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ABSTRACT

Sub-Neptunes with planetary radii of R, ~ 2—4 R, are the most common planets around solar-type stars in short-period (P < 100 d)
orbits. It is still unclear, however, what their most likely composition is, that is whether they are predominantly gas dwarfs or water
worlds. The sub-Neptunes orbiting bright host stars are very valuable because they are suitable for atmospheric characterization,
which can break the well-known degeneracy in planet composition from the planet bulk density, when combined with a precise and
accurate mass measurement. Here we report on the characterization of the sub-Neptune TOI-5789 ¢, which transits in front of the bright
(V =7.3 mag and K, = 5.35 mag) and magnetically inactive K1 V dwarf HIP 99452 every 12.93 days, thanks to TESS photometry and
141 high-precision radial velocities obtained with the HARPS-N spectrograph. We find that its radius, mass, and bulk density are
R. = 2.86f8::§ Re, M. = 5.00 + 0.50 Mg, and p. = 1.16 + 0.23 gcm ™, respectively, and we show that TOI-5789 ¢ is a promising target
for atmospheric characterization with both JWST and, in the future, Ariel. By analyzing the HARPS-N radial velocities with different
tools, we also detected three additional non-transiting planets, namely TOI-5789 b, d, and e, with orbital periods and minimum masses
of P, =2.76d, My sini = 2.12 + 0.28 Mg, Pq = 29.6d, Mysini = 4.29 + 0.68 Mg, and P. = 63.0d, M, sini = 11.61 + 0.97 M. TOI-
5789 is a mutually inclined system as the difference between the orbital inclinations of planets b and ¢ must be higher than ~4 deg.
Nevertheless, from sensitivity studies based on both the HARPS-N and archival HIRES radial-velocity measurements, we can exclude

the possibility that these relatively high mutual inclinations are due to the perturbation by an outer gaseous giant planet.

Key words. techniques: photometric — techniques: radial velocities — planets and satellites: atmospheres —
planets and satellites: composition — planets and satellites: detection — planets and satellites: fundamental parameters

1. Introduction

Sub-Neptunes are the most common planets around solar-type
stars in short-period (P < 100 d) orbits, with an occurrence rate
of ~40% (Fulton et al. 2017). These planets have typical masses
of M, < 20Mg, and radii of R, =~ 2—4 Rg above the well-known
radius valley at Ryans ~ 1.7—2.0 Rg. This valley is thought to sep-
arate prevalently rocky planets (R, < Ryrans) from non-rocky ones
(Rp 2 Ryans; Fulton et al. 2017; Van Eylen et al. 2018).

Despite their abundance, the most likely composition and
nature of sub-Neptunes are not well known. They may be either
gas dwarfs with a rocky core and a H,-dominated atmosphere
(e.g., Bodenheimer & Lissauer 2014), or water worlds with a
water-rich (icy) interior surrounded by a steam atmosphere (e.g.,
Zeng et al. 2019). Another possible composition consists of a
miscible envelope, where H, /He are mixed with water vapor and

* Based on: observations made with the Italian Telescopio Nazionale
Galileo (TNG), operated on the island of La Palma by the INAF -
Fundacion Galileo Galilei at the Roque de Los Muchachos Observatory
of the Instituto de Astrofisica de Canarias (IAC).

** Corresponding author: aldo.bonomo@inaf.it

other volatile species produced by chemical reactions between a
magma-ocean and a hydrogen-rich envelope, on top of a rocky
core (Benneke et al. 2024).

The gas dwarf (and miscible envelope) or water-world com-
positions would originate from two very different formation
scenarios. Gas dwarfs are indeed expected to have formed
within the water iceline (i.e., the water condensation front at
~1-3au for solar-type stars) and they have possibly under-
gone a modest migration by accreting a primordial atmo-
sphere with approximately the same metallicity as their host
stars (e.g., Lee & Chiang 2016). In contrast, water worlds are
expected to have formed beyond the water iceline and under-
gone a substantial migration toward their star (e.g., Izidoro et al.
2021).

Several inferences on the typical sub-Neptune composition
were made by attempting to reproduce the radius valley. While
some studies seemed to strongly favor the gas dwarf composition
coupled with atmospheric photoevaporation (Owen & Wu 2017,
Modirrousta-Galian et al. 2020), more recent works consider a
mixed population of gas dwarfs and water-rich sub-Neptunes
(Burn et al. 2024; Chakrabarty & Mulders 2024). After all,

A197, page 1 of 21

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202557662
https://orcid.org/0000-0002-6177-198X
https://orcid.org/0000-0001-9390-0988
https://orcid.org/0000-0002-7504-365X
https://orcid.org/0000-0002-4638-3495
https://orcid.org/0000-0002-0810-3747
https://orcid.org/0000-0002-1892-2180
https://orcid.org/0000-0002-1347-2600
https://orcid.org/0000-0001-9984-4278
https://orcid.org/0000-0002-8669-1150
https://orcid.org/0000-0001-6110-4610
https://orcid.org/0000-0001-9232-3314
https://orcid.org/0000-0002-7657-7418
https://orcid.org/0000-0001-6588-9574
https://orcid.org/0000-0001-8613-2589
https://orcid.org/0000-0002-9332-2011
https://orcid.org/0000-0001-5928-7251
https://orcid.org/0000-0003-1713-3208
https://orcid.org/0000-0003-2163-1437
https://orcid.org/0000-0002-1923-7740
https://orcid.org/0000-0001-5600-3778
https://orcid.org/0009-0004-5914-7274
https://orcid.org/0009-0009-5639-4022
https://orcid.org/0000-0002-1958-9930
https://orcid.org/0000-0002-6492-2085
https://orcid.org/0000-0002-9428-8732
https://orcid.org/0000-0002-6871-6131
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0001-9087-1245
https://orcid.org/0000-0003-1149-3659
https://orcid.org/0000-0001-9573-4928
https://orcid.org/0000-0003-0987-1593
https://orcid.org/0000-0002-5752-6260
https://orcid.org/0000-0002-4445-1845
https://orcid.org/0000-0002-8786-2572
https://orcid.org/0000-0003-2029-0626
https://orcid.org/0000-0001-5252-5042
https://orcid.org/0000-0001-6880-5356
mailto:aldo.bonomo@inaf.it
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Bonomo, A. S., et al.: A&A, 707, A197 (2026)

the existence of water worlds is predicted by models of planet
formation and migration (e.g., Venturini et al. 2024).

Some inferences on the composition of sub-Neptunes can
also be made from their bulk densities, which are generally
determined through space-based transit photometry and high-
precision radial-velocity (RV) follow-up. Several sub-Neptunes
around M dwarfs (Luque & Pallé 2022) and FGK dwarfs
(Bonomo et al. 2025a) seem to have the icy compositions pre-
dicted for water worlds. However, alternative compositions with
rocky interiors and (very) thin H,/He envelopes cannot be
excluded, given the well-known degeneracy between rocky, icy,
and gaseous mass fractions that can match the same bulk den-
sity (e.g., Rogers & Seager 2010; Spiegel et al. 2014; Neil et al.
2022).

The characterization of the atmospheres of sub-Neptunes
can break the abovementioned composition degeneracy in the
absence of thick clouds, provided that the planet mass can be
determined to a certain precision and accuracy (e.g., Batalha
et al. 2019; Di Maio et al. 2023). Indeed, water worlds should
have metal-rich atmospheres, in particular for the expected
higher abundance of water vapor, while gas dwarfs should
possess solar-metallicity ones (e.g., Miller-Ricci et al. 2009;
Kempton et al. 2023).

In the present study, we report on the planetary nature con-
firmation and characterization of the sub-Neptune transiting
candidate TOI-5789.01, which was discovered by the Transit-
ing Exoplanet Survey Satellite (TESS) space mission (Ricker
et al. 2015; Sullivan et al. 2015) around the bright K dwarf
HIP 99452. The host star has a stellar companion with a mass
of about 0.24 Mg, (spectral type M5 V; Newton et al. 2014) at
~103.9”, which corresponds to a large projected separation of
~2120au (Sapozhnikov et al. 2020). This makes TOI-5789 an
S-type planetary system, even though the stellar companion may
not have affected it, given the large distance. Thanks to high-
precision RV follow-up, we derived the planet mass and bulk
density, and detected three low-mass and mutually inclined sib-
lings. We finally show that the transiting planet is suitable for
atmospheric characterization with transmission spectroscopy.

2. Data
2.1. Photometry
2.1.1. TESS space-based photometry

HIP 99452 was observed by TESS in Sectors 54 (from July 9
to August 5, 2022) and 81 (from July 15 to August 10, 2024).
The target was named TOI-5789 (TESS Object of Interest;
Guerrero et al. 2021) on September 22, 2022, after two transit-
like events were identified in Sector 54 Full-Frame Images (FFIs;
Ricker et al. 2015) by the MIT Quick-Look Pipeline (QLP;
Huang et al. 2020), which performs aperture photometry on FFIs
and searches for periodic transits. In particular, TOI-5789.01 was
flagged as a candidate planet with P = 12.9256 + 0.0023 days, a
transit depth of ~790 ppm (parts per million), and a correspond-
ing radius of 2.54 + 0.15 Rg.

We inspected both the Presearch Data Conditioning Sim-
ple Aperture Photometry (PDC-SAP; Stumpe et al. 2012, 2014,
Smith et al. 2012) and the SAP (Twicken et al. 2010; Morris
et al. 2020) light curves produced by the TESS Science Process-
ing Operations Center (SPOC; Jenkins et al. 2016) pipeline at
the NASA Ames Research Center, without finding any modula-
tion related to stellar magnetic activity. In total, TESS recorded
four transits of TOI-5789.01, at 10-minute cadence in the first
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sector (Fig. A.1) and both 2-minute and 20-second cadences in
the second one (Fig. A.2), with the fastest cadence used for our
analysis.

2.1.2. Ground-based photometry

We observed a full transit window of TOI-5789.01 on UTC 2024
October 07 in Pan-STARRS z; band from the Las Cumbres
Observatory Global Telescope (LCOGT) (Brown et al. 2013)
0.35 m network node at McDonald Observatory near Fort Davis,
Texas, United States (McD). The 0.35 m Planewave Delta Rho
350 telescopes are equipped with a 9576 x 6388 pixels QHY600
CMOS camera having an image scale of 0.73" per pixel, result-
ing in a 114’ x 72" full field of view. The images were cali-
brated by the standard LCOGT BANZATI pipeline (McCully et al.
2018), and differential photometric data were extracted using
AstroImage] (Collins et al. 2017). We used circular 11" photo-
metric apertures, which excludes any flux from all known Gaia
DR3 catalog neighbors that are bright enough to possibly be
the source of the TESS transit detection. We observed no sig-
nificant flux decreases in any of the close stars at the predicted
transit time. We also checked the available ASAS-SN photome-
try (Shappee et al. 2014; Kochanek et al. 2017) for any signals
related to the stellar magnetic activity and, in particular, the
stellar rotation period, but found none that were significant.

2.2. High-angular resolution imaging

High-angular resolution imaging is needed to search for nearby
sources that can contaminate the TESS photometry, resulting
in underestimated planetary radii, or be the source of astro-
physical false positives, such as background eclipsing binaries.
We searched for stellar companions to TOI-5789 with speckle
imaging on the 4.1-m Southern Astrophysical Research (SOAR)
telescope (Tokovinin 2018) on 4 November 2022 UT, observ-
ing in Cousins /-band, a similar visible bandpass as TESS. This
observation was sensitive with 50 detection to a 5.6-magnitude
fainter star at an angular distance of 1” from the target. More
details of the observations within the SOAR TESS survey are
available in Ziegler et al. (2020). The 50 detection sensitivity
and speckle auto-correlation functions from the observations are
shown in Figure A.3 (left panel). No nearby stars were detected
within 3" of TOI-5789 in the SOAR observations.

TOI-5789 was also observed on August 28, 2023, with
the speckle polarimeter on the 2.5-m telescope at the Cau-
casian Observatory of Sternberg Astronomical Institute (SAI)
of Lomonosov Moscow State University. A low—noise CMOS
detector Hamamatsu ORCA—quest (Strakhov et al. 2023) was
used. The atmospheric dispersion compensator was active. A
medium band filter centered on 625 nm with 50 nm FWHM
provided the angular resolution of 0.083”. Long exposure atmo-
spheric seeing was very good at the moment of observation:
0.63”. No companion was detected. The detection limits at dis-
tances 0.25 and 1.0” from the star are A = 5.5™ and 8.4™ (see
Fig. A.3, right panel).

2.3. Radlal velocities
2.3.1. HIRES archival radial velocities

We downloaded 79 archival RVs gathered with the HIRES (HIgh
Resolution Echelle Spectrometer) spectrograph at the Keck tele-
scope (Howard et al. 2010) from Rosenthal et al. (2021). We then
removed two outliers identified with Chauvenet’s criterion (e.g.,
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Bonomo et al. 2023) at 2450276.99192 and 2452 804.99617
BJDyrc. The HIRES RVs have a scatter of 3.57 ms~!, which
is approximately 3 times higher than the median of the formal
uncertainties, that is 1.26 ms~!. They are displayed in Fig. A 4.

2.3.2. HARPS-N radial velocities

We observed TOI-5789 with the HARPS-N (High Accuracy
Radial velocity Planet Searcher in North hemisphere) spectro-
graph at the Telescopio Nazionale Galileo (Cosentino et al. 2012)
as part of different observing programs. In the framework of
the GAPS2 project to characterize Neptune-size planets (PI: G.
Micela; see, e.g., Naponiello et al. 2022), we collected 41 spec-
tra between June and September 2023 with typical exposure
times of 900 s and a median signal-to-noise ratio (S/N) of 207
at 5500 A. The observations continued from October 2023 to
November 2024 within the “Ariel Masses Survey (ArMS)” large
program' (ProgID: AOT48TAC_48; PI: S. Benatti), which is
also part of the GAPS collaboration. Specifically, we collected
79 additional HARPS-N spectra with typical exposure times of
900 s and median S/N of 204. Finally, we also obtained 22 spec-
tra, with typical exposure time of 300 s and median S/N of 124,
through three observing programs on the TNG Spanish time
between May 2023 and August 2024 (ProgIDs: CAT23A_52,
CAT23B_74, CAT24B_20; PI: 1. Carleo).

We uniformly extracted the RVs from all these spectra
using the updated ESPRESSO Data Reduction Software (DRS,
v3.0.1), adapted for HARPS-N spectra (Dumusque 2021). We
used a KOV stellar template, containing 3842 lines weighted
according to their relative depth, to compute the Cross-
Correlation Function (CCF; see, e.g., Pepe et al. 2002 and refer-
ences therein), and provided a systemic RV of —49.31 kms~'as
input to the pipeline.

We checked for possible outliers in the HARPS-N RVs by
using Chauvenet’s criterion, and found one at 2460 213.4266
BJDtpg, which was then excluded from the analyses. The
HARPS-N RVs have a scatter of 2.58 ms~', which is almost
seven times higher than the median of the formal uncertainties,
namely 0.38 ms~!. They are shown in Fig. 1.

The HARPS-N pipeline also provides activity indicators
that can be useful to check for possible stellar activity signals
in our RV time series, such as the CCF bisector span (BIS),
the CCF full width at half maximum (FWHM) and contrast,
from which it is possible to compute the CCF equivalent width
(Klein et al. 2024), and the chromospheric Call H&K S -index
and log Ry (see Fig. A.5). The latter has an average value of
—5.153 £+ 0.003, indicating that the host star is magnetically
inactive, and shows a low-amplitude long-term trend of unclear
origin. There are no significant correlations between RVs and
activity indices, being the Pearson coefficient || < 0.20. The
RVs and activity indicators are given in Table A.1.

3. Stellar parameters and elemental abundances

We derived the stellar atmospheric parameters (effective temper-
ature T, surface gravity log g, microturbulence velocity &, and
iron abundance [Fe/H]) by applying a method based on equiv-
alent widths (EW) of Fe lines. We considered the same line
list as in Biazzo et al. (2022), and measured the EWs using

' The five-year ArMS observing program is focused on the mass deter-
mination of small transiting planets with radii spanning the radius
valley, which are suitable for atmospheric characterization with JWST
(Gardner et al. 2000) and, in the future, Ariel (Tinetti et al. 2018).

Q)
£
2
o
s}
©
>
E -
5 OF
e r

-10C

100 150 200 250 300
Time (BJD;,5-2460000)

—~ 10F
o E
£ sF
é‘ L \ u P p
8 E(\ % m ‘ L f
z “ u \
> r M\”v \ \m
E - \\‘;\, ] il
e} s
K r

-10L

450 500 550 600 650
Time (BJD,,-2460000)

Fig. 1. HARPS-N radial velocities of TOI-5789 (blue circles) along with
the four-planet Keplerian model (solid red line; see Sect. 4.2). The error
bars take the RV jitter into account.

the ARES code (v2; Sousa et al. 2015). We then adopted the
1D LTE Kurucz model atmospheres linearly interpolated from
the Castelli & Kurucz (2003) grid with solar-scaled chemical
composition and new opacities (ODFNEW). To derive the final
parameters, we used the pyMOOGi code by Adamow (2017),
which is a Python wrapper of the MOOG code (Sneden 1973,
version 2019). In particular, following Biazzo et al. (2022), Teg
was derived by imposing the excitation equilibrium of Fe lines,
log g through the ionization equilibrium of Fe1 and Fe1I lines,
and ¢ by removing the trend between the FeI abundances and
the reduced equivalent width (EW/1). Once the stellar atmo-
spheric parameters and iron abundance were computed, we also
measured the abundances of magnesium ([Mg/H]) and silicon
([Si/H]), considering the same line list as above. The derived
stellar properties are reported in Table 1.

To determine the stellar mass, radius, and age, we simulta-
neously modeled the stellar Spectral Energy Distribution (SED)
and the MIST evolutionary tracks (e.g., Paxton et al. 2015) in a
differential evolution Markov chain Monte Carlo (DE-MCMC)
Bayesian framework through the EXOFASTv2 tool (Eastman
2017; Eastman et al. 2019; see also Naponiello et al. 2025 for
more details). To this end, we imposed Gaussian priors on the
Gaia DR3 parallax as well as on the T.g and [Fe/H] derived from
our previous analysis of HARPS-N spectra. To fit the SED, we
used the Tycho-2 Bt and Vp, APASS Johnson B and V, Sloan
g’ and r' magnitudes, the 2MASS near-infrared J, H, and K;
magnitudes, and the WISE W1, W2, W3, and W4 infrared mag-
nitudes (Table 1). The stellar SED and its best fit are shown in
Fig. 2. From the medians and 15.86-84.14% percentiles of the
posteriors of the stellar mass, radius, and age, we derive M, =
0.82170032 Mo, R, = 0.833 +0.023 Ro, and age t = 9.4*3% Gyr.
The old age is fully consistent with the low magnetic activity
level of the host star.

The chromospheric activity index log Ry, is close to the
basal level, indicating a very old star with an age greater than
9 Gyr according to both Mamajek & Hillenbrand (2008) and
Carvalho-Silva et al. (2025). By extrapolating the empirical rela-
tion between log Ry and stellar rotation periods (Pro) (Noyes
et al. 1984; Mamajek & Hillenbrand 2008) to the inactive regime
atlog Ry < =5.0, we find Proy = 52 +2 d for the stellar B—V =
0.856.
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Table 1. Stellar parameters.

Parameter Value Source
Identifiers

TOI 5789 TOI catalog
TIC 87216634 TIC
HIP 99452 HIP
Tycho-2 1618-00827-1 Tycho-2
2MASS J20110609+1611162 2MASS
Gaia 1809360187275432832  Gaia DR3
Coordinates, motion, and distance

Right ascension @ (J2000.0) [h] 20:11:06.07 Gaia DR3
Declination 6 (J2000.0) [deg] +16:11:16.79 Gaia DR3
Parallax 7 [mas] 48.9262 + 0.0230 Gaia DR3
Proper motion y, cos § [mas yr’l] —415.062 + 0.020 Gaia DR3
Proper motion y5 [mas yr~'] 398.487 +£0.015 Gaia DR3
Galactic velocity UV [kms™'] 31.376 + 0.0026 This work
Galactic velocity VO [kms™!] —26.883 + 0.0065 This work
Galactic velocity W [kms™!] 61.910 + 0.0254 This work
Distance d [pc] 20.4392 + 0.0095 This work
Magnitudes

Br 8.373 £ 0.017 Tycho-2
Vr 7.422 +0.011 Tycho-2
B 8.155 +0.017 APASS Johnson
\%4 7.299 + 0.006 APASS Johnson
g 7.825+0.118 APASS Sloan
r 7.064 £ 0.023 APASS Sloan
G 7.1130 + 0.0028 Gaia DR3
J 5.826 + 0.030 2MASS
H 5.421 £ 0.021 2MASS
Ks 5.350 £ 0.024 2MASS
w1 5.296 £ 0.166 AIIWISE
w2 5.218 + 0.068 ANIWISE
w3 5.341 £0.015 AIIWISE
w4 5.285 +0.032 AIIWISE
Av <0.057 This work®
Stellar parameters

Spectral type K1V

Luminosity Ly [Lo] 0.469 +0.017 This work?®
Mass My [Mo] 0.821*5:052 This work®
Radius Ry [Ro] 0.833 +0.023 This work®
Effective temperature Teg [K] 5185 + 80 This work™®
Metallicity [Fe/H] [dex] -0.12+£0.08 This work®
Magnesium abundance [Mg/H] [dex] 0.05 +0.07 This work®
Silicon abundance [Si/H] [dex] -0.03 +0.07 This work®
Micro-turbulent velocity Vi [km s 0.97 £0.04 This work™®
Surface gravity log g4 [cgs] 4.51+£0.15 This work®
Surface gravity log g, [cgs] 4.51 lfomg This work?®
Density px [gem™] 2.00’:§:?; This work®
Activity index log Ry [dex] -5.153 £ 0.003 This work®
Age 1 [Gyr] 9.4?:2 This work?®

Notes. TESS Primary Mission TOI catalog (Guerrero et al. 2021); TIC
(Stassun et al. 2018; Stassun et al. 2019); HIP (Perryman et al. 1997);
Tycho-2 (Heg et al. 2000); APASS (Henden et al. 2016); Gaia DR3
(Gaia Collaboration 2023); 2MASS (Cutri et al. 2003); AIIWISE (Cutri
et al. 2021). 'Galactic velocity components, where U is positive toward
the Galactic anticenter, V in the direction of the Galactic rotation, and W
toward the Galactic north pole. >From the EXOFASTv2 modeling. 3From
the HARPS-N spectral analysis.

We applied the method of Johnson & Soderblom (1987)
to compute the Galactic spatial velocity components U, V, W,
using the stellar coordinates, parallax, and proper motion
components in Table 1, and the systemic velocity y in Table 2.
From the derived Galactic velocity components (Table A.1), a
kinematical age of 12.73 Gyr can be estimated according to
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Fig. 2. Stellar spectral energy distribution. The broadband measure-
ments from the Tycho, APASS Johnson and Sloan, 2MASS and WISE
magnitudes are shown in red, and the corresponding theoretical values
with blue circles. The solid black line displays the non-averaged best-fit
model.

Almeida-Fernandes & Rocha-Pinto (2018), although kinematic
age estimates may be inaccurate for individual stars.

Applying the prescriptions by Bensby et al. (2014), we
obtain for TOI-5789 a thick-to-thin disk probability ratio of
TD/D~20.6. Moreover, the target shows a maximum height
above the Galactic plane of 1.5 kpc (Mackereth & Bovy 2018)
and a [Mg/Fe] abundance ratio of 0.17+0.10 (Table 1). These
values, together with the relatively low iron abundance, are com-
patible with a thick disk candidate, which in turn is consistent
with the old stellar age.

4. Data analysis and results
4.1. Analysis of radial velocities
4.1.1. Generalized Lomb Scargle periodograms

We first searched for periodic signals in both the HARPS-N
and HIRES RV time series with the Generalized Lomb-Scargle
(GLS) periodograms (Zechmeister & Kiirster 2009) by using
a quite stringent threshold of 107 for the theoretical False
Alarm Probability (FAP). We find four highly significant signals
(FAP < 107%) in the HARPS-N data and their residuals, with
periods of 63.4 + 0.5, 12.95 £ 0.02, 2.763 £+ 0.001, and 29.8 +
0.2 days, in descending order of significance (see Fig. B.1). No
significant peaks at the abovementioned periods, and in general
at periods shorter than ~150d, are found in the GLS peri-
odograms of the activity indicators, as expected from the very
low level of the host star’s magnetic activity. This supports the
hypothesis of the planetary origin of the signals seen in the RVs.

The 30d signal cannot be related to the Moon either, for
several reasons. Firstly, the host star systemic velocity of y =~
—49.3 kms~! is well outside the [-30, 30] kms~!, where the
CCF of the Moon might affect the stellar CCF by overlapping
with it (e.g., Bonomo et al. 2010; Malavolta et al. 2017). Sec-
ondly, the contrast of the Moon CCF is expected to be negligible
compared to that of the stellar CCF, given the brightness of the
host star. Thirdly, there are no peaks in the spectral window at
the frequency corresponding to the Moon synodic orbital period,
which might cause aliases in the RV time series (see Fig. B.1,
bottom panel).

Consequently, we attribute the detected signals with periods
of 2.76, 12.9, 29.8, and 63d to the planets TOI-5789b, c, d,
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Table 2. TOI-5789 system parameters.

Value and 1o error

-49315.60 £ 0.11

Host star parameters

Systemic velocity y [ms™]

RV jitter oy ji [ms™'] 1.12+£0.09
Phot. jitter ophotss4 7.11 + 1.28 E-05
Phot. jitter o photss1 1.50 £ 0.18 E-04
Limb-darkening coefficient g 0.40*918
Limb-darkening coefficient ¢, 0.51 £0.35
Limb-darkening coefficient u, 0.614_'8:1‘11
Limb-darkening coefficient u, —-0.01 £ 0.42
Planetary parameters

TOI-5789b Value and 1o error
Inferior conjunction time 7.[BJDrpg —2450000] 10358.054 (62)
Orbital period P [days] 2.76369 (96)
Orbital semimajor axis a [au] 0.03608 + 0.00045
Orbital eccentricity e 0 (fixed)

RV semiamplitude K [ms™'] 1.10+0.14
Planet minimum mass M, sini [Mg] 2.12 +0.28
Equilibrium temperature") T, [K] 1201 + 26

TOI-5789 ¢

Transit Time 7.[BJDtpg — 2450 000]
Orbital period P [days]

10 151.15868 (49)
12.927748 (16)

Transit duration 74 [h] 2.019 +£0.050
Radius ratio R, /R. 0.0314+0:9018
Inclination i [deg] 88.02 +0.13
Impact parameter b 0.903 +0.015
Orbital semimajor axis a [au] 0.1009 + 0.0013
Orbital eccentricity e <0.067
RV semiamplitude K [ms™!] 1.56 +0.15
Planet radius R, [Rg] 2.86f81{§
Planet mass M, [Mg] 5.00 £ 0.50
Planet density p, [g cm™] 1.16 £ 0.23
Planet surface gravity log g, [cgs] 2.77 £ 0.06
Equilibrium temperature™ T, [K] 718 + 15

TOI-5789d
Inferior conjunction time 7.[BJDrpg —2450000] 10347.48 +0.99

Orbital period P [days] 29.65+0.12
Orbital semimajor axis a [au] 0.1756 + 0.0023
Orbital eccentricity e <0.096

RV semiamplitude K [ms™!] 1.01 £0.16
Planet minimum mass M,, sini [Mg] 429 +0.68
Equilibrium temperature” T, [K] 545+ 10

TOI-5789 ¢
Inferior conjunction time 7.[BJDrpg —2450000] 10359.05 + 1.17

Orbital period P [days] 62.98 + 0.22
Orbital semimajor axis a [au] 0.2901 + 0.0037
Orbital eccentricity e <0.071

RV semiamplitude K [ms™!] 2.13+0.17
Planet minimum mass M, sin i [Mg] 11.61 £0.97
Equilibrium temperature” T [K] 424 + 8

Notes. 'Blackbody equilibrium temperature assuming a null Bond
albedo and uniform heat redistribution to the night side.

and e. The second periodicity agrees within 1o~ with the transit-
ing period of the candidate TOI-5789.01, and can thus naturally
be ascribed to the stellar wobble caused by the transiting planet
TOI-5789 c.

We detect no clear periodicity in the HIRES data likely due
to a combination of a smaller number of RVs, lower cadence,

and higher scatter (see Fig. A.4). This is reminiscent of the case
of Kepler-10 (Bonomo et al. 2025a).

4.1.2. Stacked Bayesian Generalized Lomb Scargle
periodograms

Since the period of TOI-5789d might be close to the rotation
period of an old star such as TOI-5789, we assessed its signifi-
cance as a function of time, as tracked by the increasing number
of measurements, with a stacked Bayesian Generalized Lomb-
Scargle periodogram® (BGLS, Mortier et al. 2015; Mortier &
Collier Cameron 2017). Specifically, we ran it on the HARPS-N
RV residuals, after removing the signals with periods of 2.76,
12.9, and 63 d with a GLS pre-whitening. As shown in Fig. B.2,
the signal appears stable in frequency after ~90 measurements
and statistically significant. At the end of the time series, its
power noticeably increases over that of its 1-year alias, which
corresponds to P ~ 27.6d.

4.1.3. Apodized sine periodograms

To further test whether the four RV signals are of planetary ori-
gin, we employed the method of Gregory (2016) and Hara et al.
(2022), which consists in modeling the data with periodic Keple-
rian orbits, multiplied by the so-called apodization factor acting
as a temporal window. We used a Gaussian temporal profile with
a free mean and free variance, representing the time at which the
window is centered, and the timescale for which the signal is non
zero. If, for a periodic signal at a given frequency, the preferred
timescale of the apodization is greater than the timespan of the
observations, it is indicative of a purely periodic signal, which
supports the planetary origin of the signal. In our analysis pre-
sented in Appendix B.2, we find that the stability of the 2.76,
12.9, 29.8, and 63 d signals is strongly supported by the data.

4.2. Bayesian modeling of radial velocities
4.2.1. DE-MCMC modeling

For the modeling of RVs, we only considered the HARPS-N
data, because the addition of the HIRES ones does not yield any
improvement in the orbital solution. This is actually expected
from (i) the higher HIRES scatter, and (ii) the non-detection of
significant signals in the HIRES RVs (Sect. 4.1.1).

We modeled the HARPS-N RVs with non-interacting
Keplerians in the same DE-MCMC framework as Bonomo et al.
(2023, 2025a), by varying the number of planets from two to
four, with the simplest two-planet model containing only TOI-
5789 ¢ and e. For each planet, we fit five free parameters, that
is the orbital period P; the inferior conjunction time 7., which
is equivalent to the mid-transit time for planet c; +/e cos(w)
and +/esin(w), where e and w are the orbital eccentricity and
the argument of periastron; and the RV semiamplitude K. We
also included in our model the HARPS-N systemic velocity
(or zero point) y and the jitter term oRy ji;; the latter allows us
to account for additional uncorrelated noise of unknown origin
(instrumental, stellar, undetected planets, etc.).

We used the priors as given in Table B.1, that is uniform pri-
ors for most of the free parameters, with the exception of 7. . and
P., for which we adopted Gaussian priors from the transit fitting,
and planet eccentricities. Specifically, we fixed the eccentricity
of TOI-5789 b to zero because its expected orbit circularization

2 https://anneliesmortier.wordpress.com/sbgls/
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time® of ~400 Myr is much lower than the stellar age (~9.4 Gyr).
We instead adopted half-Gaussian priors centered on zero with
0. = 0.098 on the eccentricities of TOI-5789 ¢, d, and e from
Van Eylen et al. (2019), to avoid spurious high eccentricities, and
hence unphysical dynamical instabilities due to orbit crossings
(e.g., Zakamska et al. 2011; Hara et al. 2019). The solution from
the RV fit is practically identical to that derived from the com-
bined analysis of TESS transits and HARPS-N RVs (see Table 2
and Sect. 4.4).

The Bayesian Information Criterion (BIC; see, e.g.,
Burnham & Anderson 2004; Liddle 2007) computed for the two-
planet, three-planet, and four-planet models clearly disfavors the
former one, and favors the four-planet model over the three-
planet one, being BIC,, — BIC3p = 22.8 and BIC3p — BICy, =
12.2. The latter is higher than the threshold of ABIC = 10 usu-
ally considered for very strong evidence for a more complex
model (Kass & Raftery 1995), that is the four-planet model in
our case.

As mentioned in Sect. 4.1.1, no significant periodicity at
~30d is seen in any of the activity indicators, which would sup-
port the planetary origin of the 30d RV signal. Nonetheless,
since this signal is close to a possible rotation period of mag-
netically quiet stars, we also modeled it with Gaussian process
(GP) regression with a quasi-periodic kernel, following Bonomo
et al. (2023) (see their Eq. (1)). This GP modeling yielded RV
semiamplitudes of planets b, c, and e fully consistent with those
obtained with the four-planet model. In particular, for the transit-
ing planet TOI-5789 ¢, we get K. = 1.62 + 0.16 ms~'and 1.56 +
0.15 ms™' with the GP and non-GP modeling, respectively.
Even more interesting, the GP exponential decay timescale (1)
and inverse harmonic complexity (4,) hyper-parameters both
converge to the upper bounds of the wide intervals of their uni-
form priors (see Fig. 3 and Table B.1). This indicates that this
signal is both stable over the long term (long 4;) and (quasi-)
sinusoidal (large A,), as expected for a planetary signal. On
the contrary, activity signals are typically characterized by 4; <
150d (e.g., Giles et al. 2017; Bonomo et al. 2023) and 4, < 1.0
(e.g., Rajpaul et al. 2015; Bonomo et al. 2023).

4.2.2. Assessing the number of planets with kima

We used kima (Faria et al. 2018) to make an independent blind
inference on the number N, of Keplerian signals detected in
our RV dataset. Kima treats N, as a free parameter and esti-
mates its posterior distribution by determining the most probable
number of Keplerians present in the data through a Bayesian
model comparison. To keep the test unbiased, we searched for
up to ten Keplerian signals with the built-in function RVmodel,
using 50 000 steps, uncorrelated jitter, and the default priors for
the orbital parameters of all the signals, with the exception of
the eccentricity, for which we used the same truncated normal
prior as in Sect. 4.2.1. We did not use informative priors for the
transiting planet c.

We find that the most probable number of signals in the data
is N, = 4 (Fig. 4), with orbital periods corresponding to those of
the four signals discussed above. The probability ratio between
the model with N, = 4 and N, = 3 is 352, which is larger than
the threshold of 150 commonly adopted for the inclusion of an
additional planet (e.g. Faria et al. 2016), and is of the same order

3 This was estimated from Eq. (6) of Matsumura et al. (2008) by
assuming the planet radius to be equal to 0.9 Rg, and the planet and
stellar modified tidal quality factors to be Q) = 10° and Q = 10°,
respectively.
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Fig. 3. Corner plot of the posterior distributions of the Gaussian pro-
cess hyper-parameters. The posteriors are obtained with a three-planet
model and Gaussian process regression to account for the 29.8 d period.
The posteriors of the parameters of the three planets are not shown for
simplicity, but are fully consistent with those given in Table 2.
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Fig. 4. Posterior distribution of the number of planets N, detected with
kima in the HARPS-N radial velocities. The distributions are shown as
the number of posterior samples for each value of N, normalized to the
effective sample size (ESS). The orange bar highlights the highest value
for N,=4 corresponding to the most likely 4-planet model.

of the probability ratio from the ABIC (Sect. 4.2.1), namely
exp (=0.5 - ABIC) = 446 (Burnham & Anderson 2004). In con-
trast, all the models with N, > 4 have probability ratios less than
1 compared to N, = 4. The four Keplerian signals are recov-
ered with semiamplitudes in very good agreement with those
found with the DE-MCMC analysis. Interestingly, kima blindly
recovers the signal due to the transiting planet very well.
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Fig. 5. Phase-folded transits of TOI-5789 ¢ with TESS long-cadence (left panel) and fast-cadence (right panel) data.

4.3. Search for additional planets in TESS photometry

We analyzed both TESS sectors for additional transits using
the Cambridge Exoplanet Transit Recovery Algorithm (CETRA;
Smith et al. 2025), a fast and sensitive GPU-optimized transit
detection tool. After masking the known TOI-5789 c transits, we
conducted a targeted search for signals with a minimum depth
of 50 parts per million (ppm). This search yielded no reliable
result, even at the shortest period of TOI-5789 b, where a signal
should have been readily detected. In particular, the transits of
TOI-5789 d should be visible in both sectors, and hence their
non-detection confirms that the planet is not transiting. TOI-
5789 e is predicted to transit near the end of Sector 54, unless its
transit occurs more than 1.60 later than expected, in which case
it would fall outside the TESS coverage. Therefore, a degree of
ambiguity on the transiting nature of planet e still remains, which
could be cleared out with additional photometry, for instance
with CHEOPS (Characterising Exoplanet Satellite; Benz et al.
2021).

In order to quantify the detectability of planet b, we per-
formed a transit injection and recovery experiment using the
MATRIX tool (Dévora-Pajares & Pozuelos 2023). In particular,
we masked the transits of TOI-5789 ¢ and detrended the light
curve using the bi-weight approach and a window size of 0.5
days. We then injected a series of synthetic transits into the PDC-
SAP light curve around the planet’s orbital period, covering a
range of planetary radii from R, = 0.5Rg to 2.5 R with steps
of 0.1 Rg. Recovery was defined by successful retrieval of transit
signals with duration within 1 hour of the set value, period within
5% of the injected period, and a signal detection efficiency
above 5.

The results indicate that only transits corresponding to
planetary radii exceeding R, 2 0.9 R produce reliably recover-
able signals. Planets smaller than this threshold fall below the
detection limit of our pipeline, implying that a non-detection
is consistent with R, < 0.9 Rg. We conclude that either the
orbit of TOI-5789b is inclined with respect to TOI-5789 c, or
TOI-5789 b is sufficiently small to escape photometric detec-
tion. However, the former hypothesis is much more likely than
the latter, because a radius R, < 0.9Rg for a mass of M, >
2.12 Mg (as derived from the RVs; see Table 2) would imply
an unrealistic bulk density three times higher than that of the
Earth.

Finally, we searched for transit-time variations (TTVs) in the
four available transits of TOI-5789 c. Given the small number
of events, we do not detect any significant departure from the
predicted ephemeris within the current uncertainties.

4.4. Combined modeling of TESS photometry and HARPS-N
radial velocities

We performed a combined modeling of the four TOI-5789c
(PDC-SAP) TESS transits and HARPS-N RVs with two frame-
works: the same DE-MCMC employed for the RV modeling
(Sect. 4.2) (Bonomo et al. 2015, 2017), and the Dynamic Nested
Sampling through the use of dynesty (Speagle 2020), as imple-
mented in juliet* (Espinoza et al. 2019). In addition to the
RV parameters (Sect. 4.2), in the former framework we fit for
the transit duration from first to fourth contact 7T'4; the ratio of
the planetary-to-stellar radii R,,/R.; the inclination i between the
orbital plane and the plane of the sky; the two limb-darkening
coefficients ¢ = (ug + up)*> and g» = 0.5u,/(u, + up) (Kipping
2013), where u, and uy, are the coefficients of the limb-darkening
quadratic law in the TESS bandpass. In the second framework,
we instead fit Ry/R. and the impact parameter b through the
(ry, ry) parametrization described in Espinoza (2018). We over-
sampled the transit model by a factor of 30 in the first TESS
sector to match the same fast cadence (20 s) as the second
one. We imposed uniform priors on all the transit parameters
(Table B.1), except for a Gaussian prior on the stellar density
from our determination in Sect. 3, which affects all the transit
parameters except T, (cf. Singh et al. 2022).

The best values and uncertainties of the fit and derived
parameters were determined as the medians and 15.86-84.14%
quantiles of their posterior distributions. They are given in
Table 2 for the DE-MCMC analysis only, given that fully consis-
tent parameters and uncertainties were found with juliet. The
best model of the TOI-5789 ¢ transits is shown in Fig. 5; the best
fit of the RVs as a function of both time and orbital phase with
the four-planet model is displayed in Figs. 1 and 6, respectively.

In summary, we find that the transiting sub-Neptune TOI-
5789 ¢ has a radius of R. = 2.86*)1% R and mass of M, = 5.00 +
0.50 Mg (100 precision), which correspond to a relatively low
bulk density of p, = 1.16 +0.23 gcm™~>. The other non-transiting
planets b, d, and e have minimum masses of M} sini = 2.12 +
0.28 Mg (80), Mgsini = 4.29 + 0.68 Mg (607), and M, sini =
11.61 £ 0.97 Mg (120).

5. Discussion
5.1. Architecture of the TOI-5789 planet system

By comparing the TOI-5789 system with the other known sys-
tems hosting four inner low-mass (M, < 20Mg) planets in

4 https://juliet.readthedocs.io/en/latest/
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Fig. 6. HARPS-N radial-velocity signals of TOI-5789 b (top left panel), c (top right panel), d (bottom left panel), and e (bottom right panel) as a
function of their orbital phase (phases 0 and 1 correspond to inferior conjunction times). The error bars take the radial-velocity jitter into account.

Fig. 7, it can be immediately noted that TOI-5789 is the only
system with at least one transiting planet, where the innermost
planet (TOI-5789b) is not transiting. Since the inclination of
planet b must be i, < 83.8deg (corresponding to by > 1), its
mutual inclination with planet ¢ must be higher than 4 deg. In
contrast, the typical mutual inclinations of the Kepler systems
with two or more transiting planets have a median of <2deg
(e.g., Fabrycky et al. 2014; He et al. 2021). This suggests that
TOI-5789 system might be the remnant of a metastable tightly
packed inner system that underwent a phase of dynamical insta-
bility, leading to its consolidation into a stable configuration after
the ejection or collision of one or more planets (Volk & Gladman
2015; Pu & Wu 2015; Rice & Steffen 2023).

The high mutual inclinations do not seem to be caused
by an undetected outer gaseous giant planet (M, > 0.3 My),
whose presence can be excluded by the RV sensitivity map
in Fig. 8. The latter was computed with both HARPS-N and
HIRES data (for their longer timespan), following Bryan et al.
(2019) and Bonomo et al. (2023). The lack of a statistically sig-
nificant Hipparcos-Gaia DR3 astrometric acceleration (Brandt
2021; Kervella et al. 2022) also allows to rule out the presence
of >0.1-0.2 My,p, companions in the 3—10 au range around TOI-
5789. After all, cold giant planets in low-mass planet systems
are rare around host stars with sub-solar mass and metallicity,
such as TOI-5789 (Bryan & Lee 2025; Bonomo et al. 2025b).
From the same sensitivity map we can also exclude the presence
of planets with M, ~ 12Mg in the optimistic habitable zone
(Kopparapu et al. 2013).

5.2. A possible formation history of TOI-5789

We used our Monte Carlo version of the GroMiT (planetary
Growth and Migration Tracks) code (Polychroni et al. 2023) to
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Fig. 7. Architectures of known systems with four inner low-mass (M, <
20 Mg ) planets. Filled and empty circles indicate transiting and non-
transiting planets, respectively. The size of the circles is proportional to
the planet mass or minimum mass (for the non-transiting planets). The
circles representing the host stars on the left have sizes proportional to
the stellar mass, and are color coded as a function of stellar metallicity
(metallicity increases from blue to red).

simulate the possible tracks of the four TOI-5789 planets whilst
forming in the framework of the pebble accretion scenario (see,
e.g., Damasso et al. 2024; Naponiello et al. 2025). We used the
treatments of Johansen et al. (2019) and Tanaka et al. (2020) for
the growth and migration of pebble and gas accreting planets as
well as the scaling law for the pebble isolation mass from Bitsch
et al. (2018). The model uses a viscously evolving protoplanetary
disk (Johansen et al. 2019; Armitage 2020) with prescriptions for
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Fig. 8. Completeness map of TOI-5789, showing the sensitivity of the
HARPS-N and HIRES radial-velocity measurements to the presence of
planets as a function of their mass and orbital separation, through exper-
iments of injection and recovery of Doppler signals. The detectability
inside the cell is indicated by its color, according to the colorbar on the
right-hand side of the figure. The four red circles indicate the detected
planets TOI-5789b, c, d, and e, while the green shade represents the
optimistic habitable zone.

its solid-to-gas ratio profile (Turrini et al. 2023) and its thermal
profile due to the interplay between viscous heating and stellar
irradiation (Ida et al. 2018).

We ran a set of 10° individual planets varying the initial
time at which the planetary seed of 0.01 Mg was inserted in the
disk (10*=3 - 10° yr), the initial semimajor axis of the seed (0.1—
40 au), the disk viscosity (@ = 3 - 1073-3.10™), and the pebble
size (sub-mm to cm). We set (i) the mass of the protoplane-
tary disk to 5% of the stellar mass; (ii) the stellar luminosity
during the pre-main sequence to 1.014 L, based on the evolu-
tionary models from Baraffe et al. (2015) for stars with the mass
of TOI-5789 at 1.5 Myr; (iii) the disk characteristic radius, Ry, to
40 au, and the disk temperature at 1 au, Ty, to 160 K, following
Johansen et al. (2019); and (iv) the exponents of both the sur-
face density profile and the disk temperature Ty to 0.8 and 0.5,
respectively (Turrini et al. 2019).

We find that the outermost planet (planet ) formed both ear-
lier and at a larger orbital distance than the innermost one (planet
b). In particular, we find that planet e most likely formed beyond
the snowline, and planet b within it. The intermediate planets
¢ and d could have formed either inside or outside the water
snowline, and as such, spectral characterization is needed to dis-
entangle this degeneracy (see Sect. 5.4). The simulations tend
to favor disks with viscosity larger than 10~ and pebbles with
predominantly mm or cm sizes, in order to form all four planets.

5.3. Composition of TOI-5789 ¢

Figure 9 shows the mass-radius diagram of small exoplanets
with mass and radius determinations better than 40 and 100,
respectively, along with the theoretical mass-radius curves from
Zeng & Sasselov (2013). TOI-5789c is located above the iso-
composition curve of an Earth-like rocky interior with a 2%
H,-dominated atmosphere, consistent with its relatively low
mean density (Table 2).
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Fig. 9. Mass-radius diagram of small (R, < 4 Rg) planets with mass
and radius determinations better than 40~ and 100, respectively, color-
coded by planet equilibrium temperatures. The different solid curves,
from bottom to top, correspond to planet compositions of 100% iron,
33% iron core and 67% silicate mantle (Earth-like composition), 100%
silicates, 50% rocky interior and 50% water, 100% water, Earth-like
rocky interiors and 1 or 2% hydrogen-dominated atmospheres (Zeng &
Sasselov 2013). The gray dark circles indicate Venus (V), the Earth (E),
Uranus (U), and Neptune (N). TOI-5789 c is indicated with a square.

We analyzed the potential composition of TOI-5789 ¢ in
more detail using an inference model based on Dorn et al. (2017)
with updates described in Luo et al. (2024). The underlying
forward model consists of three layers: an iron core, a silicate
mantle, and a H,-He-H,O atmosphere. For the solid phase of the
iron core, we used the equation of state (EOS) of hexagonal close
packed iron (Hakim et al. 2018; Miozzi et al. 2020). For the liquid
iron phase, we used the EOS from Luo et al. (2024). The sili-
cate mantle is composed of three major species: MgO, SiO,, and
FeO. We modeled the solid phase of the mantle using the ther-
modynamical model PERPLE_X (Connolly 2009) for pressures
below ~ 125 GPa, while for higher pressures we defined the sta-
ble minerals a priori and used their respective EOS from various
sources (Hemley et al. 1992; Fischer et al. 2011; Faik et al. 2018;
Musella et al. 2019). The liquid mantle was modeled as a mixture
of Mg»Si0y4, SiO,, and FeO, as there is no data for the density of
liquid MgO in the required pressure-temperature regime (Melosh
2007; Faik et al. 2018; Ichikawa & Tsuchiya 2020; Stewart et al.
2020). In all cases, the EOS of the different components were
mixed using the additive volume law for ideal gases. Both the
iron core and the silicate mantle were modeled as adiabatic. For
this application, we fixed an Earth-like core-to-mantle ratio of
0.325:0.675.

The H,-He-H,O atmosphere layer was modeled using the
analytic description by Guillot (2010) and Jin et al. (2014), and
consists of an irradiated layer on top of a non-irradiated layer
in radiative-convective equilibrium. The water mass fraction is
given by Z, and the hydrogen-helium ratio is set to solar. The
two components of the atmosphere, Hy/He and H,O, were again
mixed following the additive volume law. We used the EOS by
Saumon et al. (1995) for Hy/He and the ANalytic Equations of
States (ANEOS, cf. Thompson 1990) for H,O.

For the inference, we used Polynomial Chaos Kriging sur-
rogate modeling to approximate the global behavior of the full
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Table 3. Inference results for the internal composition of TOI-5789 ¢
with 1o uncertainties.

Parameters TOI-5789 ¢
+0.28
log(Mym/Mg) =0.73%54
0.16
Mo /Me 0.19%5 11
0.48
Mcore+mantle /Mea 4~85t0_5
Zeny (envelope water mass fraction) 0.26f8'%g
500
2250
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Fig. 10. Transmission spectroscopy metric (TSM) of small planets with
R, < 4R (circles). TOI-5789 c is shown with a large square. The colors
of the symbols indicate planet equilibrium temperatures, according to
the color bar on the right.

physical forward model and replaced it in the MCMC frame-
work (De Wringer et al. 2026). The prior parameter distribution
is listed in Table C.1, and the results of the inference model
are summarized in Table 3 and Figure C.1. As expected from
the position of the planet in the mass-radius diagram (Fig. 9),
we find that TOI-5789c possesses a significant atmosphere,
even though the exact mass is relatively unconstrained with
Myt :0.194_’8}? Mg, which represents a mass fraction of ~4.6%.
The composition of this atmosphere is likely super-solar fitting a

mass fraction of H,O of Z = 0.26f8f$.

5.4. Prospects for atmospheric characterization of TOI-5789¢

The combination of favorable p, and T.q parameters with the
stellar brightness in the K; band (Table 1) makes TOI-5789 c
a prime candidate for atmospheric characterization. It currently
has the highest transmission spectroscopy metric (TSM=430f3§,
Kempton et al. 2018) among the small planets with R, < 4Rg
(see Fig. 10), the closest planet being GJ 1214b (e.g., Ohno et al.
2025).

Here we explore the prospect for future characterization
with the James Webb Space Telescope (JWST, Gardner et al.
2006) and the Ariel mission (Tinetti et al. 2018). We performed
atmospheric retrievals of simulated transmission spectra at 1x
and 100x atmospheric solar metallicity to show the difference
between the two scenarios, and to assess the confidence at which
we can constrain the atmospheric composition.

The model atmospheres consist of a 1D set of cloud-
free isothermal layers in hydrostatic equilibrium, with constant
volume-mixing ratio (VMR) profiles. We included molecular
opacities for H,O (Polyansky et al. 2018), CO (Li et al. 2015),
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CO, (Yurchenko et al. 2020), CH, (Yurchenko et al. 2024), and
SO, (Underwood et al. 2016); as well as Rayleigh (Kurucz 1970)
and collision-induced absorption (Borysow et al. 2001; Borysow
2002; Richard et al. 2012).

5.4.1. JWST simulations

For the JWST simulations, we employed the PYRAT BAY frame-
work to simulate the transmission spectra (Cubillos & Blecic
2021). We then used the Gen TSO tool (Cubillos 2024) to esti-
mate the noise of the spectra as observed by JWST. We identified
the NIRCam’s Grism Time Series mode as an optimal config-
uration to use, given the possibility to observe simultaneously
at short and long wavelengths, providing nearly continuous 1.0—
5.0 um coverage with two transit observations: a combination
of the F15S0W2+F322W2 and F150W2+F444W filters (Fig. D.1,
left panel).

We then performed atmospheric retrievals of the simulated
JWST spectra with Pyrat Bay employing the Multinest Nested
Sampling algorithm (Feroz et al. 2009). The retrieval free param-
eters consisted of the isothermal temperature, the reference
pressure level at R, and the volume mixing ratios (VMRs) of
the five molecules listed above. We find that the combination of
these three NIRCam filters is sensitive to the abundance of all
H,0, CO,, CO, CHy, and SO, species. For both metallicity sce-
narios, we are able to constrain the molecular abundances with a
precision of 0.1-0.3 dex (Fig. D.1, right panel).

5.4.2. Ariel simulations

TOI-5789 ¢ is also part of the current Ariel mission Candidate
Reference Sample (CRS), and so we assessed Ariel’s capabil-
ity to constrain the chemistry of its atmosphere. For the Ariel
simulations, we used the open-source code TauREx (Al-Refaie
et al. 2021, 2022) to generate forward spectra, and then per-
formed inverse spectral retrievals for the same 1x and 100x
solar-metallicity scenarios as above. First, we produced a high-
resolution (R = 15000) forward model. We then convolved this
spectrum with normally distributed noise simulations gener-
ated by the official Ariel noise simulator ArielRad (ArielRad v.
2.4.26, Mugnai et al. 2020, Ariel Payload v. 0.0.17, ExoRad v
2.1.111, Mugnai et al. 2023) to obtain simulated observed data
at the instrumental resolution. In this study, we estimated the
spectra at Ariel’s Tier-3 resolution (Tinetti et al. 2022). At this
tier, the raw spectral data are binned to R = 20, 100, and 30
in FGS-NIRSpec (1.1-1.95 um), AIRS-ChO (1.95-3.9 um), and
AIRS-Chl (3.9-7.8 um), respectively. By using ArielRad we
find that five transit observations are required to achieve the Tier-
3 S/N for TOI-5789 c. We performed atmospheric retrievals with
TauREXx in retrieval mode, using MultiNest (Feroz et al. 2009),
and broad uninformative priors to recover the atmospheric com-
position. The retrievals indicate that in the 1Xx solar scenario,
the abundances of all molecules can be effectively constrained,
with precision and accuracy comparable to JWST (Fig. D.2). In
the 100x solar scenario, however, the results of our retrievals are
less accurate, and constraining the CO mixing ratio is more chal-
lenging (Fig. D.2). This is likely due to the Ariel lower resolution
beyond ~4 um, which makes it more difficult to separate the con-
tributions of different molecules. In particular, we note that the
underestimation of the CO abundance is related to a slight over-
estimation of the abundances of H,O and CO,, whose spectral
features partially overlap with the CO absorption near 4.5 um
(see Fig. D.2).
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JWST NIRCam and Ariel observations of TOI-5789 ¢ would
be highly complementary. On the one hand, JWST spectra will
have a considerably higher S/N than Ariel because of the JWST
larger aperture. On the other hand, Ariel will gather spectropho-
tometry in a wider spectral range, from ~0.6 to ~8 pm, in a single
observation. The range from ~5 to 8 pm is sensitive to additional
bands of H,O, CHy4, and especially SO,, despite the Ariel lower
resolution mentioned above. Furthermore, the three Ariel bands
below ~1 um may help to better characterize the possible pres-
ence of hazes and/or clouds. Combined retrievals of both JWST
NIRCam and Ariel transmission spectra will certainly improve
the accuracy and precision of molecular abundances, and hence
of the planet atmospheric metallicity (a detailed investigation
of combined retrievals goes, however, beyond the scope of this
work).

6. Summary and conclusions

In this work, we confirm the planetary nature of the TESS
sub-Neptune (R, ~ 2.9 Rg) candidate TOI-5789.01, now desig-
nated as TOI-5789 ¢, which transits the bright and old K1V star
HIP 99452 every 12.93d. With 141 HARPS-N RVs we deter-
mine its mass and bulk density to be M, = 5.00 = 0.50 Mg
and p, = 1.16 £0.23 gcm ™, respectively. From the fundamental
parameters of the planet we infer that TOI-5789 ¢ must possess
a significant atmosphere, although the exact atmospheric mass
fraction is not well constrained.

Thanks to the stellar brightness in the near-IR and relatively
low planet density, we show that TOI-5789 ¢ is a favorable tar-
get for atmospheric characterization with both JWST and, in the
future, Ariel transmission spectroscopy, assuming a cloud-free
atmosphere. Atmospheric characterization of sub-Neptunes is
crucial to break degeneracies in their bulk compositions, allow-
ing us to distinguish between gas-rich dwarfs and water-rich
worlds.

Last but not least, thanks to numerous and diverse analyses
of the HARPS-N RVs, we show that the TOI-5789 system con-
tains three more non-transiting planets. We note that the mutual
orbital inclination between the innermost planet TOI-5789 b and
TOI-5789 ¢ is higher than the typical mutual inclinations in
Kepler compact multiplanet systems. The relatively high mutual
inclinations in the TOI-5789 system should be unrelated to any
outer gas giants.

The detection of low-mass planets around bright stars is one
of the main goals of the PLATO space mission (Rauer et al.
2014, 2025). The expected growing number of sub-Neptunes
around bright hosts, which are thus suited to both high-precision
RV follow-up and detailed atmospheric characterization, will
enable us to gain an ever-better understanding of the nature and
formation of the sub-Neptune planets.

Data availability

Table A.1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/707/A197.
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Fig. A.1. PDC-SAP TESS light curve from Sector 54. The transits of TOI-5789 ¢ are marked with red arrows.
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Fig. A.2. PDC-SAP TESS light curve from Sector 81. The transits of TOI-5789 ¢ are marked with red arrows.
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Fig. A.3. Detection sensitivity from the SOAR (left) and SAI (right) high-angular resolution images.

A197, page 14 of 21



Bonomo, A. S., et al.: A&A, 707, A197 (2026)

15 ' ' ' ' ' 10 f ]
@ 5:_ . o ;. -

10f E ‘-,;%- ?’ :
= 3 S SLIE® fle b

: } i > oF # 2 ‘,!2 'S 3 LI L

'
(&3]
T

Radial velocity (m/s)

o (&3]
rrrrrrTyTrTTEeE s T T T T T T T T T
== =

iy D

AN
(6)]

2000 4000 6000 8000 10000

KN
o
T
e |
——
BIS (m/s)
SR N ON RO
| R
o
-
o e
il
heg
[ AR
R
ey
Lo liaalaal

Time (BJD,,-2450000) 15F E

@ 10F 3
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Fig. A.5. Radial velocity (RV) and activity indicators, namely the CCF
bisector span (BIS) and equivalent width (EW), and the Call H&K S -
index, as measured from the HARPS-N spectra. The equivalent width is
given by the product of the full width of half maximum and the contrast
of the CCF.

Table A.1. HARPS-N measurements of radial velocity and activity indicators.

Time RV ORV FWHM OFWHM BIS OBIS C oc Smw TSpvw log Rijx Tlog Ry
[BIDrpgs] [ms™!] [ms!']  [ms™']  [ms!'] [ms™']  [ms7!] [%] [%] dex dex
2460073.656473 -49319.612 1.457 6310.45 2.91 -67.12 2.91 63.641 0.029 0.152 0.005 -5.261 0.032

2460073.660514  -49312.354 1.814 6303.35 3.63 -70.60 3.63 63.684  0.037  0.143 0.007 -5.329 0.053

Notes. From left to right the columns report the epoch of the observation, the radial velocity (RV) and its uncertainty, the activity indicators full
width at half maximum (FWHM), bisector span (BIS), and contrast (C) of the cross-correlation function, and the Call H&K Mount Wilson S -index
(Smw) and log Ry, indicators, along with their uncertainties. Data are available at both the CDS and DACE databases. A portion is shown here for
guidance regarding its form and content.
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Appendix B: Data analysis and results
B.1. Generalized Lomb Scargle periodograms of the HARPS-N radial velocities

FAP=0.001%

Relative power

Relative power

Relative power

FAP=0.001%

Relative power

Relative power

Frequency (c/d)

Spectral Window

Relative power
III|III|III|III|III
III|III|III|III|III

-0.04 -0.02 0.00 0.02
Frequency (c/d)

o
o
K

Fig. B.1. Generalized Lomb-Scargle periodograms of the 141 HARPS-N radial velocities and residuals as a function of frequency in cycles/day
(or day™"). From top to bottom are displayed the periodograms of radial velocities; residuals after subtracting the signal of TOI-5789 e; residuals
after subtracting the signals of both TOI-5789 ¢ and e; residuals after subtracting the signals of TOI-5789 b, c, and e; residuals after subtracting the
signals of TOI-5789 b, ¢, d, and e; the spectral window showing the most prominent lobes of the yearly alias. The dotted vertical lines indicate the
orbital periods of planets e (green), c (red), b (blue), and d (pink). The horizontal dash-dotted lines show the false alarm probability level of 107>,
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Fig. B.2. Stacked Bayesian Generalized Lomb Scargle periodogram of
the HARPS-N radial-velocity residuals after subtracting the signals of
planets b, c, and e through a recursive pre-whitening (see Fig. B.1).

B.2. Apodized sine periodograms

To compute the apodized sine periodogram (ASP), we consid-
ered a grid of timescales 7 = 10 Tobs, Tobs/3, Tobs/9 and Tops /27,
where T is the total observation timespan of the data. We com-
pared the y? of a linear base model H, and the y? of a model

K(w, ty, 7) defined as the linear model of H plus an apodized
(-19)*

sinusoid e~ 27 (A cos wt + Bsin wt). The ASP is defined as the
y? difference between the two models

AW, 10,T) = X5 = Xkwaro) (B.1)
At each frequency, we fit a linear model containing an offset, the
FWHM, bisector span, and S -index. We considered the HARPS-
N data only, and assumed an uncorrelated noise model, with a
jitter of 1 m/s.

In Fig. B.3.a, left panel, we represent z(w, ty, 7) as defined in
Eq. (B.1), maximized over f, for the values of 7 in the grid. In
other words, we always selected the center of the time window
which best fits the data. We searched iteratively for signals. Once
the maximum peak of the ASP was found, we then included the
corresponding model in the base linear model H, and repeated
the process. The four first iterations are shown in Fig. B.3, a, b,
¢, and d. The left panels display the periodograms, the middle
panels a zoom in on the highest peak, and the right hand panel
represents a statistical significance test, as explained below.

In Fig. B.3.a, the dominating peak has a period of 63.3 d. We
want to test whether the signal is statistically compatible with a
constant one (i.e., with 7 = 10 - Tps). Denoting by #(-, the value
of 7o maximizing the value of the periodogram (B.1) for a given
w and 7, we compute the distribution of
D, = 2w, ), T) — 2(W, i ), T') (B.2)
with the hypothesis that the model K(w, f(r,, 7, A*, B*) is cor-
rect, where the fit cosine and sine amplitudes A*, B* are obtained
by fitting model K to the data. D, can easily be expressed as a
generalized y? distribution, with mean and variance given by an
analytical expression (Hara et al. 2022).

In Fig. B.3.a, ¢ and d we can see that for all three signals at
63, 12.9, and 30d, the preferred timescale is the longest one. As

for the 2.76 signal, it is still compatible with a purely periodic
one. As a remark, if we use a correlated noise model instead of
simply an additional jitter, the preferred timescale for the 30d
signal becomes shorter. Nonetheless, we do not consider this a
sufficient reason to put in serious doubt the planetary origin of
the signal, given that significant correlated noise due to stellar
activity is not expected for such an old and inactive star.
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Fig. B.3. Four first iterations of the apodized sine periodogram (ASP) method. Models correspond to the maximum of the ASPs. The left panels
display the periodograms, the middle panels a zoom in on the highest peak, and the right hand panel represents a statistical significance test (see

text for details).
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B.3. Bayesian priors

Bonomo, A. S., et al.: A&A, 707, A197 (2026)

Table B.1. Priors imposed in the DE-MCMC radial-velocity and/or transit+radial-velocity combined analyses.

Priors on radial-velocity parameters

3-planet+GP model

4-planet model

y[ms™T] U] = oo, +oo[ y[ms™T] U] = co, +o0[
orvji [ms™'] U[0, +oo[ orvjit [ms™!] U[0, +oo[
h[ms™] UJ0, +oo
Ay [days] U[0,1000]
A U[0.1,10]
P [days] U[27,33]
TOI-5789b TOI-5789 b
T.[BJDpg — 2450000] U[10357.1,10359.1] T.[BJDmpg — 2450000] U[10357.1,10359.1]
P [days] U[2.74,2.78] P [days] U[2.74,2.78]
e 0 (fixed) e 0 (fixed)
K [ms™] U[0, +0o[ K [ms™] U[0, +oo[
TOI-5789 ¢ TOI-5789 ¢
T.[BIDpg — 2450 000] N(10151.15868,4.9-04) T.[BIDpg — 2450 000] N(10151.15868,4.9-04)
P [days] N(12.927748, 1.6E-05) P [days] N(12.927748, 1.6E-05)
e N(0.0,0.098) ANDO<e<1 | e N(0.0,0.098) ANDO <e < 1
K [ms™!] U[0, +oo[ K[ms™] U[0, +oo[
TOI-5789d
T.[BJIDpg — 2450000] U[10342,10352]
P [days] U[27,33]
e N(0.0,0.098) ANDO<e<1
K[ms™] U[0, +oo[
TOI-5789 ¢ TOI-5789 ¢
T.[BJDtpg — 2450000] U[10350,10370] T.[BJIDtpg — 2450000] U[10350,10370]
P [days] U[60, 66] P [days] U[60, 66]
e N(@0.0,0.098) ANDO<e<1 | e N(0.0,0.098) ANDO<e< 1
K [ms™] U[0, +oo[ K [ms™] U[0, +oo[
Priors on TOI-5789 ¢ transit parameters
Ophotss4 [rel. flux] U[0, +oo[
O phot,s82 [rel. ﬂUX] U[O, +OO[
oy [gem™] N(2.00,0.17)
T.[BIJDpg — 2450000] U] — oo, +o0[
P [days] UIO, +oo
Ry /R, U[0, +oo[
T14 [d] U[O, +OO[
i [deg] U[0,90]
q1 Ul0,1]
e Ul0,1]

Notes. Same parameters as in Table 2. We note that A and U stand for normal (Gaussian) and uniform priors, respectively.

A197, page 19 of 21



Bonomo, A. S., et al.: A&A, 707, A197 (2026)

Appendix C: Composition of TOI-5789 ¢

C.1. Priors and posteriors

Table C.1. Prior parameter distribution for the calculation of the inter-
nal compositions of TOI-5789 ¢, where M., is the atmosphere mass,
Zeny the envelope water mass fraction, Mcore+mante the mass of the deep
interior including core and mantle, for which we assume an Earth-like
core-to-mantle ratio of 0.325:0.675. The prior on My, is equivalent to
mass fractions between 0.5 - 15%.

Parameter Prior range Distribution
Maym /Mo 0.025-0.75  log-uniform
Meore+mantte NM,, LT,ZV,p ) gaussian
Zeny (envelope water mass fraction) 0.02-1.0 uniform

10910 (Maim/Me) = —0.73+%28

MCore + Mantle/M ®

C.2. Accuracy of the surrogate model

For this inference, the surrogate model provides high quality fits with
R-squared values (coefficient of determination) of 0.9999 and 0.9999
for the planetary mass and radius, respectively. Also, the surrogate
root mean square errors are well below observational uncertainties with
0.0004 and 0.0028 for planetary mass and radius, respectively. Those
errors of the model uncertainty are accounted for in the likelihood
function.

= Posterior (KDE)
=== Prior
—— Posterior Mean

! _ 0.48
Mcore+ Mantle/Me = 4.85%4°5

= 0.26
Zeny =0.261755

zenv

10910 (Maim/Me)

MCore + Mantle/NI ®

Fig. C.1. 1D and 2D marginalized posterior distributions for the internal composition analyses of TOI-5789 c.
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Appendix D: Prospects for atmospheric characterization ot TOI-5789 ¢
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Fig. D.1. Left: Simulated JWST transmission spectra of TOI-5789 ¢ (top panels) for atmosphere scenarios at 1x (blue) and 100x (orange) solar
metallicities. The diamond markers with error bars denote the simulated NIRCam observations, which probe the 1.0-5.0 um range (F150W2,
F322W2, and F444W). The lower part of the panel shows the scaled contributions of different molecules. Right: Retrieved posterior distributions
for the VMRs of the molecules expected to shape the transmission spectrum (same color coding as before). The shaded areas denote the 1o
uncertainty. The values report the median and 1o span of the posteriors. The black dashed lines denote the VMRS of the underlying true models.
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Fig. D.2. Left: Simulated spectra of TOI-5789 at Ariel’s Tier-3 resolution, assuming 1x (blue) and 100x (orange) solar metallicities. The lower part
of the panel shows the scaled contributions of different molecules. Right: Retrieved chemical abundances. The dashed vertical lines indicate the
true values for each species, while the colored regions of the histograms represent the 15.86%-84.14% quantiles of the posterior distributions.
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