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A compact multi-planet system transiting HIP 29442 (TOI-469)
discovered by TESS and ESPRESSO

Radial velocities lead to the detection of transits with low signal-to-noise ratio*
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ABSTRACT

Context. One of the goals of the Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO)
Guaranteed Time Observations (GTO) consortium is the precise characterisation of a selected sample of planetary systems discovered
by TESS. One such target is the KOV star HIP 29442 (TOI-469), already known to host a validated sub-Neptune companion TOI-
469.01, which we followed-up with ESPRESSO.

Aims. We aim to verify the planetary nature of TOI-469.01 by obtaining precise mass, radius, and ephemeris, and constraining its bulk
physical structure and composition.

Methods. Following a Bayesian approach, we modelled radial velocity and photometric time series to measure the dynamical mass,
radius, and ephemeris, and to characterise the internal structure and composition of TOI-469.01.

Results. We confirmed the planetary nature of TOI-469.01 (now renamed HIP 29442 b), and thanks to the ESPRESSO radial veloci-
ties we discovered two additional close-in companions. Through an in-depth analysis of the TESS light curve, we could also detect their
low signal-to-noise transit signals. We characterised the additional companions, and conclude that HIP 29442 is a compact multi-planet
system. The three planets have orbital periods P, p = 13.63083 + 0.00003, P, . = 3.53796 + 0.00003, and Py g = 6.42975+0-00009

~0.00010
days, and we measured their masses with high precision: m,, = 9.6 £ 0.8 Mg, m, . = 4.5 +0.3 Mg, and m, 4 = 5.1 £ 0.4 My. We

measured radii and bulk densities of all the planets (the 30~ confidence intervals are shown in parentheses): R, , = 3.48f8:8; Efg% Ry

and p,, = 1.3+£02(03)g cm™3; Ry = 158fgi?2f822; Rg and p, . = 63fi;§fg(7);g cm™3; Ryqa =137+ O.IIEfgjfé; Ry and p, 4 =
11.07346210)

2463 8 cm™3. Due to noisy light curves, we used the more conservative 30~ confidence intervals for the radii as input to the

interior structure modelling. We find that HIP 29442 b appears as a typical sub-Neptune, likely surrounded by a gas layer of pure H-He
with a mass of 0.271’8:%‘7‘ Mg, and a thickness of 1.4 + 0.5 Rg. For the innermost companions HIP 29442 ¢ and HIP 29442 d, the model
supports an Earth-like composition.
Conclusions. The compact multi-planet system orbiting HIP 29442 offers the opportunity to study simultaneously planets straddling
the gap in the observed radius distribution of close-in small-size exoplanets. High-precision photometric follow-up is required to
obtain more accurate and precise radius measurements, especially for planets ¢ and d. This, together with our determined high-
precision masses, will provide the accurate and precise bulk structure of the planets, and enable an accurate investigation of the
system’s evolution.

Key words. stars: individual: HIP29442 — stars: individual: TOI-469 — planetary systems — techniques: photometric —
techniques: radial velocities — planets and satellites: interiors

1. Introduction

After starting operations in October 2018, the Echelle Spec-
trograph for Rocky Exoplanets and Stable Spectroscopic

* Based on Guaranteed Time Observations collected at the European
Southern Observatory by the ESPRESSO Consortium under ESO pro-
grammes 1104.C-0350, 106.21M2.002, 106.21M2.003, 106.21M2.004,
106.21M2.007, and 108.2254.002.

Observations (ESPRESSO) high-resolution spectrograph (Pepe
et al. 2021) at the ESO Very Large Telescope (VLT) has demon-
strated its unprecedented capabilities to reach radial velocity
(RV) precision at a level of a few tens of cm s™!, and to guar-
antee stability over several months. ESPRESSO observations
have allowed the mean densities of transiting exoplanets detected
by TESS to be precisely measured (Ricker et al. 2016), and
their fundamental physical properties to be closely constrained,
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as demonstrated by the spectroscopic follow-up of several
planetary systems (e.g. Demangeon et al. 2021; Leleu et al. 2021;
Sozzetti et al. 2021; Van Eylen et al. 2021; Barros et al. 2022;
Lavie et al. 2023).

The radial velocity follow-up of known transiting planets
holds surprises in some cases. For instance, ESPRESSO allowed
the discovery of additional candidate planets in multi-planet sys-
tems (e.g. Lillo-Box et al. 2020a; Sozzetti et al. 2021; Barros
et al. 2022), and in the case of LTT 1445A (TOI-455) the spec-
troscopic detection of LTT 1445A c triggered a thorough analysis
of the TESS photometry, which revealed previously undetected
transits for this planet (Lavie et al. 2023). Undetected transits
in systems with known sub-Neptunes (here defined as planets
with a radius 2 < R < 4 Rg) are particularly interesting because
such shallow transits could be likely produced by smaller-size
Earths or super-Earths (with radii 1 < R <2 Rg). Such a system
would host planets residing in different locations on the well-
known bi-modal radius distribution of small-size (R < 4Rg, i.e.
from Earth- to Neptune-size), close-in planets that emerged from
the population of transiting planets discovered by Kepler (Fulton
et al. 2017). The observed distribution shows two distinct peaks
at ~1.3 and ~2.4 Rg, with a scarcity of planets found between
~1.5-2 Rg (an interval thus known as the ‘radius gap’), suggest-
ing the existence of two well-defined families of planets, usually
identified as super-Earths and sub-Neptunes, respectively. A
mechanism able to predict the existence of the gap for close-
in planets is the atmospheric mass-loss due to photo-evaporation
driven by the high-energy irradiation of the hosts (e.g. Owen &
Wu 2013, 2017; Jin et al. 2014), but whether this is the dominant
process or the only process at play to explain the transition from
super-Earths to sub-Neptunes is still being debated (e.g. core-
powered atmospheric mass loss models have also been proposed,
such as Ginzburg et al. 2018; Gupta & Schlichting 2019).

A first and critical step in understanding the processes that
determine the current location of a planet within the radius
distribution is an accurate and precise determination of its phys-
ical properties, such as mass and bulk density, that allow us
to determine its average composition, and whether a planet is
surrounded or not by a significant gaseous envelope. Multi-
planet systems where transiting close-in planets cross over the
radius distribution offer the fascinating opportunity to investi-
gate the planets’ evolution within the same environment, and
to constrain the models of the radius valley over some of the
system parameters. These planets formed from the same proto-
planetary disk, and their evolution has been taking place under
the influence of the same stellar high-energy irradiation field.
Examples of systems with planets that straddle the radius val-
ley are Kepler-36 (Carter et al. 2012; Owen & Morton 2016),
K2-3 (Damasso et al. 2018; Diamond-Lowe et al. 2022), K2-
36 (Damasso et al. 2019), L.231-32 (Giinther et al. 2019; Van
Eylen et al. 2021), LTT 3780 (Cloutier et al. 2020), TOI-1266
(Stefansson et al. 2020), K2-32 and K2-233 (Lillo-Box et al.
2020b), and TOI-1468 (Chaturvedi et al. 2022), just to men-
tion some. They represent very interesting targets to explore the
role and relevance of evolutionary processes, such as the above-
mentioned photo-evaporation and core-powered mass loss, in
shaping the system, and to also test alternative hypotheses,
such as those that connect the emergence of the radius gap
with the location of small-size planets within the system at
the time of birth. These models attribute the existence of the
radius valley primarily to the differences in the bulk composi-
tion of the planets, identifying the super-Earths as rocky planets
that form within the snow line and sub-Neptunes as mostly
water-ice-rich worlds that form outside the snow line and later
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migrate inward (e.g. Zeng et al. 2019; Izidoro et al. 2022;
Luque & Pallé 2022). Moreover, the cases of the planets Kepler-
138d (Piaulet et al. 2023) and TOI-244b (Castro-Gonzalez
et al. 2023), which are low-density super-Earths skimming the
radius gap (R, = 1.51 £0.04 Ry and R, = 1.52 £ 0.12 R,
respectively) whose compositions are consistent with that of a
volatile-rich water world, show that we should not expect all
super-Earth-sized planets to have an Earth-like composition.

That is the setting where our story takes place. In this work,
we present the detection and a characterisation of a packed
multi-planet system, with close-in planets that occupy differ-
ent locations in the bi-modal radius distribution. They orbit the
star HIP 29442 (TIC 33692729, TOI-469, where TIC and TOI
stand for TESS Input Catalogue and TESS Object of Interest,
respectively), and have been detected using data from TESS
and ESPRESSO, which are described in Sect. 2. This K-type
main sequence star (characterised in Sects. 3 and 4), was orig-
inally included in the Exoplanet Follow-up Observing Program
(ExoFOP) database' as it hosts a planet candidate TOI-469.01
(orbital period 13.6 days; radius 3.3 Rg), later validated by
Giacalone et al. (2020). Recently, a mass measurement has
been obtained by Akana Murphy et al. (2023) thanks to Keck-
HIRES RVs (5.8 £2.4 Mg). This short-period sub-Neptune-sized
planet was deemed interesting for follow-up characterisation
with ESPRESSO within the Guaranteed Time Observations
(GTO) Consortium. Thanks to ESPRESSO RVs, we confirmed
the planetary nature of TOI-469.01, and detected the presence of
two additional periodic signals. Through a detailed analysis of
the TESS data, we discovered transit signals with periods that
correspond to those detected in the RV time series. We describe
the system’s detection and analysis in Sect. 5. The newly detected
pair of signals are due to small-size planets that orbit their host
with periods shorter than that of TOI-469.01. Thus, HIP 29442
turns out to be a compact multi-planet system. The results of a
first internal structure modelling of the three planets is presented
in Sect. 6. We draw conclusions in Sect. 7, exploring the role of
photo-evaporation in the system’s evolution, based on the current
properties of the planets.

2. Materials and methods
2.1. TESS light curve

HIP 29442 was observed by TESS during Sector 6 (here-
after S6; 11 December 2018—7 January 2019) and Sector 33
(hereafter S33; 17 December 2020-13 January 2021) on Cam-
era 2, in short-cadence mode (fexp = 2 min). The observations
were processed using the Science Processing Operations Cen-
ter (SPOC) pipeline (Jenkins et al. 2016). For our analysis, we
used the Presearch Data Conditioning Simple Aperture Pho-
tometry (PDCSAP) flux (Stumpe et al. 2012, 2014; Smith et al.
2012), which has common trends removed and is corrected for
crowding from known nearby stars. Observations flagged by
the pipeline as low quality were removed. Figure B.l shows
the TESS Target Pixel Files (TPF) centred on HIP 29442, with
sources cross-matched with the Gaia DR3 catalogue overplotted
(Gaia Collaboration 2021). There are no bright sources falling
within the TESS aperture that can significantly contaminate the
light curve and dilute the transits, or additional widely sepa-
rated companions with similar parallaxes and proper motions
(Mugrauer & Michel 2020, 2021) identified by Gaia. More-
over, HIP 29442 has a Gaia DR3 Renormalised Unit Weight

I https://exofop.ipac.caltech.edu/tess/
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Error (RUWE) of 1.11, consistent with the single-star model.
The possibility of contamination by closer stars (within 3" from
HIP 29442) has also been investigated in more detail through
speckle and adaptive optics imaging, as discussed in Sect. 2.2.

2.2. Imaging observations

As part of the standard process for validating transiting exo-
planets, high angular resolution imaging is needed to search
for nearby sources that can contaminate the TESS photome-
try, resulting in an underestimated planetary radius, or can be
the source of astrophysical false positives, such as background
eclipsing binaries (e.g. Lillo-Box et al. 2014; Ciardi et al. 2015).
HIP 29442 was observed with infrared high-resolution adap-
tive optics (AO) imaging at Keck Observatory with the NIRC2
instrument on Keck-1II behind the natural guide star AO system
(Wizinowich et al. 2000; Schlieder et al. 2021). The observations
were made on 25 March 2019 in the standard three-point dither
pattern that is used with NIRC2 to avoid the left lower quadrant
of the detector, which is typically noisier than the other three
quadrants. The dither pattern step size was 3" and was repeated
twice, with each dither offset from the previous dither by 0.5”.
The camera was in the narrow-angle mode with a full field of
view of ~10” and a pixel scale of approximately 0.0099442"”
per pixel. The observations were made in the narrow-band
Br-y filter (1, = 2.1686; A1 = 0.0326 um) with an integra-
tion time of 30s with one coadd per frame, for a total of
270 s on target. The final resolution of the combined dithers was
determined from the full width at half maximum (FWHM) of the
point spread function 0.057”. The sensitivities of the final com-
bined AO image were determined by injecting simulated sources
azimuthally around the primary target every 20° at separations
of integer multiples of the central source’s FWHM (Furlan et al.
2017). The brightness of each injected source was scaled until
standard aperture photometry detected it with 5o significance.
The resulting brightness of the injected sources relative to the
target set the contrast limits at that injection location. The final
5o limit at each separation was determined from the average of
all of the determined limits at that separation and the uncertainty
on the limit was set by the rms dispersion of the azimuthal slices
at a given radial distance. The final sensitivity curve for the Keck
data is shown in the upper panel of Fig. 1). We reached a contrast
upper limit of ~8 mag at 0.5” from the target star.

We vet for visual companions also with Gemini/NIRI AO
imaging. We collected nine science images, each with an inte-
gration time of 1.5 s, on 5 April 2019, and offset the telescope
by ~2” in a grid-like dither pattern between each image. These
science images were reduced following standard data reduction
practices: we removed bad pixels, applied flat-field and sky back-
ground corrections (using a sky background reconstructed from
the dithered science images themselves), aligned the images
based on fitting the stellar position, and then co-added the data.
No candidates were identified within the field of view, and we
reach a contrast of 7.85 magnitudes in the background limited
regime, and are sensitive to companions within 5 mag of the
host beyond 250 mas. The contrast and a thumbnail image of
the target are shown in the middle panel of Fig. 1.

We also used speckle imaging to search for stellar com-
panions to HIP29442 with the 4.1 m Southern Astrophysical
Research (SOAR) telescope (Tokovinin 2018). We observed the
star on 17 March 2019 in the Cousins /-band, which is a visible
bandpass similar to that for TESS. This observation was sen-
sitive to a 5.5-magnitude fainter star at an angular distance of
1”7 from the target. More details of the observations within the
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Fig. 1. Imaging observations. Upper panel: Keck near-IR AO imag-
ing and sensitivity curves for HIP 29442 taken in the Br-y filter on
25 March 2019. The image reaches a contrast of ~8 magnitudes fainter
than the host star within 0.5”. Middle panel: Gemini/NIRI AO imag-
ing of HIP 29442. Observation taken on 5 April 2019 in the Br-y filter.
Lower panel: speckle imaging of HIP 29442 taken with the SOAR tele-
scope on 17 March 2019. No nearby stars were detected within 3" of
the target. Insets: image of the central portion of the data, centred on
the star.

SOAR TESS survey are available in Ziegler et al. (2020). The 5o
detection sensitivity and speckle autocorrelation functions from
the observations are shown in the bottom panel of Fig. 1. No
nearby stars were detected within 3" of HIP 29442 in the SOAR
observations. No additional stellar companions were detected, in
agreement with the AO observations.

2.3. Spectroscopic follow-up with ESPRESSO

We observed HIP 29442 with the ESPRESSO spectrograph
installed at the Very Large Telescope (VLT) at the Paranal Obser-
vatory in Chile (Pepe et al. 2021) between 9 October 2019 and
24 March 2022 (time span of 897 d). We collected 83 spectra
in high-resolution (HR) single-telescope mode, with an expo-
sure time of 900 s; the spectra were reduced with the data
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reduction software (DRS) v.3.0.0, using a G9 mask. The obser-
vations were executed with fibre B illuminated by a Fabry-Pérot
light as a spectral reference to measure the instrument’s inter-
nal drift (Pepe et al. 2021). The RVs, bisector inverse slope
(BIS), and FWHM were calculated from the cross-correlation
function (CCF). The RVs have a median photon noise preci-
sion of 0.31 ms~!and an rms of 3.53 ms~!, and are listed in
Table A.1. Due to the COVID-19 pandemic, ESPRESSO was in
downtime for nine months between 24 March and 24 December
2020. Therefore, in our modelling we considered the possible
presence of a relative offset between data obtained before and
after the interruption of the observations (Sect. 5).

3. Fundamental stellar parameters

We compiled a list of astrometric, photometric, and spec-
troscopic parameters of HIP29442 (Table 1). The stellar
atmospheric parameters (T.g, logg, microturbulence, [Fe/H])
were derived from a combined ESPRESSO spectrum using
ARES+MOOG, following the same methodology described in
Sousa et al. (2021), Sousa (2014), and Santos et al. (2013).
The latest version of ARES? (Sousa et al. 2007, 2015) was
used to consistently measure the equivalent widths (EWs) of
selected iron lines based on the line list presented in Sousa et al.
(2008). We used a minimisation process to find ionisation and
excitation equilibrium and to converge to the best set of spectro-
scopic parameters. This process makes use of a grid of Kurucz
model atmospheres (Kurucz 1993) and the radiative transfer code
MOOG (Sneden 1973). The trigonometric surface gravity was
also derived using eDR3 Gaia data following the same method-
ology as described in Sousa et al. (2021). The age, mass, and
radius were determined using the Bayesian code PARAM® (da
Silva et al. 2006; Rodrigues et al. 2014, 2017) v1.4. The derived
values are 11.73:; Gyr (>4.07 Gyr at 95% of confidence level;
we note that here we report the 68% confidence interval derived
from the posterior distribution, without constraining its upper
limit to be 13.78 Gyr), M, = 0.88"093 My, and R = 0.96*003 Ro,
respectively. The code followed a grid-based approach where a
well-sampled grid of stellar evolutionary tracks is matched to
the observed quantities Ts, [Fe/H], and luminosity. The deriva-
tion of the errors on the mass and radius were calculated from
the PDF of the posteriors, in which we took the median as the
central value and the 16th and 84th percentiles (1o~ confidence
interval). The grid of stellar evolutionary isochrones was taken
from the code PARSEC* v2.1 (Bressan et al. 2012). The mass
and radius derived with PARAM are the values adopted in our
work. The luminosity was computed by converting the bolo-
metric magnitude, calculated from the K; 2MASS magnitude
(Skrutskie et al. 2006) corrected for the corresponding bolomet-
ric correction and for the distance. The bolometric correction
was estimated through the online tool YBC> (PARSEC Bolomet-
ric Correction; Chen et al. 2019) with the input quantities Ty,
[Fe/H], log g). The distance was calculated by the inverse of the
Gaia eDR3 parallax (Gaia Collaboration 2021). The interstellar
absorption was neglected, assuming that our target has low red-
dening due to its proximity to the Sun and taking into account
that the contribution of the reddening in the band K is generally
lower than or comparable to the photometric error. We derived a
bolometric luminosity L = 0.70 = 0.03 L.

2 The latest version of the code ARES V2 can be downloaded at
https://github.com/sousasag/ARES

3 http://stev.oapd.inaf.it/cgi-bin/param

4 http://stev.oapd.inaf.it/cgi-bin/cmd

5 http://stev.oapd.inaf.it/YBC/index.html
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Table 1. Stellar properties of HIP 29442 (HD 42813; TOI-469).

Parameter Value Refs.
a (J2000) 06h 12m 13.97s [1]
6 (J2000) —14° 39’ 00.06” 1]
Ug - cos § (mas yr™t) —-79.132 £ 0.013 1]
s (mas yr) 162.696 + 0.013 [1]
w (mas) 14.7065 + 0.0159 1]
d (pc) 67.907+0.075 2]
B 10.25 £ 0.03 [3]
\% 9.67 [3]
G 9.282 + 0.003 [1]
J 8.056 + 0.029 4]
H 7.718 +0.049 4]
K, 7.587 +£0.024 4]
T (K) 5289 + 69 [5]
vsini, (kms™!) 1.94 +0.45 [5]
log g (cgs)@ 424 +0.13 [5]
10g Guig. (cgs)® 4.39 £ 0.03 [5]
& (kms™) 0.74 + 0.06 [5]
(log Ry ) (dex) -5.25 [5]
Proq « (days) 40.0°%] [51
R, (Ry) 0.993f8;8§§ [5]¢®
0.96f8:8‘3‘ [51¢+)
M, (Mo) 0.88*003 [5]
P« (06) 1.01 £0.07 [5]
Bolom. luminosity, L, (Lg) 0.695 +£0.011 [51¢%
0.70 £ 0.03 [51¢+
Age© (Gyr) 11.7“:2:; [5]¢+)
(>4.07 at 95% confidence)
[Fe/H] (dex) 0.24 + 0.05 [5]
[Nal/H] (dex) 0.22 + 0.05 [5]
[MgI/H] (dex) 0.26 = 0.04 [5]
[AII/H] (dex) 0.21 + 0.07 [5]
[Sil/H] (dex) 0.21 +0.04 [5]
[Til/H] (dex) 0.25 £0.07 [5]
[Nil/H] (dex) 0.22 + 0.05 [5]
[C/H] (dex) 0.15 £ 0.05 [5]
[O/H] (dex), at 6158 A 0.26 + 0.06 [5]
(U, V,W) (kms™) (86.30 £0.11,3.23 £0.10  [5]
—15.40 + 0.04)

Notes. @From spectral analysis. © Trigonometric surface gravity using
Gaia DR3 data. “Here we report the 68% confidence interval derived
from the posterior distribution, without constraining the age upper limit
to be 13.78 Gyr. “Derived from a GP regression of RVs; “*From the
Stefan—Boltzmann equation (adopted value); “*PARAM 1.5 optimisa-
tion code.

References. [1] Gaia Collaboration (2023, 2016); [2] Bailer-Jones et al.
(2021); [3] Zacharias et al. (2012); [4] Cutri et al. (2003); [5] This work.

We calculated a model-independent bolometric luminosity
by fitting the spectral energy distribution (SED) of TOI-469,
taking advantage of the precise photometry available in several
bands in the range ~0.3-25 pm and the Gaia EDR3 parallax
(Fig. B.2). We find L = 0.695 + 0.011 Ly. The best-fit black-
body curve for T.g = 5289 + 69 K shows that there is no
infrared-flux excesses from the star up to 25 pm. From the SED-
derived bolometric luminosity and Tg, we determined the stellar
radius by applying the Stefan—Boltzmann equation. We obtain


https://github.com/sousasag/ARES
http://stev.oapd.inaf.it/cgi-bin/param
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Damasso, M., et al.: A&A, 679, A33 (2023)

R = 0.99f8:8‘3t R, in agreement with the radius calculated using
stellar evolutionary models.

We also performed a chemical abundance analysis of
HIP 29442, using the combined ESPRESSO spectrum. Under
the assumption of local thermodynamic equilibrium, the clas-
sical curve-of-growth analysis technique was used (e.g. Nissen
2015; Casali et al. 2020; da Silva et al. 2012; Bensby et al. 2014).
The stellar abundances of the elements were also determined,
using the same methods and models used to determine the stel-
lar parameters. For the derivation of chemical abundances of the
refractory elements we closely followed the methods described
in Adibekyan et al. (2012, 2015), among others. Although the
EWs of the spectral lines were measured automatically with
ARES, we undertook a detailed visual review of the EWs for
the elements Na, Al, and Mg with only two or three lines avail-
able. Abundances of the volatile elements C and O were derived
following the method of Delgado Mena et al. (2021) and Bertran
de Lis et al. (2015). Since the two spectral lines of oxygen are
usually weak, the EWs of these lines were manually measured
with the task splot in IRAF. In addition, a careful inspection
of the individual spectra was done to remove the spectra con-
taminated by telluric lines or the oxygen airglow at 6300 A. The
abundance values of oxygen from different line indicators tend
to show dissimilar values. In particular, for relatively cool stars
(as is the case for HIP 29442), the oxygen line at 6300 A tends
to provide lower abundances that usually translate into higher
C/O ratios (Delgado Mena et al. 2021). Therefore, we only used
the oxygen abundance from the O1 line at 6158 A, which is not
dependent on T.g. All the [X/H] ratios are obtained by doing a
differential analysis with respect to a high signal-to-noise ratio
(S/N) solar (Vesta) spectrum. The results are shown in Table 1.
Overall, the chemical pattern of HIP 29442 resembles that of a
typical Galactic thin disk star in the solar neighbourhood (e.g.
Adibekyan et al. 2012).

We computed the Galactic space velocity (U,V,W) of
HIP 29442 based on its coordinates, proper motion, parallax, and
systemic RV extracted from Gaia DR3. Considering the solar
peculiar motion from Robin et al. (2003), we obtain U = 87.10 +
0.10 kms™", V = =271 + 0.10 kms™', and W = —-16.75 +
0.04 kms™' with respect to the local standard of rest. We
used these velocities to estimate the probability that HIP 29442
belongs to the thin disk (D), the thick disk (TD), and the halo
(H), based on the kinematic approach from Bensby et al. (2003)
and the kinematic characteristics for the stellar components in
the solar neighbourhood from Robin et al. (2003). We obtain D =
96.376%, TD = 3.610%, and H = 0.014%. Thus, it is very likely
that HIP 29442 is a member of the Galactic thin-disk population,
which is a conclusion in agreement with its chemical pattern.

4. Stellar activity characterisation

HIP 29442 appears to be a chromospherically quiet star over
the timespan of the observations, with the log Ry index,
calculated by the DRS v.3.0.0 pipeline using the calcium
(Ca) H&K lines, first deriving the well-known Mount Wil-
son chromospheric S-index, then converting it to log Ry, fol-
lowing Noyes et al. (1984). The log R}, index has an aver-
age of —5.25 dex and rms of 0.12 dex. We investigated the
frequency content of the log Ry, index, and of the spec-
tral FWHM and BIS calculated from the CCF. The analy-
sis consisted of the calculation of the maximum likelihood
periodograms (MLPs; Zechmeister et al. 2019), using the

implementation of the MLP code included in the EXO-STRIKER
package® (version 0.65). Differently from the generalised
Lomb-Scargle periodogram (GLS; Zechmeister et al. 2009), the
y-axis of the MLP represents the difference A(In L) between the
logarithm of the likelihood function corresponding to the best-
fit sine function for each tested frequency, and that of a constant
function. The levels of false alarm probability (FAP) are calcu-
lated analytically. The MLP algorithm includes zero points as
free parameters if datasets from different instruments, as well as
instrumental uncorrelated jitter terms. In our case we treated the
data collected pre- and post-COVID interruption as two indepen-
dent datasets. The MLPs are shown in Fig. 2. The periodogram
of the FWHM shows a significant peak at 760 days, which is
close to the time span of the dataset, and a second peak at
37 days, which is also detected in the MLPs of the RV residuals
(see Sect. 5.1). The origin of the first and lower frequency sig-
nal is unclear. The periodograms of the log R, and BIS activity
diagnostics do not show significant peaks around 37 days. That
of log Ry, shows 1% significant peaks at 173 and 411 days, the
latter also appearing with low significance in the periodogram
of the RV residuals. We interpret the 37 d signal as the signa-
ture of the stellar rotation period. Using our derived values of
the projected rotation velocity vsini, (1.94 + 0.45 kms™') and

stellar radius Ry (0.96f8:8‘3‘R@), we can assess the maximum stel-

lar rotation period. We find Py xmax = 24.9%7 days. This value
is compatible within 20 with the periods detected in the activ-
ity diagnostics and RVs. This inconsistency between Prot, «max
and the period detected in the data can be justified; taking into
account that HIP 29442 is a slow rotator, it is difficult to measure
a value of vsin i, lower than that we determined (i.e. we cannot
reach a sensitivity to longer Pro, +max) because we are limited by
the width of the instrument profile.

We note that there is no evidence for a clear rotational mod-
ulation in the TESS light curve. We searched for a possible
rotation modulation within the ASAS-SN public data’ (Shappee
et al. 2014; Kochanek et al. 2017). HIP 29442 has been observed
with six cameras since 2013 (five facilities used a g-band filter,
one employed a V-band filter), making a total of 1313 photo-
metric data points to date. We shifted the photometric aperture
on a yearly basis to correct for the target proper motion, in
order to ensure a proper centring of the star, hence avoiding flux
loss from the aperture. Data from the six cameras are shown
in Fig. B.3. Observations in V-band were collected up to 2019.
Observations in g-band appear to be quite different from cam-
era to camera. Data from camera bE are particularly affected by
large systematics, and there is a clear jump visible in the last
part of the data that we cannot explain. Therefore, we discarded
data from camera bE. We applied a 30 clipping to the data and
performed a frequency analysis to the photometric time series,
exploring frequencies up to 1/100 c/d, in order to be sensitive
to a rotational modulation. Given the limited time coverage of
the data and that the g-band time series do not show consis-
tent long-term trends, although they cover a similar time span,
we cannot draw conclusions about the presence of real long-
term photometric modulations. We calculated Lomb-Scargle
periodograms, without finding significant peaks, concluding that
ASAS-SN data do not allow us to detect the stellar rotation
period.

6 Seehttps://ascl.net/1906.004
7 https://asas-sn.osu.edu/

A33, page 5 of 22


https://ascl.net/1906.004
https://asas-sn.osu.edu/

Damasso, M., et al.: A&A, 679, A33 (2023)

MLP power

= N

<) o

i

—

~
(=)}
o
Q.

o

— FWHM

FAP: 0.1%
FAP: 1%
FAP: 10% _

MLP power

MLP power

0.51

Window funct.

-1.0 -0.8 -0.6 -0.4 -0.2

00 02 04 06 08 1.0

frequency [c/d]

Fig. 2. Maximum likelihood periodograms of spectroscopic activity diagnostics of HIP29442. The window function of the data is shown in the

lower panel. The periodograms include levels of analytical FAP.

5. RV and light curve analysis
5.1. Frequency content analysis of the RVs

The time series of the ESPRESSO RVs is shown in Fig. 3.
Using MLPs, we determined the frequency content of the origi-
nal RV dataset and of the residuals, after subtracting the best-fit
sinusoidal signal with the highest peak frequency recursively
(Fig. 4). The MLP of the original data shows the main peak
very closely compatible with the orbital period of TOI-469.01
(~13.55 days), and two additional peaks at 3.54 and 6.44 days.
They are still present in the MLP after a first pre-whitening (i.e.
after removing the best-fit sinusoid with a period corresponding
to the peak with the highest power in the MLP) and with higher
significance (second panel of Fig. 4). A further pre-whitening
increases the significance of the 6.44-day period, and also that of
a 37-day signal, that was detected in the previous MLPs with low
power. A peak at 37 days is also present in the periodograms of
the FWHM with a FAP lower than 1% (Sect. 4), and we attribute
the corresponding signal to stellar magnetic activity, which is
likely the rotational frequency of HIP29442. The MLP of the
RV residuals, labelled O-C #3 and #4 in Fig. 4, show a peak at
411 days that was not significant in the previous periodograms.
This signal has a counterpart in the periodogram of the log Ry
(Sect. 4), and could be induced by some form of stellar activity.

The preliminary results provided by the MLP show that the
signal at ~13.55 days has a semi-amplitude of ~2.6 + 0.5ms™",
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Fig. 3. ESPRESSO RVs. Blue circles: pre-COVID dataset; red circles:

post-COVID dataset. The mean value of the full dataset has been sub-

tracted from the original data. No offset has been subtracted from the

two subsamples. The error bars represent the formal RV uncertainties
derived by the DRS pipeline.

which allows us to label TOI-469.01 as a planet (minimum mass
msini = 9 Mg), thoroughly characterised in Sect. 5.4. Therefore,
hereafter we refer to TOI-469.01 as HIP 29442 b. Following the
detection in the MLP of the lower-amplitude signals at 3.54 and
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Fig. 4. Maximum likelihood periodograms of the original RVs (top panel) and of the RV residuals O-C after subtracting recursively the best-fit
sinusoidal signal with the highest peak frequency. The periodograms include levels of analytical FAP. The window function of the data is the same

as in Fig. 2.

6.44 days (K = 2.2+ 0.4 and 1.9 + 0.3 ms™, respectively, both
corresponding to ~5 Mg), we performed an in-depth analysis of
the TESS light curve to search for transits at such periods that
remained undetected and have not been reported in the ExoFOP
website.

5.2. Search for additional transits in the TESS light curve

The discovery of two additional signals in the RVs triggered
a careful analysis of the light curve in order to reveal shallow
transits not detected in previous analyses. In the beginning we
used a first version of the detrended light curve. We modelled
the variability with a Gaussian process (GP) regression, using
a covariance matrix obtained by combining two SHOTerm ker-
nels into a RotationTerm kernel as implemented in Celerite2
(Foreman-Mackey et al. 2017; Foreman-Mackey 2018). The
SHOTerm represents a stochastically driven, damped harmonic
oscillator (SHO), with a power spectrum that can be written as

4
S()wo

2
Sw) = \/;(w2 - w(z))2 + ZwaS’ 2

where S is the amplitude and wy is the angular frequency corre-
sponding to the break point in the power spectral density of the
kernel. A mixture of two SHO terms (i.e. the RotationTerm ker-
nel) can be used to model stellar rotation. The model was trained
on a light curve consisting of 44 min binned PDCSAP data to
avoid fitting short-term variations. The parameters were opti-
mised to find the maximum a posteriori parameters values, and
then the model was sampled using the PyMC3-Extras (Salvatier
et al. 2016) library and the exoplanet package (Foreman-
Mackey et al. 2021), using two chains with 2500 tuning steps
and another 2500 steps each. The corresponding trend was then
interpolated and removed from the original light curve. We also
flagged and removed observations that were more than five times
the standard deviation above the mean of the corrected flux.
A similar approach was used for observations more than five
times the standard deviation under the mean corrected flux, with
the difference that each observation o; whose two neighbours
0;_1,0;+1 were considered outliers as well were considered of
probable physical origin, and therefore not removed from the
light curve. As this is a blind analysis to search for additional
transits, the model does not include transit signals in addition to
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the GP signal; therefore, transits that are still undetected could
be removed or their profiles altered. For these reasons, we did
not adopt this light curve as our final dataset. We adopted a
more thorough model to extract the final detrended light curve,
as described in Sect. 5.3. We searched for transit signals through
the Transit Least-Squares (TLS) periodogram (Hippke &
Heller 2019), which easily recovered the HIP29442b signal
with a high signal detection efficiency (SDE). We used starry
(Luger et al. 2019) to model the light curve, and adopted a
quadratic limb darkening law (Kipping 2013). For a quicker fit
we used a subsample of data centred around the mid-transit times
spanning 0.25 days before and after each transit, and considered
a circular orbit. Using the period, time of transit centre and dura-
tion resulting from this fit, we masked the transits of HIP 29442 b
in the light curve, and ran the TLS search again. The second
TLS search reveals a signal with a SDE of 12.31 at ~3.54 days.
The same methodology was applied once again to mask these
additional transits. The third iteration with TLS resulted in the
identification of a peak with SDE = 7.06 at ~6.43 days. Differ-
ent SDE thresholds have been proposed in the literature to claim
a detection. Dressing & Charbonneau (2015) consider SDE > 6
to be a sufficient threshold, while other authors suggest fixing
the threshold at SDE > 7 (Siverd et al. 2012; Hippke & Heller
2019). According to the TLS documentation®, an SDE = 7 cor-
responds to a FAP of 1%, and SDE = 8.3 to a FAP of 0.1%. A
further iteration with TLS resulted in peaks that are not signif-
icant and that do not have a counterpart in the RVs. In the end,
we detected 4 transits of HIP29442b (2 in S6 and 2 in S33),
12 transits of HIP 29442 ¢ (6 in S6 and 6 in S33), and 7 transits
of HIP 29442 d (3 in S6 and 4 in S33). We note that one transit
of HIP 29442 c is almost overlapped by a transit of HIP 29442 b
(around BJD 2459 210.7).

After this first analysis with TLS, all the transits were masked
in the PDCSAP light curve, and the stellar activity was modelled
again using the same approach as described above, interpolating
the best-fit model to correct the masked data points. We analysed
this new version of the light curve again with TLS to re-assess
the SDE of the transit signals. The final TLS periodograms are
shown in Fig. 5. The SDE of the signals at P = 3.54 and P = 6.43
increased to 18.4 and 8.9, respectively. The transits correspond to
a R ~ 3.6 Ry (HIP29442b) and to two Earth-sized companions
on innermost orbits. The orbital periods of these two innermost
companions derived from TESS photometry are perfectly in
agreement with the results of the RV frequency analysis. There-
fore, we conclude that photometry and RVs both significantly
reveal the presence of two additional companions that, taking
into account their preliminary mass and size, can be confirmed
as planets. Hereafter, we label HIP 29442 c and HIP29442d
the planets with the shortest and intermediate orbital periods,
respectively.

5.3. Modelling of the TESS data

We found low S/N transits of HIP 29442 ¢ and HIP 29442 d in
the TESS data, which is the reason why they have low SDE and
have gone undetected so far. This also implies that the detrending
of the light curve has to be performed with special care in order
to minimise the distortion of the transit profiles, which would
hamper a correct retrieval of the transit parameters and the plan-
etary radii. To this end, we took a step further with respect to the
preliminary analysis described in Sect. 5.2 by fitting the TESS

8 https://transitleastsquares.readthedocs.io/en/
latest/FAQ.html
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Fig. 5. TLS periodograms of the detrended TESS light curve (see
Sect. 2.1) showing peaks of the three transiting planets. The peri-
odogram in the second panel was obtained after masking the transits
of planet b, and that in the third panel was calculated after masking the
transits of planets b and c. The dashed lines correspond to the harmon-
ics of the orbital periods. Planets ¢ and b were identified first in the
ESPRESSO RV time series; their presence was confirmed by the transit
signals detected in the TESS data.

PDCSAP curve through a model composed of two components:
the transit signals and a GP regression to model photometri-
cally correlated signals. Modelling these two components jointly
proved to be very successful in preserving the transit shapes (e.g.
Luque et al. 2021; Soto et al. 2021; Lillo-Box et al. 2023), espe-
cially for transits with low S/N, such as those of HIP29442c
and HIP 29442 d (e.g. Dransfield et al. 2022; Cacciapuoti et al.
2022). In addition, this approach ensures a correct propagation
of the uncertainties of the model parameters (Leleu et al. 2021).
We used the batman implementation (Kreidberg 2015) of the
quadratic limb darkened transit model formulated by Mandel
& Agol (2002). The model is described by the orbital period
(Porb), the time of inferior conjunction (7cop;), the orbital incli-
nation angle (i,), and the radius (R,) of the transiting planets
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(in units of stellar radii), and by the stellar quadratic limb dark-
ening (LD) coefficients u; and u,. We used the adopted stellar
mass and radius to calculate the stellar density, and used it to
better constrain the model parameters a, ¢, 4)/ R« (Sozzetti et al.
2007).

We modelled the TESS correlated noise through a GP
with an approximate Matérn-3/2 kernel (Foreman-Mackey et al.
2017), which has been widely used to model TESS PDCSAP
(e.g. Mori et al. 2022; Morello et al. 2023; Murgas et al. 2023).
We chose this kernel because it has covariance properties that
are very well matched to short-term instrumental red-noise struc-
tures (e.g. Pepper et al. 2017; Stefansson et al. 2020). Hence, it is
appropriate for modelling TESS data, such as that of TOI-469,
in which the stellar rotation is not detectable and instead resid-
ual systematics dominate the correlated noise (Castro-Gonzélez
et al. 2023).

The approximate Matérn-3/2 kernel can be written in terms
of the temporal separation between two data points 7 = t; — t; as

1 1
Ksp =% [(1 + Z) e (1= V3/n, (1 - Z)e_(lﬁ) \BT/"”], 2)

where the hyperparameters 7, and 7, are the characteristic
amplitude and timescale of the correlated variations, respec-
tively. The parameter € controls the approximation to the exact
Matérn-3/2 kernel, and we fixed it to its default value of 1072
(Foreman-Mackey et al. 2017). Given that both the amplitudes
and frequencies of TESS sytematics might change between sec-
tors, we fitted those parameters independently. In addition, we
added a jitter term orgss in quadrature to the flux uncertainties in
order to account for the white noise not considered in our model.
In order to ensure that our computed planetary parameters are
independent of the kernel choice, we also tested a GP with the
simple harmonic oscillator kernel described in Eq. (1), which we
used for a blind transit search, and it has been designed to model
smooth modulations related to the stellar rotation. We found no
differences in the derived model parameters.

We sampled the posterior probability density function of the
parameters in our model through a Markov chain Monte Carlo
(MCMC) affine-invariant ensemble sampler (Goodman & Weare
2010), as implemented in emcee (Foreman-Mackey et al. 2013).
We performed a first run with 200 000 iterations, and then reset
the sampler and performed a second run with 100 000 iterations
starting from the maxima of the posterior probabilities as com-
puted from the last iteration of the first run. For each run we used
four times as many walkers as the number of parameters. Once
the process was finished, we estimated the autocorrelation time
for each fitted parameter and verified that it is at least 30 times
less than the chain length, hence ensuring the convergence.

We ran the MCMC fit on the full S6+S33 dataset. We sum-
marise the priors and best-fit values of the free parameters in
Table 2. We show in Fig. 6 the full TESS light curve with the
best-fit GP and transit models, and in Fig. 7 the transit light
curves of the three planets phase-folded using their best-fit tran-

. . . R
sit ephemeris. The transit depths, expressed as -2, are 103242

E’ —41°
21339, and 161%35 ppm, respectively. As a comparison, the

rms of the detrended and normalised light curve, after masking
the transits, is 581 ppm and 604 ppm for Sectors S6 and S33,
respectively. The individual transits of all the planets in the sys-
tem are shown in Fig. 8, which emphasises that the transits of
HIP 29442 ¢ and HIP 29442 d are so shallow that some of them
can be barely detected, or not at all, by eye (e.g. see transits 1,
8, and 10 of planet c, and transits 1, 3, and 6 of planet d). The

observed high variability in the S/N of the individual transits
brings us to the conclusion that the 1o error bars for the radii
of planets ¢ and d derived through the MCMC simulations are
likely too optimistic. Thus, in order to provide more conserva-
tive results, it seems appropriate to also adopt the 30~ confidence
interval especially, but not exclusively, for the transit-derived
parameters of the two innermost planets. This has important
implications for the accuracy and precision of the interior struc-
ture modelling that we describe in Sect. 6. From the results with
TESS data, it is clear that a high-precision photometric follow-
up is needed to measure an accurate transit depth and radius
of HIP 29442 ¢ and HIP29442d, and to determine their bulk
structure more precisely.

5.4. Monte Carlo RV fitting

We used the results of the transit modelling to constrain
the orbital periods and time of inferior conjunction by using
Gaussian priors, based on the analysis of the S6+S33 dataset
(see Table 2). Given the low S/N of the transits, a joint
RV+light curve analysis would not help to better constraining
the system’s parameters, at a higher cost in terms of computing
resources when different RV models are tested, as happens in our
case. We modelled the orbits of all the transiting planets with
Keplerians, and adopted the parametrisation /e, cg COS Wy ¢4, »
and +/epcqSin Wy g4, «, Where e g and wp .4 « are free param-
eters for the eccentricities and arguments of periastron. We also
tested models with e . ; fixed to zero to assess the statistical sig-
nificance of the fitted eccentricities. To investigate the existence
of an additional planetary-like signal, we also tested models
including a fourth Keplerian (or sinusoid), that we labelled
‘signal x’, with period P, sampled uniformly between 15 and
1000 days. By treating pre- and post-COVID data as indepen-
dent RV subsamples (labelled ESP19 and ESP21, respectively),
the models include the pair of offsets ygsp, 19 and ygsp 21, and
two white noise jitters ojiq gsp, 19 and O'jimESP,Zlg.

We tested models including a Gaussian process (GP) regres-
sion, to model a correlated signal induced by the stellar variabil-
ity and modulated over the stellar rotation with a periodicity of
~37 days, which is present in the data, as shown by the results of
the frequency analysis (Sect. 5.1), and similarly in the FWHM
time series (Sect. 4). To this end, we adopted the frequently
used and highly functional quasi-periodic (QP) kernel (e.g.
Haywood et al. 2014). The elements of the QP covariance matrix
are defined as follows:

=1y ) sin’ (n(t - t’)/0)

kop(t,t') = h* - -
QP( ) €Xp 212 2U)2

+ (v (®) + T sp) * O 3)

Here ¢ and ¢’ denote two different epochs of observations, ory(?)
represents the radial velocity uncertainty at the observing epoch
t, and 6, is the Kronecker delta. The GP hyper-parameters are
h, which denotes the amplitude scale of the correlated signal; 6,
which represents the periodic time-scale of the modelled signal,
and corresponds to the stellar rotation period; w, which describes
the ‘weight’ of the rotation period harmonic content within a
complete stellar rotation (i.e. a low value of w indicates that the

9 We also tested a model including only one offset yry and an accelera-
tion term, for which we got a best-fit value of —0.00011’8188%, compatible
with zero. This model is also statistically not favoured, and therefore we

do not refer to it further in the paper.
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Table 2. Prior and posterior distributions of the transit+GP model parameters used to analyse the TESS PDCSAP (sectors S6+S33).

Parameter Prior @ Best-fit values ?
Orbital parameters

Porv, b [days] U (13.6,13.7) 13.63083 000031 0.00009,
Por, [days] U(3.5,3.6) 3.53796" 000003 60001,
Pom,a [days] U (6.4,6.5) 6.42975 000 0 oo
Teon, b [BID - 2450 000] U (9210.4,9210.8)  9210.634 + 0.001{" 0
Tconj, [BID - 2450000] U (9207.1,9207.5) 9207.252% ) 00s oo
Tconj,a [BID - 2450 000] U (9225.1,9225.5) 9225.259" ) 00r 001

ip.» [degrees] U (80,90) 89.3104(0.7)
ip, [degrees] U (80, 90) 86.37 (1)
ip.a [degrees] U (80,90) 88.9704 (20
Planet parameters

0.0006 (+0.0018)
Ry, /Ry U (0.0,0.1) 0.03217 5007 (jo_ooza)
Ry, /R, U (0.0,0.1) 0.0146 + 0.0010 (+0.0030)
Ry, /R, U (0.0,0.1) 0.0127 + 0.0010{"000)
Rpb [Re] derived 34870 a o)
Rp.c [Ro] derived 158701103
Rp.d [Re] derived 137 £0.117073)
Stellar parameters
M, [Mo] Z7T G (0.88,0.04) 0.89 = 0.04
Ry [Ro] Z7T G (0.993,0.035) 0.98 +0.03
uj U©,1) 0.26 +0.17
Uy Uu©,1) 0.367039
Matérn GP parameters
Mo, 56 U (0,100) 2.2%07
No,533 U (0,100) 10.4437
Mo, 56 U (0, 100) 0.8+06
Tp, 533 U0, 100) 1'4t8f(3)
Instrument-dependent parameters
Fose [e7/s] U (-100, 100) 1.6 £ 0.7
Fo’s33 [e™/s] U (-100, 100) 24jgg
OTESs,s6 [€7/s] U (0, 100) 9.0+0.5
OTESS.s33 [€7/s] U (0, 100) 12.3+04

Notes. ““U(a, b) indicates uniform distributions, being a and b the lower and upper limits. G(u, o) and Z7 G(u, o) indicate Gaussian and zero-
truncated Gaussian distributions, being u and o the mean and width of the distributions. ¥ The best-fit values are given as the median of the
posterior distributions, and the uncertainties are given as the 16th and 84th percentiles (i.e. 1o~ confidence interval), and as the 0.3th and 99.7th
percentiles (i.e. 30~ confidence interval) for the planet parameters, the latter indicated in parentheses.

periodic variations contain a significant contribution from the
harmonics of the rotation periods); and A, which represents the
decay timescale of the correlations, and is related to the temporal
evolution of the magnetically active regions responsible for the
correlated signal observed in the RVs.

We explored the full (hyper-)parameter space using the pub-
licly available Monte Carlo (MC) nested sampler and Bayesian
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inference tool MULTINEST Vv3.10 (e.g. Feroz et al. 2019),
through the PYMULTINEST wrapper (Buchner et al. 2014). Our
MC set-up included 300 live points and we adopted a sampling
efficiency of 0.5 and a tolerance on the Bayesian evidence calcu-
lation of 0.3. To perform the GP regression, we used the publicly
available PYTHON module GEORGE v0.2.1 (Ambikasaran et al.
2015), integrated within the MultiNest framework.
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two-minute cadence PDCSAP photometry.
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Fig. 7. TESS PDCSAP light curve with the GP component subtracted, and phase-folded to the orbital periods of HIP29442b (first panel),
HIP 29442 ¢ (second panel), and HIP 29442 d (third panel). The solid lines indicate the models calculated using the median of the posteriors.
Residuals of the best-fit model are shown at the bottom of each phase-folded plot.

We summarise all the tested models in Table 3, providing
their Bayesian evidence In Z. For the Bayesian model com-
parison analysis, we adopt the conventional scale used for the
interpretation of model probabilities presented in Table 1 of
Feroz et al. (2011), according to whichAInZ ~ 2.5and AIn Z >
5 respectively denote moderate and strong evidence in favour of
the model with the higher value of In Z. We note that we also
tested models that do not include a GP term, and in all cases
we found that they are statistically strongly penalised. Table 3
includes two test models that incorporate the FWHM time series.
In these cases we modelled the RVs and FWHM with the same

GP QP kernel, with three out of four hyper-parameters in com-
mon between the two time series (namely, 6, w, and 1), while
different scale amplitudes were used. With this approach, we
make use of the information about the stellar activity contained
in the FWHM data to constrain the activity-related correlated
signal in the RVs. Due to the different datasets analysed in these
cases, the Bayesian evidence of these two models cannot be
compared with that of the other models in Table 3.

From the results listed in Table 3 we can draw some con-
clusions. The three transiting planets are well described by
assuming circular orbits, because the model with Keplerians
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Fig. 8. Individual transits of HIP29442b, HIP 29442 ¢, and HIP29442d within the PDCSAP together with the best-fit transit+GP model

overplotted.

(M1) is strongly penalised with respect to M2 (eccentricities of
model M1 are all consistent with zero). Models M3 and M4,
which include a fourth signal x, are not statistically favoured over
the simpler three-planet model M2. In M3, the semi-amplitude
K, appears significant at a >20 level, the period is not well
constrained (Py = 576%35? d), and the signal has a high eccen-
tricity (e, = 0.6 = 0.2). We note for model M2 that we found
no significant relative offset. For other targets followed up by
the ESPRESSO GTO collaboration we found very small RV off-
sets between the ESP19 and ESP21 subsamples, and we expect
the same for HIP29442. Moreover, we found that using the
FWHM to constrain the stellar activity term in the RVs (models
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Mgewnm, 1 and Mewnw, 2) does not affect the planetary parame-
ters for HIP29442b, c, and d, but affects the posteriors of the
parameters of signal x: the semi-amplitude K, is lower and less
significant than for models M3 and M4. From these considera-
tions we conclude that our data do not support the existence of
a periodic signal x that can be attributed to a fourth planet on an
external orbit. We elect model M2 as our reference model, and
summarise the best-fit values (the median of the marginalised
posteriors, and 1o confidence intervals) for all the free parame-
ters in Table 4, together with the priors adopted in the analysis.
The best-fit spectroscopic orbits and the quasi-periodic stellar
activity induced signal are shown in Fig. 9. We note that the
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Table 3. GP-based ESPRESSO RV models tested in this work, and the corresponding best-fit values of RV semi-amplitudes for the three transiting

planets b, c, and d.

Model ID @ Description InZ® K, [ms™]
Ml Three Keplerians; two RV offsets and jitters -167.3 Ky, =28+02
K.=2.1+x0.1
Ki=19+0.1
M2 As M1, but with e, . 4 fixed to zero (circular orbits) —159.8 K,=28+02
K.=21+0.1
Ki=19+0.1
M3 Three circular orbits (planets b, ¢, and d), one Keplerian (signal x); two RV offsets and jitters —158.1 K, =28+0.2
K.=21+0.1
Ki=19+0.1
Ky,=31+1.6
M4 As M3, but with e, fixed to zero -159.2 Ky, =28+0.2
K. =21=x0.1
Ki=19+0.1
K,=16+0.8

Myrwam. 1 Three planets on circular orbits; two RV offset/jitter; -406.9 Ky, = 2.8’:83
GP QP stellar activity term trained on the FWHM K. =21+0.1
Kd = 19 + 01
MrwaMm. 2 Three planets on circular orbits, plus an additional sinusoidal signal x; two RV offset/jitter; —406.4 K, =28+0.2
GP QP stellar activity term trained on the FWHM K. =21+0.1
Kd = 19 + 01

— +1.0
Kx,4“‘ sinusoid — 1'771A1

Notes. @A few models include a fourth signal treated as planetary (labelled signal x). ®In Z denotes the natural logarithm of a model Bayesian

evidence.

best-fit values found for the planetary parameters are consistent
for all the test models, and they are recovered with very high sig-
nificance. Thus, we consider the GP QP regression a successful
and sufficient approach, and we do not deem it necessary to test
alternative models for the stellar activity component.

6. Modelling the planetary internal structure
and composition

Following the discussion in Sect. 5.3, we modelled the inter-
nal structure and composition of the planets, adopting the 30
confidence intervals for the planet-to-star ratio (Table 2). Before
entering the details of the analysis, we show in Fig. 10 the loca-
tion of the HIP 29442 planets on a mass-radius diagram for a
selected sample of planets with precise mass and radius mea-
surements. HIP 29442 b appears as a typical sub-Neptune, with
a structure and composition consistent with an Earth-like rocky
core covered by a massive H,O layer, plus a small amount of
gaseous envelope. We note that our mass measurement signifi-
cantly differs from that obtained by Akana Murphy et al. (2023;
5.8 £ 2.4 My), likely mainly due to undetected planets ¢ and d
in their work. The composition of planets ¢ and d is very uncer-
tain, as expected if one adopts the 30 error bars for the radii.
The two planets could share a similar Earth-like rocky composi-
tion, and it cannot be ruled out that HIP 29442 d is a high-density
iron-dominated core.

We performed a quantitative Bayesian analysis of the internal
structure of the three planets, with the purpose of improving the
results that can be extrapolated from Fig. 10 by using tighter con-
straints. The method is described in detail in Dorn et al. (2015,
2017) and has already been used to study systems such as L.98-
59 (Demangeon et al. 2021), TOI-178 (Leleu et al. 2021), and
v? Lupi (Delrez et al. 2021). The model of planetary interiors

assumes four layers: an inner core made of iron and sulphur, a
mantle of silicates (Si, Mg, and Fe), a water layer, and a gaseous
envelope of pure H-He. For the iron core we used the equation
of state from Hakim et al. (2018); the equation of state for the
silicate mantle comes from Sotin et al. (2007); and for the water
layer we adopted the equation of state from (Haldemann et al.
2020). These three layers constitute the ‘solid’ part of a planet;
the thickness of the gaseous envelope depends on its mass and
radius and on the stellar age and irradiation (Lopez & Fortney
2014).

For the Bayesian analysis we followed two steps. First, we
generated 8000 synthetic stars, taking randomly their masses,
radii, effective temperatures, ages, and Mg/Si bulk molar ratios
within the range of the stellar parameters derived in Sect. 3.
Then, for each simulated star, we generated 6000 planetary sys-
tems, varying the internal structure parameters of all planets, and
assuming that the bulk Fe/Si/Mg molar ratios are equal to the
stellar ones. The transit depth and RV semi-amplitude are then
computed for each of the planets, and we retained the models that
fitted at 20" the observed data within the error bars. By generat-
ing planetary systems around each simulated star, we include the
fact that all synthetic planets orbit a star with exactly the same
parameters since transit depth and RV semi-amplitude depend on
the stellar radius and mass. The modelled planetary parameters
are the mass fraction of each layer, the iron molar fraction in the
core, the silicon and magnesium molar fraction in the mantle,
the equilibrium temperature, and the age of the planet (equal to
the age of the star). Uniform priors are used for these parameters,
except for the mass of the gas layer which is assumed to follow
a uniform-in-log prior, with the water mass fraction having an
upper boundary of 0.5 (Thiabaud et al. 2014; Marboeuf et al.
2014). For more details related to the link between observed data
and derived parameters, we refer to Leleu et al. (2021).
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Table 4. Best-fit results for model M2 (Table 3).

Parameter Prior Best-fit value @
Activity-related GP parameters
h[ms!] UQ,5) 2-1f8j2
w UQO,1) 0.461’8;55
0 [days] U(33,50) 39.93:‘2‘
A [days] 1U(0,1000) 4533
Estimated planetary parameters
RV Doppler semi-amplitude, K, , [m s71] U0,10) 2.8+0.2
RV Doppler semi-amplitude, K, . [ms™] U(0,10) 21+0.1
RV Doppler semi-amplitude, K, ¢ [m s71] U(0,10) 1.9+0.1
Derived planetary parameters
orbital semi-major axis, a,,p [au] 0.1070 + 0.0016
orbital semi-major axis, a,, . [au] 0.0436f8:ggg§
orbital semi-major axis, @, 4 [au] 0.0649+000%
mass, My [Me] 9.6 +0.8
mass, mp . [Mg] 45+0.3
mass, mp q [Mg] 51+04
average density, pp b [g cm™3] 1.3 +0.2(+0.3)
d it [ cm‘3] 6 3+1.7 (+6.0)
average density, pp ¢ [g 35300
average density, pp, 4 [g cm™] 11 ~0i§:iété_13'§))
incident flux, Sy, [Se] 61+3
incident flux, Sp ¢ [Se] 373+ 19
incident flux, S, 4 [Se] 167 +9
equilibrium temperature ?, Teq 1, [K] 777 + 18
equilibrium temperature ®, Teq . [K] 1217 +29
equilibrium temperature ®), Teq,q [K] 998 + 24
Jitters and offsets
i Espio [ms™'] U(0,10) 0.97%
it Esp21 [ms™'] U(0,10) 0.5+0.1
Yespio [ms™'] U(81700,81800)  81728.7*19
Yesp21 [ms™!] U(81700,81800) 81728.8 £ 0.7

Notes. “The uncertainties are given as the 16th and 84th percentiles of the posterior distributions (1o~ confidence interval), and as the 0.2th and
99.8th percentiles (30~ confidence interval) for the bulk densities (indicated in parentheses) because of the poorly determined radius measurements.

®)Derived from the relation Teq = Tesr - 4[5, - (1 = Ap)*?, assuming Bond albedo A = 0.

The results of the internal structure modelling of the plan-
ets b, ¢, and d are shown in Table 5. The corner plots with the
marginalised posteriors of the model free parameters are shown
in Fig. B.4. As for HIP 29442 b, they are consistent with a planet
having a core with a mass fraction of ~0.14, and a mantle with
a mass fraction of ~0.61 surrounded by a water layer represent-
ing 24% of the mass of the solid part of the planet. The planet
could be surrounded by a gas layer of pure H-He with a mass
of O.27f8:%‘7‘ Mg, and a thickness of 1.378:‘5‘2 Rg. For HIP 29442 ¢
and d the model suggests an internal structure consistent with
that of planet b and likely an Earth-like composition: ~15-16%
of their mass could be concentrated in an iron core, and ~66—
68% of the mass in the mantle. The amount of mass in the form
of a water layer surrounding the mantle is found to be compat-
ible with zero for both planets (Fig. B.4), and in Table 5 we
report the upper limits at a 95% level of confidence. According
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to our results, neither HIP 29442 ¢ nor d is expected to harbour a
H-He dominated atmosphere. The model uses a scientific
approach to analyse all possible configurations of planets based
on their given characteristics, such as mass and radii, while con-
sidering the associated error bars. The resulting modelled planets
generally exhibit lower densities compared to those estimated
using the median values provided in Table 2. This tendency
towards lower density allows for compositions that are more sim-
ilar to Earth-like planets, especially for planet d in this case. A
more accurate and precise radius determination will allow us to
verify the model prediction.

7. Conclusions

The main achievements of this work are the discovery and the
characterisation of a compact multi-planet system orbiting the
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Fig. 9. RV Doppler signals due to three transiting planets orbiting HIP 29442 (TOI-469) (panels a, b, and c), and the RV activity term, as fitted
through a GP QP regression (panel d; blue curve: best-fit model; grey area: 10~ confidence interval). The RV error bars include a jitter term added

in quadrature to the measurement uncertainties.
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Fig. 10. Mass-radius diagram for planets with mass <20 M, and radius <4 Rg, selected from the TEPCAT sample, available at https://
www.astro.keele.ac.uk/jkt/tepcat/ (updated to 22 March 2023; Southworth 2011). The grey dots represent planets with mass and radius
measured with a relative precision lower than 20% and 10%, respectively. The planets of the HIP 29442 system are indicated by black triangles.
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The overplotted theoretical curves are derived by assuming equations of state detailed in Leleu et al. (2021).
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Table 5. Results of the internal structure modelling of the planets
orbiting HIP 29442.

Parameter HIP29442b HIP29442c¢ HIP29442d
Core mass fract., 1 feore 0.14*313 0.15*313 0.167014
Mantle mass fract. m fpage ~ 0.61%924 0.66*322 0.68*321
Water mass fract. 1 fiqer 024924 <0.45 <0.42
Gas mass (M) 027+ 0 0

Notes. For the analysis, we assumed the 30~ confidence intervals for
the planets’ radii, as given in Table 2. The posteriors are shown in
Fig. B.4. The best-fit values are given as the median of the posteriors,
with the error bars defined from the 5th and 95th percentiles, except for
the water fraction of planets ¢ and d, whose upper limit corresponds to
the 95th percentile.

evolved KOV star HIP 29442 (TOI-469), based on data collected
with the TESS space telescope and the ESPRESSO spectro-
graph. Thanks to the RVs collected with ESPRESSO, we first
detected the Doppler signals due to the companions HIP 29442 ¢
and d. The results from the RV analysis allowed us to uncover
the shallow transit signals in the TESS light curve. Using the
ESPRESSO RVs we measured the dynamical masses of the
planets with the very high precision of 6.7%, 7.8%, and 8.3%
for planets c, d, and b, respectively. The low S/N of the tran-
sit signals of HIP 29442 ¢ and d, which has, to date, made their
blind detection in the TESS data elusive, compelled us to adopt
the more conservative 30~ error bars for their radii (including
planet b) when performing the internal structure analysis (Rp 1, =
3.48%02% Re, Rpc = 1587039 Rg, and Ryq = 1377032 Ry).
Photometric follow-up is indeed necessary to determine more
accurate and precise radii, and consequently more accurate and
precise bulk densities, which will enable us to better constrain
the planets’ internal structure and composition. A similar follow-
up was being conducted with CHEOPS at the time of writing
(paper in preparation).

Despite the uncertainty on the radii, nonetheless we can
draw interesting conclusions about the system. It is composed
of planets that span the bi-modal radius distribution, with the
outermost planet b being a sub-Neptune, possibly surrounded
by a water layer for more than 20% of the total mass, and by
a gaseous envelope with ~30% of the Earth’s mass and a thick-
ness of nearly 1.5 Rg. The innermost companions ¢ and d could
reside on the rocky planet—super-Earth side of the distribution,
but they could be located within the radius gap. Their compo-
sition is likely Earth-like, and they are not expected to have a
H-He gaseous envelope. Our results with the TESS light curve
do not exclude the possibility that they are high-density cores,
especially planet d, which could be a pure iron core. This would
make HIP 29442 d a potential member of the now emerging fam-
ily of super-Mercuries (i.e. higher-mass analogues of Mercury;
e.g. Adibekyan et al. 2021).

HIP 29442 represents an interesting system to explore the
role of photo-evaporation during its evolution. It provides an
excellent test of the photo-evaporation scenario as uncertainty
in the history of the star’s high-energy output can be overcome
by scaling the planet’s relative to each other (Owen & Campos
Estrada 2020). To check consistency with the photo-evaporation
scenario, we apply the test described in Owen & Campos Estrada
(2020), and we estimate the mass that planet b must have to
retain a hydrogen-dominated atmosphere given planet ¢ and
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Fig. 11. Maximum initial planet mass an interior planet (to planet b)
could have had and be consistent with photo-evaporation, assuming
planet b retained its atmosphere against photo-evaporation. Given the
possibility that dynamical re-arrangement within the system might have
occurred, we performed this calculation assuming that planet b had
an initial period identical to its current period (orange), a shorter ini-
tial orbital period of 8 days (blue), or a longer initial orbital period
of 18 days (green). The shaded region encompasses the 1o~ error bars,
mainly arising from uncertainties in the properties of planet b. The cur-
rent architecture of the system is shown by the blue points. The two
interior planets to b lie below the curves, which indicates the system
is consistent with photo-evaporation sculpting the system before any
dynamical re-arrangement.

d have lost their atmosphere. We use the updated version of
EVAPMASS!?, where mass-loss efficiencies from hydrodynamic
simulations are used instead of the original power-law scaling
(see Rogers et al. 2023). In doing this calculation we find that
planet b must have a mass of 2.6 Mg at the 95% confidence
level, consistent with its measured mass. We also made a reverse
test to that performed above, asking: assuming that planet b
has retained a hydrogen-dominated atmosphere against photo-
evaporation, how massive both planets ¢ and d have originally
been and still have lost their atmospheres? Due to the possibility
of dynamical changes in the planet’s orbit triggered by mass-
loss (e.g. Boué et al. 2012; Teyssandier et al. 2015; Fujita et al.
2022), we did this calculation assuming planet b originally had
an orbital period of 8 days, 13.63 days or 18 days before any
dynamical re-arrangement took place. We calculated the max-
imum planet mass any interior planet (in this case either ¢ or
d) could have had as a function of different original periods.
Namely, if we assume planet b at an original period of 8 days
and the interior planet had an original period of 2 days, we ask
how massive could the interior planet has been such that it could
have lost its atmosphere while b retained it. This calculation is
then repeated for a range of possible initial periods for the inte-
rior planets. The results of this analysis are shown in Fig. 11.
They show that the inner planets (c and d) could have been con-
siderably more massive than currently, and are still consistent
with a system that underwent photo-evaporation while leaving
planet b with a H-He-dominated atmosphere.

10 https://github.com/jo276/EvapMass
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Our analysis indicates that the architecture of the HIP 29442
system is consistent with a picture in which all planets accreted a
primordial hydrogen dominated atmosphere, which the inner two
planets then lost due to their high irradiation levels. We leave
to a future work a more detailed investigation of the possible
formation and evolutionary histories of the system HIP 29442,
once the planets’ size and bulk physical structure will be pinned
down more precisely.
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Appendix A: Dataset
Table A.1. ESPRESSO RVs and activity diagnostics.

Time RV ORV CCF FWHM OFWHM CCF BIS O BIS 10g R;—IK O']othK
(BJID-2 450 000) ms”~! ms~! (ms™h) (ms™")  (ms™H  (ms™)  (dex) (dex)
8765.880033 81722.91 0.61 6668.53 1.22 -68.02 1.22 -5.983 0.014
8792.789313 81730.59  0.27 6672.29 0.53 -67.64 0.53 -5.178 0.001
8799.679952 81734.23  0.54 6681.47 1.08 -60.22 1.08 -5.502 0.004
8803.799572 81726.85 0.26 6675.84 0.53 -67.25 0.53 -5.192 0.001
8806.664396 81732.28 0.34 6675.23 0.67 -68.05 0.67 -5.263 0.001
8814.627483 81731.51 0.29 6671.59 0.59 -66.70 0.59 -5.250 0.001
8823.809857 81734.16  0.29 6673.61 0.59 -64.45 0.59 -5.224 0.001
8850.752661 81730.02  0.33 6668.18 0.65 -66.91 0.65 -5.178 0.001
8853.763918 81727.91 0.30 6671.10 0.60 -70.75 0.60 -5.247 0.001
8858.667699 8172697 0.27 6672.31 0.55 -66.85 0.55 -5.245 0.001
8879.662595 81729.70  0.26 6667.42 0.52 -69.56 0.52 -5.214 0.001
8910.636691 81726.05  0.27 6666.97 0.53 -69.43 0.53 -5.146 0.001
8924.501697 @ 81723.16  0.32 6667.98 0.63 -66.17 0.63 -5.138 0.001
9210.702206 81728.43  0.27 6674.93 0.55 -67.75 0.55 -5.147 0.001
9271.610597 8172524  0.31 6679.71 0.62 -69.80 0.62 -5.286 0.001
9292.636622 81726.03  0.32 6678.49 0.63 -67.02 0.63 -5.339 0.001
9297.543406 81723.08  0.25 6674.31 0.50 -65.01 0.50 -5.222 0.000
9308.586832 8172894  0.38 6676.01 0.77 -66.62 0.77 -5.384 0.002
9311.524799 81727.62  0.37 6680.99 0.74 -66.85 0.74 -5.288 0.001
9314.503978 81731.62  0.41 6678.74 0.81 -65.49 0.81 -5.342 0.002
9316.538824 81733.79  0.49 6673.21 0.99 -65.67 0.99 -5.456 0.003
9319.526315 81734.20  0.30 6674.49 0.60 -65.43 0.60 -5.250 0.001
9322.537378 8172498  0.37 6672.55 0.73 -68.36 0.73 -5.306 0.001
9323.462970 81723.33  0.39 6676.22 0.79 -65.95 0.79 -5.342 0.001
9325.500282 81727.66  0.45 6670.68 0.91 -66.57 0.91 -5.339 0.002
9333.486134 81736.81 0.43 6682.57 0.85 -67.13 0.85 -5.312 0.002
9459.864986 81729.04  0.33 6695.25 0.67 -63.62 0.67 -5.200 0.001
9461.893582 81733.35  0.30 6691.33 0.60 -59.97 0.60 -5.143 0.001
9464.820578 81732.78  0.42 6685.37 0.84 -60.58 0.84 -5.300 0.002
9466.877164 81732.89  0.26 6679.74 0.52 -61.62 0.52 -5.214 0.001
9471.873632 81727.38  0.31 6676.67 0.63 -67.83 0.63 -5.242 0.001
9491.819141 81730.93  0.33 6679.05 0.65 -68.48 0.65 -5.193 0.001
9493.867756 81736.29  0.50 6684.76 1.00 -67.38 1.00 -5.372 0.002
9496.759000 81732.75  0.54 6689.72 1.09 -62.76 1.09 -5.431 0.003
9509.702920 81726.17  0.36 6680.48 0.72 -67.23 0.72 -5.180 0.001
9514.757558 81725.60  0.40 6670.68 0.81 -65.90 0.81 -5.222 0.001
9516.846022 81725.83  0.26 6674.79 0.52 -68.41 0.52 -5.177 0.001
9522.788552 81726.88  0.23 6677.84 0.46 -66.42 0.46 -5.163 0.000
9529.766884 81723.33  0.29 6676.66 0.58 -66.40 0.58 -5.198 0.001
9531.783334 81733.24  0.31 6676.43 0.62 -67.01 0.62 -5.214 0.001
9533.799604 81730.25 0.22 6681.51 0.45 -66.46 0.45 -5.114 0.000
9536.660100 81729.13  0.35 6682.03 0.70 -64.53 0.70 -5.210 0.001
9538.670826 81730.69  0.55 6684.61 1.10 -63.55 1.10 -5.219 0.002
9563.655314 81733.25  0.27 6673.60 0.55 -64.86 0.55 -5.193 0.001
9575.673661 81729.39  0.34 6675.02 0.67 -65.30 0.67 -5.130 0.001
9577.726829 81734.23  0.27 6673.65 0.54 -66.10 0.54 -5.198 0.001
9579.606638 81723.26  0.23 6676.50 0.45 -66.75 0.45 -5.203 0.000
9580.636695 81724.01 0.42 6672.95 0.83 -66.96 0.83 -5.293 0.001
9582.596259 81724.62  0.29 6673.58 0.57 -64.55 0.57 -5.164 0.001
9584.574904 81728.62  0.26 6671.79 0.53 -66.65 0.53 -5.187 0.001
9586.545678 81724.82  0.27 6674.32 0.54 -65.77 0.54 -5.168 0.001
9588.550479 81730.38  0.35 6672.88 0.70 -67.02 0.70 -5.163 0.001
9590.692903 8172738  0.35 6670.57 0.70 -67.06 0.70 -5.159 0.001
9592.642227 81725.67 0.28 6671.58 0.56 -67.36 0.56 -5.219 0.001
9595.600121 81728.65 0.23 6672.27 0.47 -69.01 0.47 -5.217 0.000
9597.551898 8172548 0.29 6669.92 0.57 -67.87 0.57 -5.245 0.001
9600.662966 81727.07  0.33 6670.65 0.66 -69.33 0.66 -5.285 0.001
9603.598412 81730.60  0.49 6669.48 0.98 -67.40 0.98 -5.342 0.002
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Table A.1. Continued.

Time RV ORV CCF FWHM OFWHM CCF BIS OBIS log R;—IK Tlog Ry
(BJD-2450000) ms~! ms~! (ms™h) (ms™)  (ms™H  (ms™')  (dex) (dex)
9606.624832 81727.23 0.31 6675.20 0.63 -67.78 0.63 -5.247 0.001
9607.625044 8172458 0.28 6674.22 0.56 -68.30 0.56 -5.196 0.001
9611.565663 81725.85 0.25 6675.23 0.49 -64.67 0.49 -5.134 0.000
9612.549153 81728.05  0.37 6679.25 0.73 -66.70 0.73 -5.124 0.001
9613.652209 81731.31 0.34 6676.01 0.67 -66.49 0.67 -5.174 0.001
9614.596492 81729.53  0.33 6676.97 0.67 -65.57 0.67 -5.214 0.001
9615.596521 81732.92  0.25 6677.61 0.50 -64.44 0.50 -5.191 0.000
9616.547147 81734.14  0.29 6673.56 0.57 -65.61 0.57 -5.207 0.001
9617.624635 81729.65 0.27 6672.39 0.54 -65.12 0.54 -5.206 0.001
9618.582003 81725.46  0.30 6676.58 0.60 -65.28 0.60 -5.237 0.001
9619.547977 81727.04  0.36 6674.64 0.71 -64.90 0.71 -5.261 0.001
9620.603519 81728.22  0.29 6668.16 0.57 -66.24 0.57 -5.135 0.001
9622.700868 81724.29  0.64 6679.09 1.28 -70.72 1.28 -5.137 0.002
9623.540034 81727.00  0.28 6671.53 0.56 -67.64 0.56 -5.176 0.001
9624.581316 8172443  0.24 6671.47 0.49 -67.22 0.49 -5.191 0.000
9625.569889 81721.72  0.24 6671.20 0.48 -68.67 0.48 -5.161 0.000
9626.613695 81725.81  0.38 6668.95 0.76 -68.68 0.76 -5.192 0.001
9627.536012 81729.76  0.33 6670.44 0.65 -67.82 0.65 -5.172 0.001
9635.549347 81727.38 0.27 6675.11 0.54 -65.97 0.54 -5.186 0.001
9648.520045 81730.23 0.43 6671.02 0.86 -68.06 0.86 -5.425 0.002
9650.528840 81722.07  0.40 6672.41 0.80 -66.46 0.80 -5.366 0.002
9652.549356 81728.62  0.33 6674.25 0.67 -67.48 0.67 -5.324 0.001
9658.552623 81730.69 0.42 6668.66 0.83 -65.78 0.83 -5.547 0.003
9660.588322 81729.33  0.34 6667.72 0.68 -66.48 0.68 -5.172 0.001
9662.577262 8172748  0.30 6665.08 0.60 -67.01 0.60 -5.237 0.001

Notes. @This represents the last epoch of the data sub-sample labelled as ESP19. The sub-sample ESP21 starts from the following epoch.
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Appendix B: Additional plots
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Fig. B.1. TESS Target Pixel Files for sectors 6 and 33 obtained with
TPFPLOTTER (Aller et al. 2020; the code is publicly available at www.
github.com/jlillo/tpfplotter). The orange squares identify the
aperture masks used to extract the light curve. The sources cross-
matched with the Gaia DR3 catalogue are indicated by red dots; the size
is scaled with their relative magnitude compared to that of HIP 29442
(TOI-469). Proper motions are indicated by arrows. The pixel scale is
21" pixel™.
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Fig. B.2. Spectral energy distribution in the range ~0.3-25 um, used
to derive the bolometric luminosity and the stellar radius through the

Stefan—Boltzmann equation. The adopted stellar distance is the trigono-
metric parallax from the Gaia EDR3.
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Fig. B.3. ASAS-SN photometry of HIP29442. For a better visualisa-

tion, offsets have been applied to the original magnitudes, as indicated
in the legend.

A33, page 21 of 22


www.github.com/jlillo/tpfplotter
www.github.com/jlillo/tpfplotter

Damasso, M., et al.: A&A, 679, A33 (2023)

=0.14%34

N = 061103

o
€
1]
£
= =0.243%
T d—‘v‘ﬂ“—m_
®
£
b =0.27+9%
"o
z . maidi) TR
" " : T
5 J
= __J L w— .L‘-..;
YV P 2L R P> 2O A0
07707 (MOGNGYT 00T (MPIMNS
fMeore  Mmantle  fMuater Mgas (M)
=0.157314
b |~ 066tz
e
-
c
m
£
e =0.17+3%8
g
o
£
T
= =0.00*3:%9
"8
=
[}
1]
o .
= o ? i 3
’ NAD DO 090 NS K H D AVAO
RSN 0;’.’70%@0’.\09 SRCEORN 0900900-\69\
fMeore  fMmante  fMyater Mgas (Mg)
=0.16+314
L | = o6sr0n
°
€
]
£
E g
N - 0142973
@
®
£
= - = 0.0013%8
“®
=
[}
1]
[=)]
=

o ' : T
YA OZAL DO E N2 SIC I
SRR AN SR MR MR R PITIIV

fMeore  fMmantle  fMuater Mgas (Mg)
Fig. B.4. Corner plots showing the posteriors of the free parameters

adopted for the planetary internal structure modelling described in Sect.
6. From top to bottom, the plots refer to HIP 29442 b, HIP 29442 ¢, and

HIP 29442 d.
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