura, E. A. 2018, AJ, 156, 264

Fulton, B. J., Petigura, E. A., Howard, A. W., et al. 2017, AJ, 154, 109

Gaia Collaboration, Smart, R. L., Sarro, L. M., et al. 2021, A&A, 649, A6

Gaia Collaboration, Vallenari, A., Brown, A. G. A, et al. 2023, A&A, 674, Al

Gaidos, E., Hirano, T., Lee, R. A, et al. 2023, MNRAS, 518, 3777

Giacalone, S., Dressing, C. D., Garcia Muifioz, A., et al. 2022a, ApJ, 935, L10

Giacalone, S., Dressing, C. D., Hedges, C., et al. 2022b, AJ, 163, 99

Giacalone, S., Dressing, C. D., Jensen, E. L. N, et al. 2021, AJ, 161, 24

Ginzburg, S., Schlichting, H. E., & Sari, R. 2018, MNRAS, 476, 759

Gomes da Silva, J., Figueira, P., Santos, N., & Faria, J. 2018, The Journal of
Open Source Software, 3, 667

Gomes da Silva, J., Santos, N. C., Adibekyan, V., et al. 2021, A&A, 646, A77

Goodman, J. & Weare, J. 2010, Communications in Applied Mathematics and
Computational Science, 5, 65

Granata, V., Nascimbeni, V., Piotto, G., et al. 2014, Astronomische Nachrichten,
335,797

Grunblatt, S. K., Howard, A. W., & Haywood, R. D. 2015, ApJ, 808, 127

Guilluy, G., D’Arpa, M. C., Bonomo, A. S., et al. 2024, A&A, 686, A83

Gupta, A. & Schlichting, H. E. 2019, MNRAS, 487, 24

Henning, W. G., O’Connell, R. J., & Sasselov, D. D. 2009, ApJ, 707, 1000

Higson, E., Handley, W., Hobson, M., & Lasenby, A. 2019, Statistics and Com-
puting, 29, 891

Hippke, M., David, T. J., Mulders, G. D., & Heller, R. 2019, AJ, 158, 143

Hippke, M. & Heller, R. 2019, A&A, 623, A39

Holman, M. J. & Murray, N. W. 2005, Science, 307, 1288

Howard, A. W., Johnson, J. A., Marcy, G. W,, et al. 2010, The Astrophysical
Journal, 721, 1467

Hiinsch, M., Schmitt, J. H. M. M., Sterzik, M. F., & Voges, W. 1999, A&AS,
135,319

Husser, T.-O., Wende-von Berg, S., Dreizler, S., et al. 2013, A&A, 553, A6

Isaacson, H., Kane, S. R., Carter, B., et al. 2024, ApJ, 961, 85

Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 9913, Soft-
ware and Cyberinfrastructure for Astronomy IV, ed. G. Chiozzi & J. C. Guz-
man, 99133E

Johnstone, C. P., Bartel, M., & Giidel, M. 2021, A&A, 649, A96

Kabath, P., Chaturvedi, P., MacQueen, P. J., et al. 2022, MNRAS, 513, 5955

Kervella, P., Arenou, F., & Thévenin, F. 2022, A&A, 657, A7

Kipping, D. M. 2010, MNRAS, 408, 1758

Kipping, D. M. 2013, MNRAS, 435, 2152

Kreidberg, L. 2015, PASP, 127, 1161

Lampén, M., Lopez-Puertas, M., Lara, L. M., et al. 2020, A&A, 636, A13

Lange, S., Murphy, J. M. A., Batalha, N. M., et al. 2024, The Astronomical
Journal, 167, 282

Leonardi, P., Nascimbeni, V., Granata, V., et al. 2024, A&A, 686, A84

Libralato, M., Bedin, L. R., Nardiello, D., & Piotto, G. 2016, MNRAS, 456, 1137

Lind, K., Asplund, M., & Barklem, P. S. 2009, A&A, 503, 541

Locci, D., Cecchi-Pestellini, C., & Micela, G. 2019, A&A, 624, A101

Lopez, E. D. & Fortney, J. J. 2014, ApJ, 792, 1

Lopez, E. D., Fortney, J. J., & Miller, N. 2012, ApJ, 761, 59

Lovis, C., Dumusque, X., Santos, N. C. et al. 2011, arXiv e-prints,
arXiv:1107.5325

MacDougall, M. G, Petigura, E. A., Angelo, I, et al. 2021, AJ, 162, 265

Maggio, A., Locci, D., Pillitteri, L., et al. 2022, AplJ, 925, 172

Malavolta, L. 2016, PyORBIT: Exoplanet orbital parameters and stellar activity,
Astrophysics Source Code Library, record ascl:1612.008

Malavolta, L., Mayo, A. W., Louden, T., et al. 2018, AJ, 155, 107

Malavolta, L., Nascimbeni, V., Piotto, G., et al. 2016, A&A, 588, A118

Maldonado, J., Colombo, S., Petralia, A., et al. 2022, A&A, 663, A142

Maldonado, J., Petralia, A., Mantovan, G., et al. 2023, A&A, 674, A132

Mallonn, M., Herrero, E., Juvan, 1. G, et al. 2018, A&A, 614, A35

Mallonn, M., von Essen, C., Weingrill, J., et al. 2015, A&A, 580, A60

Mamajek, E. E. & Hillenbrand, L. A. 2008, ApJ, 687, 1264

Mann, A. W., Johnson, M. C., Vanderburg, A., et al. 2020, AJ, 160, 179

Mann, A. W., Wood, M. L., Schmidt, S. P, et al. 2022, AJ, 163, 156

Mantovan, G., Malavolta, L., Desidera, S., et al. 2024a, A&A, 682, A129

Mantovan, G., Malavolta, L., Locci, D., et al. 2024b, A&A, 684, L17

Mantovan, G., Montalto, M., Piotto, G., et al. 2022, MNRAS, 516, 4432

Masson, A., Vinatier, S., Bézard, B., et al. 2024, A&A, 688, A179

McCully, C., Turner, M., Volgenau, N., et al. 2018, LCOGT/banzai: Initial Re-
lease

Montalto, M., Piotto, G., Marrese, P. M., et al. 2021, A&A, 653, A98

Montes, D., Lépez-Santiago, J., Gélvez, M. C., et al. 2001, MNRAS, 328, 45

Nardiello, D. 2020, MNRAS, 498, 5972

Nardiello, D., Bedin, L. R., Nascimbeni, V., et al. 2015, MNRAS, 447, 3536

Nardiello, D., Borsato, L., Piotto, G., et al. 2019, MNRAS, 490, 3806

Nardiello, D., Deleuil, M., Mantovan, G., et al. 2021, MNRAS, 505, 3767

Nardiello, D., Libralato, M., Bedin, L. R., et al. 2016a, MNRAS, 463, 1831

Nardiello, D., Libralato, M., Bedin, L. R., et al. 2016b, MNRAS, 455, 2337

Nardiello, D., Malavolta, L., Desidera, S., et al. 2022, A&A, 664, A163

Nardiello, D., Piotto, G., Deleuil, M., et al. 2020, MNRAS, 495, 4924

Nascimbeni, V., Cunial, A., Murabito, S., et al. 2013, A&A, 549, A30

Nascimbeni, V., Piotto, G., Bedin, L. R., & Damasso, M. 2011a, A&A, 527, A85

Nascimbeni, V., Piotto, G., Bedin, L. R., et al. 2011b, A&A, 532, A24

Newton, E. R., Mann, A. W., Kraus, A. L., et al. 2021, AJ, 161, 65

Newton, E. R., Mann, A. W., Tofflemire, B. M., et al. 2019, ApJ, 880, L17

Oelkers, R. J., Rodriguez, J. E., Stassun, K. G., et al. 2018, AJ, 155, 39

Oh, S., Price-Whelan, A. M., Hogg, D. W., Morton, T. D., & Spergel, D. N. 2017,
AJ, 153,257

Orell-Miquel, J., Lamp6n, M., Lopez-Puertas, M., et al. 2023, A&A, 677, A56

Owen, J. E. & Wu, Y. 2013, ApJ, 775, 105

Owen, J. E. & Wu, Y. 2017, ApJ, 847, 29

Parviainen, H. & Aigrain, S. 2015, MNRAS, 453, 3821

Pecaut, M. J. & Mamajek, E. E. 2013, ApJS, 208, 9

Penz, T., Micela, G., & Lammer, H. 2008, A&A, 477, 309

Pepe, F., Mayor, M., Galland, F, et al. 2002, A&A, 388, 632

Pepper, J., Pogge, R. W., DePoy, D. L., et al. 2007, PASP, 119, 923

Pérez-Gonzélez, J., Greklek-McKeon, M., Vissapragada, S., et al. 2024, AJ, 167,
214

Pino, L., Brogi, M., Désert, J. M., et al. 2022, A&A, 668, A176

Pizzolato, N., Maggio, A., Micela, G., Sciortino, S., & Ventura, P. 2003, A&A,
397, 147

Polanski, A. S., Lubin, J., Beard, C., et al. 2024, ApJS, 272, 32

Queloz, D., Eggenberger, A., Mayor, M., et al. 2000, A&A, 359, L13

Rajpaul, V., Aigrain, S., Osborne, M. A., Reece, S., & Roberts, S. 2015, MN-
RAS, 452, 2269

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, Journal of Astronomical
Telescopes, Instruments, and Systems, 1, 014003

Rizzuto, A. C., Newton, E. R., Mann, A. W., et al. 2020, AJ, 160, 33

Sanz-Forcada, J., Lépez-Puertas, M., Nortmann, L., & Lampén, M. 2022, 21st
Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun

Shi, X.-d., Qian, S.-b., & Li, L.-J. 2022, ApJS, 259, 50

Sicilia, D., Scandariato, G., Guilluy, G., et al. 2024, A&A, 687, A143

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Smith, J. C., Stumpe, M. C., Van Cleve, J. E., et al. 2012, PASP, 124, 1000

Sneden, C. 1973, ApJ, 184, 839

Soubiran, C., Jasniewicz, G., Chemin, L., et al. 2018, A&A, 616, A7

Sousa, S. G., Santos, N. C., Adibekyan, V., Delgado-Mena, E., & Israelian, G.
2015, A&A, 577, A67

Speagle, J. S. 2020, MNRAS, 493, 3132

Spinelli, R., Gallo, E., Haardt, F., et al. 2023, AJ, 165, 200

Stassun, K. G., Oelkers, R. J., Paegert, M., et al. 2019, AJ, 158, 138

Stassun, K. G., Oelkers, R. J., Pepper, J., et al. 2018, AJ, 156, 102

Storn, R. & Price, K. 1997, Journal of Global Optimization, 11, 341

Strassmeier, K. G., Granzer, T., Weber, M., et al. 2004, Astronomische
Nachrichten, 325, 527

Stumpe, M. C., Smith, J. C., Catanzarite, J. H., et al. 2014, PASP, 126, 100

Stumpe, M. C., Smith, J. C., Van Cleve, J. E., et al. 2012, PASP, 124, 985

Thao, P. C., Mann, A. W., Barber, M. G., et al. 2024, AJ, 168, 41

Tofflemire, B. M., Rizzuto, A. C., Newton, E. R., et al. 2021, AJ, 161, 171

Vach, S., Quinn, S. N., Vanderburg, A., et al. 2022, AJ, 164, 71

Voges, W., Aschenbach, B., Boller, T., et al. 2000, IAU Circ., 7432, 3

Article number, page 19 of 30



A&A proofs: manuscript no. yo39

Vogt, S. S., Allen, S. L., Bigelow, B. C., et al. 1994, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 2198, Instrumen-
tation in Astronomy VIII, ed. D. L. Crawford & E. R. Craine, 362

Vogt, S. S., Radovan, M., Kibrick, R., et al. 2014, PASP, 126, 359

Winn, J. N. 2010, in Exoplanets, ed. S. Seager, 55-77

Wood, M. L., Mann, A. W., Barber, M. G., et al. 2023, AJ, 165, 85

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Wright, N. J., Drake, J. J., Mamajek, E. E., & Henry, G. W. 2011, ApJ, 743, 48

Wright, N. J., Newton, E. R., Williams, P. K. G., Drake, J. J., & Yadav, R. K.
2018, MNRAS, 479, 2351

Xu, C., McCully, C., Dong, B., Howell, D. A., & Sen, P. 2023, ApJ, 942, 73

Zechmeister, M. & Kiirster, M. 2009, A&A, 496, 577

Zeng, L., Jacobsen, S. B., Sasselov, D. D., et al. 2019, Proceedings of the Na-
tional Academy of Science, 116, 9723

Zhang, M., Knutson, H. A., Dai, F,, et al. 2023, AJ, 165, 62

Dipartimento di Fisica e Astronomia "Galileo Galilei" — Universita

degli Studi di Padova, Vicolo dell’Osservatorio 3, I-35122 Padova,

Italy e-mail: domenico.nardiello@unipd.it

2 INAF - Osservatorio Astronomico di Padova, Vicolo
dell’Osservatorio 5, Padova 1-35122, Italy

3 Centro di Ateneo di Studi e Attivita Spaziali "G. Colombo" — Uni-

versita degli Studi di Padova, Via Venezia 15, I-35131, Padova, Italy

Department of Astronomy and Astrophysics, University of Califor-

nia, Santa Cruz, CA 95060, USA

INAF — Osservatorio Astronomico di Palermo, Piazza del Parla-

mento 1, 1-90134 Palermo (PA), Italy

Dipartimento di Scienza e Alta Tecnologia, Universita dell’ Insubria,

Via Valleggio 11, I-22100 Como, Italy

7 ESO-European Southern Observatory, Alonso de Cordova 3107, Vi-

tacura, Santiago, Chile

INAF — Osservatorio Astronomico di Roma, Via Frascati 33, I-

00078 Monte Porzio Catone (Roma), Italy

Dipartimento di Fisica, Universita degli Studi di Roma Tor Vergata,

via della Ricerca Scientifica 1, I-00133 Roma, Italy

Department of Physics and Astronomy, The University of Texas, Rio

Grande Valley, Brownsville, TX 78520, USA

11" Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte

16, D-14482 Potsdam, Germany

INAF — Osservatorio Astrofisico di Torino, Via Osservatorio 20, I-

10025, Pino Torinese, Italy

INAF - Osservatorio Astronomico di Trieste, via Tiepolo 11, I-

34143, Trieste, Italy

14 INAF - Osservatorio Astronomico di Brera, Via E. Bianchi 46, I-

23807, Merate (LC), Italy

Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street,

Cambridge, MA 02138, USA

Dipartimento di Fisica, Sapienza Universita di Roma, Piazzale Aldo

Moro 5, I-00185 Roma, Italy

17 Fundacién Galileo Galilei — INAF, Rambla J.A. Fernandez P., 7, E-
38712 S.C.Tenerife, Spain

18 INAF — Osservatorio Astrofisico di Catania, Via S. Sofia 78, I-
95123, Catania, Italy

19 Max Planck Institute for Astronomy, Kénigstuhl 17, D-69117, Hei-

delberg, Germany

South African Astronomical Observatory, P.O. Box 9, Observatory,

Cape Town 7935, South Africa

Kotizarovci Observatory, Sarsoni 90, 51216 Viskovo, Croatia

20

21

Article number, page 20 of 30



D. Nardiello et al.: The GAPS Programme at TNG

Appendix A: Light curve correction

In Fig. A.1 we compare the light curves of TOI-1430 extracted
with the PATHOS and the official pipelines. The need to extract
the light curves with a different pipeline arises from two differ-
ent reasons: (i) from SAP to PDCSAP light curves any original
information on the stellar variability is compromised, as demon-
strated in panel (a); (ii) the presence of a positive signal in the
SAP light curves (P~ 2.81 d) due to a close-by eclipsing binary
and bad estimation of the local background (panels (b) and (c)).

In the PATHOS pipeline, the photometry of the stars is ex-
tracted after the subtraction of neighbor contaminants that are
modeled by using an input catalog (Gaia DR3) and the TESS
PSF models. The local background is measured by using the
pixels inside an annulus with inner radius 6 pixel and outer ra-
dius 20 pixel and centered on the target star. To avoid the con-
tamination of potential variable stars (like the eclipsing binary
TIC 293954660) in the calculation of the local background, the
PATHOS routine masks the pixels corresponding to the location
of the neighbor stars (on the basis of the Gaia DR3 catalog) and
where the contribution of neighbors’ PSF is > 0.1 %.

Appendix B: Lithium measurament

In Fig. B.1 we show the co-added spectrum of the target around
the region of the lithium line at ~6707.8 mA (solid line). In the
same figure, we mark with shaded region the area where the
lithium equivalent width measurement was performed.

Appendix C: Planet TOI-1430 b: results

Figure C.1 shows the corner plot of the posteriors for the main
derived parameters of the stellar activity (from the multidimen-
sional GP analysis of Sect. 5) and of the planet TOI-1430 b.

Appendix D: Joint Photometric and Spectroscopic
analysis of TOI-1430 b through quasiperiodic-GP
We carried out a modelling similar to that described in the Sec-

tion 5, with the exception of using the GP regression, adopting a
quasi-periodic kernel as defined by Grunblatt et al. (2015):

sin? [2(t; = 1)/ Prot|  (1; — 1,7
2w? - 2P } D

y(ti, 1)) = Hfmp exp {—
dec
where Hyyp is the amplitude of the signal, and the other pa-
rameters are defined in Sect. 5 In this analysis, we treated each
dataset with an independent GP regression where only the three
main hyper-parameters of the quasi-periodic kernel are shared
between the datasets, namely (i) the stellar rotation Py, (ii) the
characteristics decay time scale Pyge., (iii) the coherence scale w.
In other words, each dataset is characterized by its own indepen-
dent covariance matrix, with the activity indicators serving as
training datasets for the hyper-parameters. We adopted the same
priors used in Sect. 5 and reported, with the results of the model
fitting, in Table D.1. Figure D.1 shows the results of the fitting.
The most important difference with the multi-GP modeling is
that the activity models for different datasets are different; in-
deed the multidimensional GP regression minimizes the risks of
overfitting the activity variations as the underlying GP must be
compatible with all the provided radial velocity and activity indi-
cator datasets, even when coming from independent instruments,

thus providing more accurate results both inherent in stellar ac-
tivity and for planetary parameters. Despite the less robust treat-
ment of stellar activity by the quasi-periodic GP, we achieved a
comparable precision in the planet RV semi-amplitude compared
to the multi-dimensional GP analysis, with results in agreement
well within < 1o, although the median value is slightly higheer
(1.6 ms~! versus 1.5 ms™1).

Also in this case we tested the non-null eccentricity case, ob-
taining e = 0.130f8:(1)g? and similar results of Table D.1. Running
the dynamic nested sampling algorithm, in the case of circular
orbit, we obtained a log Z =~ 286.6, while in the case of Keple-
rian orbit log Z =~ 285.0; the circular model is preferred also in
this case.

Appendix E: The candidate planet c

In addition to the analysis done in section 5.1, we searched for
the signal of a second planet modeling the activity with the
quasi-periodic GP regression and the same priors reported in Ta-
ble D.1. We run PyORBIT to search for planetary signals in the
range of periods 0.4 < P, < 100.0 days and RV semi-amplitude
0.01 < K. < 10.00 m/s. Chains converged after 100000 steps,
resulting in a signal with period P, = 13.27 + 0.02 d and RV
semi-amplitude K. = 2.5 + 0.5 m/s (corresponding to a mass
Mpsini; = 8.2 + 1.7Mg); the resulting parameters for planet
TOI-1430b are the same reported in Table D.1. Different models
give different results (Table E.1, Fig. E.1), leading to the conclu-
sion that the signal of candidate TOI-1430 c is actually due to
residual of stellar activity.

Appendix F: TTV Analysis

In Table F.1 the Central times and Planetary-to-stellar-radius ra-
tio from the transits observed with TESS and LCO facilities are
reported. Figure F.1 shows the modeling of single transits ob-
served by TESS and LCO.

Appendix G: Spectroscopic series

Tables G.1, G.2, and G.3 include the HARPS-N, HIRES, and
APF spectroscopic time series used in this work.
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Fig. A.1. Comparison between the PATHOS and official TESS light curves of TOI-1430. Panel (a) shows the SAP and the PDCSAP light curves
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Fig. B.1. Coadded spectrum of TOI-1430 around the Li line (solid line).
Shaded region represents the line integration for the lithium EW mea-
surement.
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Fig. C.1. Corner plot of the posteriors for the main derived parameters of TOI-1430 b and of the stellar activity (multidimensional GP analysis).
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Table D.1. Stellar activity with quasiperiodic GP and orbital parameters of TOI-1430 b

Parameter Unit  Prior Value
TOI-1430 Stellar activity
Stellar rotational period (Pyo) days  N(11.9,0.3)  12.058*00%
Decay Timescale of activity (Pgec) days  U(13,1000) 41458
Coherence scale (w) 0.84270-08
Amplitude of the HARPS-N RV signal ms™' 2(0.01,100) 8.67}3
HARPS-N RV offset ms~! —27244.9%24
Uncorrelated HARPS-N RV jitter ms™! .. 2.86f8:§2
Amplitude of the HIRES RV signal ms~'  2(0.01, 100) 7.83:;
HIRES RV offset ms! -0.7*22
Uncorrelated HIRES RV jitter ms ! .. 2.64f8:g
Amplitude of the APF RV signal ms~' 2(0.01,100)  7.8*2S
APF RV offset ms™! -0.37%7
Uncorrelated APF RV jitter ms™! 72736
Amplitude of the HARPS-N log R, signal 0.0254+00051
HARPS-N log R}, offset —4.476870 007"
Uncorrelated HARPS-N log R}, jitter 0.00776+0 50077
Amplitude of the HIRES log Ry, signal 0.0242f8:88;é
HIRES log R}, offset —4.44890*0-00¢7
Uncorrelated HIRES log Rjjitter 0.00443+0.90083
Amplitude of the APF log R, signal 0.0SOfg:gg
APF log R} offset —4.427+0010
Uncorrelated APF log Ry jitter 0.0321*0.0078
Amplitude of the HARPS-N Ha signal 0.00367* 000033
HARPS-N Ha offset 0.2478*0:00%¢
Uncorrelated HARPS-N Ha jitter 0.00143+0.902
Amplitude of the HARPS-N BIS signal ms™! 9.6}
HARPS-N BIS offset ms™! 28.0*37
Uncorrelated HARPS-N BIS jitter ms™! 3.13%933
Stellar density (o) Po N(1.85,0.25) 1.86%01%
TOI-1430 b parameters
Orbital Period (Py) days  N(7.43,0.05) 7.4341325%) 0000042
RV semi-amplitude (K}) ms~' U(0.01,10) 1.63%031
Orbital eccentricity (ep) deg 0 (fixed)
Orbital Semi-major axis (ap) au 0.07060*0: 90032
Planetary mass (Mp,) Mg 447408
Planetary density (op) Pe 0.57*513
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Fig. D.1. As Fig. 8, by adopting the quasi-periodic GP regression for the stellar activity.
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Fig. E.1. Candidate planet c signal obtained with different stellar activity models. From the left to the right: activity modelled with multidimensional

GP and orbital period boundaries between 0.4 d and 100.0 d (P, ~ 96.4 d); activity modelled with multidimensional GP and orbital period
boundaries between 0.4 d and 20.0 d (P, ~ 12.7 d); activity modelled with quasi-periodic GP (P. ~ 13.3 d).
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Table E.1. Orbital parameters of the candidate TOI-1430 c from RV analysis with different activity models

Parameter Unit  Prior Value
Candidate TOI-1430 ¢ — Activity modelled through multidimensional GP (case 1)
Orbital Period (P.) days  U(0.4,100.0) 96.4fH
Semi-major-axis-to-stellar-radius ratio ((a./Ry)) 108.5%3
Orbital Semi-major axis (a.) au 0.3897*000°3
RV semi-amplitude (K,) ms~!  2(0.01, 10) 1.27f8§§
Orbital eccentricity (e) deg 0 (fixed)
Mean longitude of the ascending node (€2.) deg 289f§?
Planetary mass (Mp_ sin i) My . 8.23:{

Candidate TOI-1430 ¢ — Activity modelled through multidimensional GP (case 2)

Orbital Period (P) days (04,2000  12.68570}
Semi-major-axis-to-stellar-radius ratio ((ac/Ry)) 28110
Orbital Semi-major axis (a.) au 0.10079+0-9080

ms~!  2(0.01,10)

RV semi-amplitude (K,) 1-65f8;3;3
Orbital eccentricity (e) deg 0 (fixed)
Mean longitude of the ascending node (£2.) deg 1643%
Planetary mass (Mp, sin i) Mg 5.4%13
Candidate TOI-1430 c — Activity modelled through quasiperiodic GP
Orbital Period (P.) days  U(0.4,100.0) 13.267*01¢
Semi-major-axis-to-stellar-radius ratio ((ac/Ry)) 28_93:}
Orbital Semi-major axis (a) au 0.10385* 0005,
RV semi-amplitude (K.) ms~!  20.01, 10) 2.47+0%
Orbital eccentricity (e.) deg 0 (fixed)
Mean longitude of the ascending node (€2.) deg 108+33
Planetary mass (Mp sin i;) M, S.Zf:j;

Table F.1. Central times and Planetary-to-stellar-radius ratio from the transits observed with TESS and LCO facilities

Telescope T [BIDpp — 2457000.0]  Rpy/R.  Telescope Ty [BIDypp — 2457000.0]  Rpp/R.  Telescope Ty [BIDypp — 2457000.0]  Rpp/R.
TESS 1683.3416*0.9040 0.0225*09%%  TESS 2441.6286+0:0024 0.0245*0%012  TESS 2850.5030*:9018 0.0258+0:0012
TESS 1690.776870:90%2 0.0251700021 TESS 2776.1629%09027 0.0212*3601¢  TESS 3341.1541%00% 0.0224*0001¢
TESS 1698.2116+0:9012 0.0263*0902%  TESS 2783.5952+0:0024 0.0224*0%013  TESS 3348.5882+0.0040 0.0221+0:9012
TESS 1705.6493+0.9028 0.0241*3%01>  TESS 2791.0289+4:%014 0.0268*3%15  TESS 3356.0249*0:9020 0.0243+0-0014
TESS 1713.0824+0:904¢ 0.0225*3%012  TESS 2798.4652+0.%014 0.0230*3%014  TESS 3363.4558+0:0048 0.0255+00014
TESS 1720.5170*3:9923 0.0210*3%01>  TESS 2805.8974+0:0016 0.0211*3%012  TESS 3370.8904+(:9014 0.0272+3013
TESS 1727.9512+0:9070 0.0228*3%013  TESS 2813.3340+0:0020 0.0241*3%013  TESS 3378.3251+0:%013 0.0283+0:0012
TESS 1735.3817+0.%13 0.0247*3%015  TESS 2820.7653+3:901 0.0245*3%014 TESS 3385.7572+:9020 0.0247+3:5012
TESS 1742.8169*0:9020 0.0232*3%01%  TESS 2828.1993+0:%013 0.0241*3%012 TESS 3393.1947+0:9013 0.0243*0.9011
TESS 1757.6821*0:9029 0.0249*3%013  TESS 2835.6361+:00% 0.0249*3:%013  LCO/1.0m McDonald 2359.8571+:90%¢ 0.0296+50013
TESS 242675813901 0.0256*3%014  TESS 2843.0699+0:9023 0.0210*3%012 LCO/1.0m Teide 2798.4662+.9048 0.0233+0:0013
TESS 2434.1877+3:9038 0.0222+0:5013
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Fig. F.1. Analysis of TTVs based on TESS (grey points) and LCO (azure points) data. Panels shows every single transit centred on the expected

Ty (magenta dashed line) and the fitted model (in red). Below each transit, the residuals are reported.
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BIDrpg — 2457000.0 RV orv logRj,  Ougr,  Ho Tha BIS || BJDps—2450000 RV orv logRy, O,  Ha The BIS

(ms™)  (ms™h (ms™) (ms™") (ms™h (ms™)
1909.771903611 272262 15 —44349 00063 025619 000065 193 | 2413.651394081 272453 09  —44825 00033 024362 000038 2338
1910.774268941 -27230.9 1.0 —44300 00034 025495 0.00045 293 | 2414.677514241 272462 0.9  -44861 00031 024280 0.00039 21.2
1911.778914971 -27236.6 1.2 —4.4492 00051 025389 0.00055 393 | 2415709768291  -27242.1 0.8  -44812 0.0026 0.24358 0.00030 26.0
1913754504871 -27246.6 1.8 —44729 00091 025258 0.00068 467 | 2416619079731  -27240.1 0.6  -44705 0.0018 024262 0.00026 22.6
1914.776849511 -272462 0.8  —44609 00027 025077 0.00036 41.8 | 2417.612952531  -272402 0.7  -44779 0.0025 024295 0.00033  30.6
1915.776150601 -27239.8 0.7  —4.4488 00022 025009 0.00029 344 | 2418611176811  -27243.7 1.8  —4.4997 0.0095 024550 0.00071 214
1916.774885121 —27241.1 09  —44377 00032 025345 000041 314 | 2421.604168551 272554 1.0  -44760 0.0037 024429 0.00042 245
1920.762930621 -272218 09 44286 0.0032 025558 000039 154 || 2424.688743011 -27241.4 12 44883 0.0057 024379 000047 178
1921.740151511 -272238 2.1 —44199 00109 025562 0.00079 185 | 2428.549931931  -27243.5 1.1  -4.4873 00045 024320 000044 30.5
1922766736901 -272278 08 44103 0.0025 025759 000034 298 | 2429.673499641  -272450 1.0  -44940 0.0038 024446 0.00043  26.1
1969.723335231 -27246.0 0.7  —44385 00021 025416 0.00037 317 | 2430.616138591  —-272442 1.0  -44881 0.0039 024305 000042 27.5
1973.695124831 —272315 14 44514 00059 025365 000053 29.5 || 2431526253551  -272492 1.5 44938 0.0071 024476 000061 28.6
1974.678489081 -272394 09  —44394 00029 025387 000042 273 | 2431.631058011 272484 0.8  -44766 0.0030 024450 0.00035 304
1976676665861 -272352 08 44218 0.0027 025786 000037 288 | 2442652055351  -27247.5 13 —-44777 00057 024614 000050 25.1
1977.694383561 -272359 0.7  —44245 00022 025618 0.00034 33.0 | 2443.504814961 272458 1.0  -44718 0.0037 024988 0.00046 29.7
1978.700827911 -272394 0.8  —44181 00024 025728 0.00040 37.6 | 2444.540525481 272447 0. -4.4638 0.0033 0.24808 0.00043  26.6
1979.709784071 -272442 0.7 —44175 00020 025726 0.00031 34.6 | 2445568342301 272493 0.8  -44711 0.0026 024756 0.00037 342
1983.697900081 -27239.9 1.9  —44304 00086 025797 0.00069 27.8 | 2446.594908531 272484 0.8  -4.4705 0.0027 024608 0.00035 35.7
1985.634317931 -27231.3 0.8  —44348 00026 025296 0.00033 228 | 2447.590872231 272478 0.8  —-4.4897 0.0030 024385 000036 27.1
1986.665081121 -27231.6 0.8  —44301 00025 025425 0.00033 215 | 2448.565249681  -27239.4 0.6  -44757 00018 024447 0.00027 21.0
1988.693909891 -272339 0.8  —44271 00027 025626 0.00036 33.0 | 2449.590147511 272372 0.7  -4.4807 0.0025 024338 0.0030 20.0
1989.706837041 -272427 0.8  —44276 00026 025637 0.00038 347 | 2453.495508481 272437 0.7  -44704 0.0023 025085 0.00044 31.6
1990.696742641 —27240.1 0.8 44223 0.0028 025792 000044 394 || 2454480889611  -272457 0.6 44657 0.0021 025059 000036 354
1992701485301 -272457 1.0 —44329 00034 025623 0.00045 38.6 | 2455.564533011 272462 0.7  —44575 00021 024892 000029 32.7
1993.684214791 —272467 07 -44199 0.0021 025746 000033 342 || 2457.534784051  -27249.8 0.7 44703 0.0022 024597 000031  35.0
1994.689734401 -27239.5 0.9  —44155 00028 025673 0.00034 332 | 2458.610127891 272562 1.1  —-4.4986 0.0046 024374 000052 33.8
1999.615280101 —272312 1.0 44232 0.0031 025467 000040 223 || 2459.507960211  -27253.6 0.8  —4.4984 0.0032 024347 000043 232
2007.672813081 -272440 0.6  —44384 00019 025442 000034 237 | 2461.547152341 272348 0.8  -44975 00029 024172 0.00033 126
2008.683551781 -272351 0.7  —44313 00022 025342 000030 297 | 2462.514704991  -27229.0 0.8  -4.4960 0.0027 024286 0.00033 120
2009.687368831 -27231.9 0.8  —44224 00025 025446 0.00030 272 | 2464.515271211 272342 1.3 -44826 0.0058 024273 000054 265
2010.704693101 -272426 0.7  —44428 00021 025534 000036 299 | 2465.538319511 272444 0.8  -44743 00028 024691 0.0040 31.0
2025.634870751 -272358 0.7  —44260 00023 025551 0.00036 273 | 2472.496831081 272454 0.6  -45012 0.0021 024266 0.00030 19.7
2026.637885491 -272363 0.8  —44285 00025 025499 0.00042 29.1 | 2473.473590691  -27237.8 1.7  -4.4958 0.0082 024495 0.00064 23.6
2026.728050091 -272373 0.8  —44348 00028 025779 0.00046 345 | 2475480140101 272323 1.4  -4.4888 0.0063 024647 0.00055 153
2027.709871781 —272421 0.9  —44346 00030 025614 0.00051 322 | 2476481758921  -272282 0.9  -4.4699 0.0033 024580 0.00036 21.6
2028.646460451 -272432 0.8  —44217 00023 025651 0.00033 358 | 2477.476363431 272367 1.0  -44722 00036 024640 0.0036 27.2
2028.707550111 272428 0.7 —44127 00020 025914 000030 38.0 | 2478472437311  -272460 1.1  —4.4754 00043 024556 0.00043  32.1
2038.612913011 -272386 0.8  —4.4022 00026 026207 0.00038 264 | 2479.464320911 272503 1.0  -4.4659 0.0035 024633 0.00035 468
2040.627498351 —272475 13 —4.4098 00046 026155 0.00051 352 | 2481.474903301 272539 1.1  -4.4953 0.0046 024400 000044  35.1
2051.686634181 -272423 08 44036 0.0025 025848 000033 373 || 2513361547711 -27248.1 1.0  —4.4883 0.0044 024613 000044 149
2054.696144781 —27244.1 09 -44369 0.0029 025474 000036 27.0 || 2514410475121 -272412 0.7 44676 0.0025 024533 000027 214
2068.472124481 —272258 1.0 44328 0.0033 025194 000034 255 || 2515339200041 -27243.1 0.6 44686 0.0021 024760 0.00028 283
2069.513350341 -272380 0.5 44199 0.0015 025736 000028 262 || 2565300429561 ~ -272480 0.6 45161 0.0025 024108 0.00028 243
2070.643766261 —272449 0.9 44303 0.0030 025137 000034 33.0 || 2566307700821  -27246.5 0.7 45237 0.0030 023940 0.00033  23.9
2071667675931 -27246.5 1.0 —44312 00034 025129 000039 334 | 2684735542791 272520 0.9  -45233 00042 024222 0.00043 33.6
2072658610231 -27241.9 09  —44251 00030 025309 0.00033 30.6 | 2686.698800471 272623 1.9  -45415 00132 024305 000071 39.7
2075.556664051 -272430 0.8  —44322 00025 025379 0.00035 320 | 2687.657020611  -27252.8 103  —-4.6857 0.1459 025976 0.00210  45.0
2076.637249551 -272436 1.0 —4.4428 00033 025432 000045 282 | 2690.728216121 272482 0.7  -45251 0.0030 024017 0.00029 204
2077.648169671 -272447 09  -44379 00027 025421 0.00033 314 | 2738.690721451  -27259.5 0.9  -45265 0.0036 024415 0.00040 29.8
2078.605269511 -27246.1 0.5  —44562 00016 025227 0.00030 27.5 | 2748.706048891  —-27249.8 1.0  -45216 0.0044 024239 0.00039 29.2
2079.595586571 -272408 0.7  —4.4695 00024 025045 0.00037 19.8 | 2750.722279071 272569 1.0  —-4.5188 0.0045 024338 000040 33.1
2091533468191 -27236.6 1.1  —4.4628 00040 024970 0.00044 277 | 2752.718287791 272526 0.7  —4.5400 0.0030 024120 0.00036  27.1
2092.491648451 -27239.0 1.0 —4.4417 00036 025192 0.00041 222 | 2768.660377451 ~ -27243.5 1.5  -45295 0.0084 024269 0.00061  20.5
2093.513091861 -27239.9 14 44241 00054 025515 000055 222 || 2769.634996091  -272457 2.0  -45237 0.0125 024480 0.00074  26.9
2094.460171571 -27240.6 0.7  —44236 00022 025739 0.00037 237 | 2771.666062901 ~ -27240.7 1.5  -45009 0.0078 0.24553 0.00059  31.7
2095.463708841 -272395 0.6 44245 0.0016 025474 000033 256 || 2772664407801  -272392 0.6 44815 0.0021 024623 000026  29.0
2096.487824141 -272394 0.7  —44208 00021 025390 000032 327 | 2773.629915901 272457 0.7  -44907 0.0025 024744 000034 388
2097.491001471 -27239.1 07 44158 0.0020 025497 000031 373 || 2774.609521161  -27251.5 0.6 45017 0.0021 024658 0.00032  38.5
2099.553106361 -27239.0 0.8  —44112 00026 025857 0.00038 312 | 2775.612309401  —-27258.1 14  -45286 0.0076 024482 0.00063 37.2
2110.553320351 —272462 14 44281 0.0056 025640 0.00059 402 || 2788.586848201  -272549 1.1 45248 0.0047 024406 000048  39.4
2111.525413931 —272414 0.7 —44451 00021 025523 0.00040 353 | 2789.591944861 272533 1.1  -45282 0.0049 024426 000051 343
2112.572887891 -272413 0.8  —4.4441 00025 025511 0.00042 338 | 2801.520875441 272519 0.9  -45124 0.0037 024294 0.00035 36.7
2120.583719121 -272327 1.0 —44343 00037 025174 0.00035 248 | 2802.545479351 -27251.5 0.7  -45168 0.0024 024200 0.0030 29.9
2125.441460841 -272348 0.9  —4.4434 00028 025153 000033 273 | 2803.567721571  -27251.5 0.8  -4.5274 0.0032 024241 0.00037 29.0
2126.443697021 -272421 13 —44603 00050 025018 0.00051 25.6 | 2808.646921611  —-27247.2 1.6  -44792 0.0086 025036 0.00069  29.6
2127.448085481 -272422 0.8  —44501 00024 024993 0.00029 300 | 2822.492876511  -27253.0 0.8  -4.4964 0.0030 024780 0.00043 404
2130.433123751 —272414 1.1 —44500 00041 025100 0.00043 193 | 2826.357931311 272456 1.2  -45147 00053 024316 0.00045 250
2153.339238581 -272459 0.7 —44599 00022 024892 0.00032 24.6 | 2828486241411 272494 1.1  -45053 00046 024424 0.00045 29.6
2154325261341 -272405 1.3 44489 0.0053 025082 000054 23.6 || 2829.449522331  -272427 0.7 44955 0.0027 024471 000033 238
2155.311607911 -272402 22 —44587 00108 025217 0.00079 239 | 2830466413451  -272455 1.3 -4.4946 00059 024625 0.0053 259
2156.344121791 —272414 1.0 44452 00035 025316 000048 329 || 2830.561586381 -27242.0 1.2 44961 0.0060 024603 0.00050  24.7
2157.306336721 —272482 0.7 —44470 00022 025077 0.00035 353 | 2831.443859871 272469 0.8  -4.4808 0.0030 024691 0.00035 23.8
2169.298026221 —27251.7 1.3 44496 0.0053 025143 000054 327 || 2832503052761  -272489 0.7 44728 0.0023 024836 0.00030 31.8
2170.297159161 -272530 12 —44616 00043 025068 0.00043 37.5 | 2834480060701 -27247.6 1.6  -4.4970 0.0074 024849 0.00059 414
2171.301419151 -272523 0.7 —44571 00022 024788 0.00028 32.1 | 2835491578681 272484 12  -45024 00054 024478 0.00045 300
2172.297160831 -27250.0 0.7  —44664 00020 024717 000028 283 | 2836.545248431 272454 0.8  -4.4943 00028 024619 000032 29.5
2189.362228101 -272387 1.1 —4.4463 00043 025189 000049 23.0 | 2843.463762141 272469 0.7  -44671 00025 024781 0.00030 30.5
2190.326304531 -272455 0.8  —4.4394 00027 025318 0.00035 38.1 | 2844.438655401 272559 0.8  -4.4798 0.0031 024644 000035 31.8
2192.300810341 -27251.9 0.8  —44562 00026 025059 0.00033 39.1 | 2845439543131 272549 0.8  -4.4830 0.0033 024694 0.00038 30.5
2209.309890941 -27246.2 1.4  —44879 00063 024807 0.00063 27.1 | 2858400437271 272510 0.9  -45031 0.0034 024498 0.0040 30.8
2212.303855161 -27239.0 1.6  —4.4696 00073 024796 0.00060 114 | 2859.425646371 ~ —-27251.7 1.0  -45091 0.0041 024243 000043 327
2336.716973911 —272458 1.1 —44629 00039 024673 0.00042 332 | 2860.418459891 272532 0.9  -4.5268 0.0041 024213 000046 28.7
2339.701511501 -272495 0.6  —44525 00019 024812 0.00026 279 | 2861.415566871  —-27251.4 0.8  -45289 0.0032 024159 0.00039 31.6
2359.671725181 -272347 13 44588 0.0054 024676 000048 199 || 2864439014131  -272448 08 45136 0.0034 024374 000039 22.8
2367.673367981 -272436 0.7  —44752 00025 024596 0.00035 26.6 | 2865444302091 272439 1.7  -4.5433 00102 024269 000066 23.1
2377.577219291 -272493 0.6 44593 0.0017 024846 000028 337 || 2869.425821311  -27252.1 1.0 44993 0.0045 024520 0.00046  28.9
2378.592945881 -272453 07 44664 00022 024551 000029 289 || 2870.325589271  -27251.4 1.0 44963 0.0042 024653 0.00045 338
2379.570488221 —272428 07 44705 0.0021 024557 000030 262 || 2871387042391  -27249.4 0.9 44896 0.0037 024706 0.00041  32.7
2380.530807611 —272427 09 44708 0.0032 024564 000036 207 || 2872360279921  -272482 0.8 45119 0.0033 024324 000039 33.6
2382713363621 -272354 08 44531 0.0024 024870 0.00030 163 || 2890.306801661  -27246.6 0.6  —4.4857 0.0018 024833 000032 28.6
2387.690481311 -27249.0 0.6  —44588 00020 024718 000036 333 | 2892.305880341  -27247.5 0.7  -4.4836 0.0023 024867 0.00034 312
2388.714307721 -272447 0.6  —44534 00019 024594 000027 332 | 2893.339527091  -27251.0 0.7  -4.4833 0.0026 024749 0.00034 354
2390.702883931 -27231.0 0.7  —44692 00021 024492 0.00029 27.6 | 2894.319807371 272509 0.6  -4.4963 0.0021 0.24680 0.00033  33.0
2391.708873351 -272456 0.6  —44782 00019 024476 000027 28.6 | 2895.305897481 272494 0.8  -45019 00029 024532 0.00043 285
2400.659335481 -27244.6 0.7  —4.4694 00022 024413 000030 312 | 2897.315483451 272485 1.2 -45065 0.0055 024573 0.0051 29.9
2412.676269891 272426 1.1 44822 0.0046 024390 0.00047 292
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Table G.2. HIRES @Keck I spectroscopic series

BJDTDB —2457000.0 RV ORV IOng_{K UlogR,’_{K BJDTDB —2457000.0 RV ORV IOng{K O-IUgR,’_'K

(ms™h) (ms™h (ms™) (ms™h
1827.685434 —-1.86 1.07 -4.4783 0.0024 || 2398.092858 0.39 1.41 -4.4672 0.0023
1832.690571 -1.63 1.27 -4.4846 0.0024 || 2400.024250 3.21 1.20 -4.4727 0.0024
1833.692228 -5.37 1.21 -4.5035 0.0025 || 2406.080881 8.55 1.02 -4.4827 0.0024
1844.700628 -3.22 1.19 -4.5040 0.0025 || 2410.075833 4.77 1.39 -4.4756 0.0024
1845.695992 -3.01 1.29 —-4.5138 0.0026 || 2417.945933 5.29 1.23 -4.4848 0.0024
1852.698773 -4.52 1.13 —-4.4921 0.0025 || 2455.919418 3.05 1.22 -4.4730 0.0024
2004.068819 1.26 1.14 -4.4278 0.0021 || 2469.889300 -7.49 1.40 -4.4971 0.0025
2007.059160 -3.00 1.09 -4.4430 0.0022 || 2506.828387 -10.38 1.29 -4.5070  0.0025
2019.048114 4.34 1.17 -4.4439  0.0022 || 2508.838944 2.97 1.36 -4.5205 0.0026
2029.032907 3.48 1.12 -4.4394  0.0022 || 2737.945987 -12.40 1.17 -4.5321 0.0027
2035.042662 2.66 1.07 -4.4405 0.0022 || 2739.117009 -16.43 1.07 -4.5302 0.0027
2036.929885 4.54 1.00 -4.4243  0.0021 || 2740.096890 -10.72 1.21 -4.5382  0.0027
2039.071431 7.54 1.10 -4.4236 0.0021 || 2741.057523 -7.62 1.20 -4.5494  0.0028
2040.081965 1.95 1.08 -4.4234  0.0021 || 2742.073701 -3.86 1.20 —4.5488 0.0028
2040.917436 -4.72 1.12 -4.4236  0.0021 || 2742.913323 -2.87 1.17 -4.5435 0.0028
2041.914577 -3.49 1.05 -4.4310 0.0021 || 2748.106598 -2.25 1.19 -4.5156  0.0026
2043.078551 1.64 1.05 -4.4292 0.0021 || 2749.071431 -8.87 1.20 -4.5338 0.0027
2044.865558 10.19 1.22 -4.4448 0.0022 || 2749.889789 -13.12 1.10 -4.5284  0.0027
2064.026575 -2.43 1.08 -4.4415 0.0022 || 2751.984574 -9.52 1.12 -4.5379  0.0027
2067.996032 15.77 1.53 -4.4534  0.0022 || 2766.065823 -2.13 1.14 -4.5386  0.0027
2068.932292 13.13 1.27 -4.4420 0.0022 || 2769.029658 4.95 1.11 -4.5278 0.0027
2072.069879 1.55 1.16 -4.4390 0.0022 || 2770.047506 6.05 1.13 -4.5165 0.0026
2073.040975 0.69 1.09 -4.4467 0.0022 || 2771.970469 8.94 1.03 -4.5040 0.0025
2079.038339 2.51 1.32 -4.4608 0.0023 || 2776.068894 -7.61 1.21 -4.5286 0.0027
2087.933810 1.59 1.37 -4.4419 0.0022 || 2776.868691 -10.32 1.14 -4.5264 0.0027
2088.003994 -2.45 1.79 -4.4480 0.0022 || 2780.057784 0.26 1.00 -4.5319  0.0027
2088.999167 1.70 1.28 -4.4464 0.0022 || 2781.016252 2.89 1.08 -4.5242  0.0026
2090.029466 2.95 1.42 -4.4506 0.0022 || 2785.989815 -2.71 1.04 -4.4979  0.0025
2091.054580 7.91 1.31 -4.4626 0.0023 || 2787.026314 -7.67 1.14 -4.4938 0.0025
2092.026083 10.17 1.40 -4.4674 0.0023 || 2789.882817 -3.75 1.10 -4.5271 0.0027
2093.022272 8.18 1.25 -4.4481 0.0022 || 2791.898576 -7.48 1.07 -4.5186 0.0026
2094.819325 8.10 1.28 -4.4402 0.0022 || 2792.928521 -2.47 1.11 -4.5230 0.0026
2097.969541 6.06 1.35 -4.4280 0.0021 || 2800.087459 -1.50 1.15 -4.5081 0.0026
2099.823047 3.57 1.45 -4.4310 0.0021 || 2800.829769 -6.21 1.11 -4.5158 0.0026
2100.720042 3.18 1.41 -4.4387 0.0022 || 2803.048863 -3.95 1.23 -4.5266  0.0027
2101.720405 0.13 1.44 -4.4526 0.0022 || 2806.852536 12.74 1.04 -4.4958 0.0025
2117.978869 0.15 1.32 -4.4576  0.0023 || 2809.874370 0.56 1.12 -4.4767 0.0024
2119.865087 10.86 1.35 -4.4542 0.0023 || 2812.773524 -2.31 1.14 -4.5165 0.0026
2120.961444 6.16 1.35 —-4.4542 0.0023 || 2822.943211 -10.91 1.11 -4.4919 0.0025
2121.715990 3.01 1.34 -4.4466 0.0022 || 2823.895604 -3.54 1.11 -4.5068 0.0025
2122.952852 1.14 1.46 -4.4506 0.0022 || 2824.996317 -1.10 1.21 -4.5205 0.0026
2123.713243 -0.77 1.31 -4.4531 0.0022 || 2828.758960 -1.42 1.18 -4.5166  0.0026
2151.780594 0.40 1.42 -4.4738 0.0024 || 2829.760272 5.51 1.27 -4.5160 0.0026
2187.788126 13.83 1.25 -4.4724  0.0023 || 2831.924735 -5.17 1.24 -4.4885 0.0024
2189.799169 5.61 1.41 -4.4856  0.0024 || 2833.902658 -0.24 1.25 -4.4841 0.0024
2208.692942 -0.57 1.18 —-4.4820 0.0024 || 2834.864443 =741 1.13 -4.4933  0.0025
2296.150339 -3.08 1.27 -4.4832 0.0024 || 2835.843045 -5.29 1.20 -4.5080 0.0025
2300.149619 1.71 1.22 -4.4757 0.0024 | 2838.839529 -8.54 1.24 -4.5120 0.0026
2314.144947 11.83 0.96 —4.4557 0.0023 || 2840.733325 —-0.68 1.15 -4.5106 0.0026
2355.977621 0.60 1.20 -4.4735 0.0024 || 2857.905436 -5.29 1.21 -4.5013  0.0025
2377.126881 -7.15 1.11 -4.4783 0.0024 || 2858.790522 -5.74 1.22 -4.5086 0.0026
2380.065539 4.77 1.00 -4.4696 0.0023 || 2897.795444 -5.06 1.18 -4.4958 0.0025
2384.073278 9.73 1.29 -4.4751 0.0024 || 3119.918974 -13.62 1.08 -4.5373  0.0027
2385.060044 2.80 1.29 -4.4697 0.0023 || 3136.062563 -6.59 1.12 -4.5225 0.0026
2387.858959 -5.59 1.23 -4.4633 0.0023 || 3139.030178 2.72 1.18 -4.5200 0.0026
2389.060128 0.71 1.35 -4.4761 0.0024 || 3140.084275 3.43 1.09 -4.5291 0.0027
2390.061199 -2.05 1.20 -4.4865 0.0024
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Table G.3. APF spectroscopic series

BJDTDB — 24570000 RV ORV IOng{K UlOng-[K BJDTDB — 24570000 RV ORV logR;—IK O—IOng-[K
(ms™) (ms™h (ms™) (ms™h
1834.674350 -2.79 5.15 -4.4750 0.0047 || 1965.923857 -2.61 3.06 -4.3801 0.0038
1834.689268 -9.51 5.04 -4.4449  0.0044 || 1966.913030 7.55 4.12 -4.3665 0.0037
1886.079199 -5.32 5.02 -4.4316 0.0043 || 1969.822088 -18.94 6.20 -4.3667 0.0037
1886.999954 -3.06 5.83 —-4.4704 0.0047 || 1970.916404 1.43 4.57 -4.4564 0.0045
1888.042942 -1.36 4.44 -4.4147 0.0041 || 1973.922285 2.77 2.88 -4.3780 0.0038
1895.992414 -0.16 5.62 -4.5083 0.0051 || 1974.896088 3.06 3.39 -4.4484 0.0044
1904.017076 —-18.27 6.48 —4.4495 0.0045 || 1976.876174 10.85 4.69 -4.3965 0.0039
1922.037585 22.19 3.88 -4.4104 0.0041 || 1977.861553 8.07 3.34 -4.3870 0.0039
1961.921692 —-7.38 3.57 -4.3956  0.0039 || 1979.983485 -2.95 3.33 -4.4072  0.0040
1964.937358 3.32 3.02 -4.4191 0.0042 || 1996.890942 5.56 2.95 -4.4039 0.0040
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