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ABSTRACT

Context. Giant planets are known to dominate the long-term stability of planetary systems due to their prevailing gravitational inter-
actions, but they are also thought to play an important role in planet formation. Observational constraints improve our understanding
of planetary formation processes such as the delivery of volatile-rich planetesimals from beyond the ice line into the inner planetary
system. Additional constraints may come from studies of the atmosphere, but almost all such studies of the atmosphere investigate the
detection of certain species, and abundances are not routinely quantitatively measured.
Aims. Accurate measurements of planetary bulk parameters – that is, mass and density – provide constraints on the inner structure and
chemical composition of transiting planets. This information provides insight into properties such as the amounts of volatile species,
which in turn can be related to formation and evolution processes.
Methods. The Transiting Exoplanet Survey Satellite (TESS) reported a planetary candidate around HD 190622 (TOI-1054), which was
subsequently validated and found to merit further characterization with photometric and spectroscopic facilities. The KESPRINT col-
laboration used data from the High Accuracy Radial Velocity Planet Searcher (HARPS) to independently confirm the planetary
candidate, securing its mass, and revealing the presence of an outer giant planet in the system. The CHEOPS consortium invested
telescope time in the transiting target in order to reduce the uncertainty on the radius, improving the characterization of the planet.
Results. We present the discovery and characterization of the planetary system around HD 190622 (TOI-1054). This system hosts one
transiting planet, which is smaller than Neptune (3.087+0.058

−0.053 REarth, 7.7 ± 1.0 MEarth) but has a similar bulk density (1.43 ± 0.21 g cm−3)
and an orbital period of 16 days; and a giant planet, not known to be transiting, with a minimum mass of 227.0 ± 6.7 MEarth in an orbit
with a period of 315 days.
Conclusions. Our measurements constrain the structure and composition of the transiting planet. HD 190622b has singular properties
among the known population of transiting planets, which we discuss in detail. Among the sub-Neptune-sized planets known today, this
planet stands out because of its large gas content.

Key words. planetary systems – planets and satellites: detection

⋆ Radial velocity and photometry data of HD 190622 are only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/675/A183
⋆⋆ This study uses CHEOPS data observed as part of the Guaranteed Time Observation (GTO) programme CH_PR100024.
⋆⋆⋆ Based on observations made with the ESO-3.6 m telescope at La Silla Observatory under program IDs 1102.C-0923 and 106.21TJ.001.
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1. Introduction

The precise characterization of the bulk density of planets pro-
vides meaningful evidence for theories of planet formation. In
this paper, we characterize, for the first time, the planetary sys-
tem around the F star HD 190622, which consists of an inner
transiting sub-Neptune planet with an orbital period of 15.5 days
and an outer giant planet with a semi-major axis of 0.92 au. The
architecture of this system – with an inner low-mass planet and
an outer giant – has motivated theoretical studies, as it has been
found that a large majority of stars with giant planets in about 1
au orbits also host inner lower-mass planets (see Zhu & Wu 2018;
Bryan et al. 2019; Herman et al. 2019; Schlecker et al. 2021; Zhu
& Dong 2021; Rosenthal et al. 2022; Zhu 2022, and references
therein).

The typical mechanisms that occur in planet formation
processes (migration, accretion of planetesimals, outgassing,
atmospheric erosion etc.) are sensitive to the density of the
planet-forming material present in the disk. Information linked to
these mechanisms is partially preserved in the final composition
and architecture of the resulting planetary systems. However,
low-mass planets for which measurements of mass and radius
are available are so diverse in composition that their inner struc-
ture is highly degenerate;, and it is therefore not straightforward
to infer the abundances of their main constituents. Some semi-
nal studies can be cited here (Valencia et al. 2007; Wagner et al.
2012; Dorn et al. 2015) and we refer interested readers to recent
review papers, such as Grenfell et al. (2020) or Wordsworth &
Kreidberg (2022). To first order, our understanding of compo-
sitional degeneracies can be aided by the precise measurement
of the mass and radius of transiting planets. Nevertheless, the
theoretical studies mentioned above base their conclusions on
radial velocity surveys or on data from the Kepler mission
(Borucki et al. 2010), which means that in most cases either
the radius or the mass of the planet are not well characterized
and our understanding of the inner composition of the planet is
limited.

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) has found transiting planets around stars brighter
than its predecessors, CoRoT (Baglin et al. 2006) and Kepler.
These are planetary systems that are amenable to spectro-
scopic characterization with ground-based surveys. However,
the TESS observing strategy results in most of the sky being
observed with 27 day sectors (which can be reobserved a few
years later) and consequently the detectability and precise char-
acterization of long-period planets is partially limited (see e.g.,
Kunimoto et al. 2022). The TESS primary mission goals are
focussed on low-mass stars. The short baseline of TESS com-
bined with larger stellar radii make the detection of small planets
around hot stars less likely (but see Zhou et al. 2019).

Recently, accurate bulk density measurements of a few of
these systems – which host inner low-mass planets and outer
massive planets – were obtained. However, these planets orbit
K stars, such as Kepler-167 (Chachan et al. 2022), or G stars,
such as π Men (Gandolfi et al. 2018; Huang et al. 2018),
HD 137496 (Azevedo Silva et al. 2022), HD 191939 (Lubin et al.
2022), and HD 86226 (Teske et al. 2020).

There are other examples that have not yet been fully char-
acterized, either because the inner planet is not transiting – e.g.,
BD-11 4672 (Barbato et al. 2020) and HD 164922 (Benatti et al.
2020) –, or because the star is too faint for acquisition of pre-
cise radial velocities – e.g., TOI-1670 (Tran et al. 2022) and
Kepler-1514 (Dalba et al. 2021), the latter being the only other
F star among these systems.

For these reasons, HD 190622 (also known as TOI-1054)
is a very interesting target for detailed characterization. The
inner planet was statistically validated by Giacalone et al.
(2021). However, the solution provided by these authors for the
planetary radius is 20% larger than the value that we present in
this paper. This is probably due to the fact that our spectroscopic
observations allow us to characterize the stellar properties with
better accuracy and precision (see also Reiners & Zechmeister
2020, whose stellar characterization is consistent with our
results). Prior to the discovery of the planetary companion,
the system attracted the attention of Cruzalèbes et al. (2019),
who included the star in their catalog of mid-infrared stellar
diameters and fluxes (MDF), and of Heller et al. (2017), who
considered optimized trajectories for interstellar travel. Kervella
et al. (2019) found an anomaly in the proper motion of the star
and presented a solution for a possible planetary companion.
However, as we discuss below, our discovered planet c currently
escapes the detection threshold of Gaia, and so the proper
motion anomaly found by these authors probably has a different
origin that remains to be determined.

The KESPRINT collaboration1 selected TOI-1054b as one of
its primary targets for mass characterization with ground-based
facilities. In parallel, the CHEOPS Science Team also selected
this same planet as a target for detailed radius characterization in
a Guaranteed Time Observing program designed to study low-
mass planets with potentially extended atmospheres. Here we
present the analysis of the TESS discovery of the inner plane-
tary candidate, a detailed characterization of the planetary radius
with CHEOPS, confirmation of the planetary nature of the can-
didate, and the discovery of the outer planet with observations
gathered by the KESPRINT consortium.

2. Observations

2.1. TESS discovery light curves

HD 190622 (TIC 366989877) was observed by TESS in Sectors
13 (June 2019) and 27 (July 2020) with a two-minute cadence.
The data were processed by the TESS Science Processing
Operations Center (SPOC, Jenkins et al. 2016), which included
aperture photometry, flagging of low-quality data, removal of
trends related to systematic sources (pre-search data condi-
tioning), and finally a search for transiting planets (Jenkins
2002; Jenkins et al. 2020; Twicken et al. 2018; Li et al. 2019).
The Sector 13 processing resulted in the identification of a
planet candidate that satisfied all of the validation criteria and
was subsequently ranked as TESS object of interest (TOI)
1054.01(Guerrero et al. 2021). The vetting procedure included
the acquisition of speckle data on the Southern Astrophysical
Research telescope (SOAR; Tokovinin 2018) and photometric
observations from Las Cumbres Observatory Global Telescope
(LCOGT; Brown et al. 2013), which confirmed that the candidate
was on target with the expected ephemeris. The TESS pre-
search data conditioning simple aperture photometry (PDCSAP
Stumpe et al. 2014, 2012; Smith et al. 2012) light curve of this
target does not show any strong signs of residuals of systematic
features or stellar activity.

The TESS pixel scale is ∼21′′ pixel−1, and photometric
apertures typically extend out to roughly 1 arcminute, which gen-
erally results in multiple stars blending in the TESS aperture.
We acquired ground-based time-series follow-up photometry of
TOI-1054 as part of the TESS follow-up observing program

1 https://kesprint.science/
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Fig. 1. LCOGT observations of the TOI-1054 candidate confirming the
TESS ephemeris.

sub-group 1 (TFOP SG1; Collins 2019)2 to attempt to rule out
or identify nearby eclipsing binaries (NEBs) as potential sources
of the detection in the TESS data and detect the transit-like event
on target.

We observed full predicted transit windows of TOI-1054.01
in Pan-STARRS z-short band using the LCOGT 1.0 m network
node at Siding Spring Observatory on UTC 2019 August 31
and UTC 2020 July 06. We used the TESS Transit Finder,
which is a customized version of the Tapir software package
(Jensen 2013), to schedule our transit observations. The 1 m tele-
scopes are equipped with 4096 × 4096 SINISTRO cameras with
an image scale of 0.′′389 per pixel, resulting in a 26′ × 26′ field
of view. The images were calibrated by the standard LCOGT
BANZAI pipeline (McCully et al. 2018). Differential photometric
data were extracted using AstroImageJ (Collins et al. 2017).

The first observation intentionally saturated TOI-1054 to
check for deep NEB events in the fainter Gaia DR3 stars within
2.′5 that are sufficiently bright in the TESS band to cause the
TOI-1054.01 event. We find that the root-mean-square of each
of the 19 possible contaminating stars is at least a factor of 5
smaller than the expected NEB depth in the respective star. We
then visually inspected the light curve of each neighboring star
in order to rule out any obvious eclipse-like signal. All of our
follow-up light curves and supporting results are available on the
EXOFOP-TESS website3.

The second observation was intentionally defocused to
improve photometric precision in an attempt to detect the shallow
transit-like event in TOI-1054. We used a circular photomet-
ric aperture with radius 11.′′7, which excluded all flux from
the potentially contaminating Gaia DR3 stars. We measured an
event with a depth of 620 ± 110 ppm and a transit center time
of 2 459 037.16 ± 0.01 BJD, which are consistent to within ∼1σ
with the depth and ephemeris derived from the joint model of
this work. The ground-based light-curve data and best-fit model
are shown in Fig. 1.

2.2. CHEOPS characterization

The ESA mission CHEOPS is a 30 cm space telescope in
low Earth orbit launched in 2019 whose main goal is to
improve radius measurements of planets in known systems (Benz
et al. 2021). We observed TOI-1054b with the Guaranteed Time
Observing Program number 24 Gas content of low-mass planets
in order to precisely characterize the radius of the planet. We

2 https://tess.mit.edu/followup
3 https://exofop.ipac.caltech.edu/tess/target.php?id=
366989877

Table 1. Reference data for the CHEOPS observations of TOI-1054.

Start time [UT] File key Pipeline

2021-06-12 11:00 CH_PR100024_TG012201 13.1.0
2021-06-28 01:09 CH_PR100024_TG012202 13.1.0
2021-07-29 00:41 CH_PR100024_TG012203 13.1.0

acquired three transit observations with CHEOPS (see reference
data in Table 1).

The data were processed with the CHEOPS Data Reduction
Pipeline (DRP, Hoyer et al. 2020, version 13.1.0), which automat-
ically performs standard calibration (bias and dark correction,
linearization and color-dependent flat fielding of stars, etc.) and
correction (cosmic rays, background, and smear corrections) of
the CHEOPS data. Finally, the DRP automatically extracts and
delivers the photometry on four standard apertures. In this work,
we used the DEFAULT aperture (with a radius of 25 pixels),
which provides the best performance, increasing the signal-
to-noise ratio (S/N), and allowing an unbiased measurement
of the transit fit. Our analysis of the results of the first visit
(file key CH_PR100024_TG012201) revealed an issue with the
cosmic-ray correction module of the pipeline. We reprocessed
the data with a custom configuration of the cosmic-ray mod-
ule, which improved the S/N in this visit. In the present article,
we provide the customized reduction. Upcoming releases of the
CHEOPS DRP (beyond version 13.1.0) will correct this problem.
For consistency, we compared the DRP results with the inde-
pendent PSF imagette photometric extraction package4 (PIPE
Brandeker et al. 2022) and we found no significant difference.

2.3. HARPS radial velocity follow-up

We acquired 117 useful high-resolution (R ≈ 115 000) spectra
of HD 190622 using the High Accuracy Radial Velocity Planet
Searcher (HARPS; Mayor et al. 2003) spectrograph mounted
at the ESO-3.6 m telescope at La Silla Observatory. The obser-
vations span more than 3 yr between 18 September 2019 and
24 November 2022 (UT); they were performed as part of
the high-precision Doppler follow-up program of TESS small
planets carried out by the KESPRINT consortium using the
HARPS spectrograph (IDs: 1102.C-0923 and 106.21TJ.001; PI:
Gandolfi). We set the exposure time to 1200-2100 s depending on
the sky conditions and schedule constraints, leading to a median
(S/N) of about 120 per pixel at 550 nm. The spectra were reduced
and extracted using the dedicated HARPS data reduction soft-
ware (DRS; Pepe et al. 2002; Lovis & Pepe 2007) immediately
after acquisition. The DRS provides the user with absolute radial
velocity (RV) measurements by cross-correlating the observed
Échelle spectra against a G2 numerical mask (Baranne et al.
1996). It also computes the full width at half maximum (FWHM)
and the bisector inverse slope (BIS) of the cross-correlation
function (CCF), along with the CaII H & K line activity indica-
tor5 log R′HK. The log R

′

HK value of −4.952 ± 0.011 (see Table 2)
is roughly in the middle of the old star population in the solar
neighborhood. Applying the relation between this activity indi-
cator and age (Mamajek & Hillenbrand 2008), we obtain an age
of 5.1 Gyr with uncertainty of 1 Gyr, which is consistent with
the stellar evolutionary models discussed in the analysis below
(see Sect. 3).

4 https://github.com/alphapsa/PIPE
5 Extracted assuming a color index B − V = 0.556.
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Table 2. Stellar properties of HD 190622 (TOI-1054).

TOI-1054

2MASS J20082740-5419028
Gaia DR3 6473033932942902528
TIC 366989877
UCAC4 179-216771

Parameter Value Note

α [J2016] 302.11417421768 1
δ [J2016] –54.31750363588 1
µα [mas yr−1] 1.640 ± 0.016 1
µδ [mas yr−1] –16.055 ± 0.015 1
ϖ [mas] 11.2301 ± 0.0156 1
d [pc] 88.74 ± 0.12 1
RV [km s−1] –10.93 ± 0.14 1
U [km s−1] 6.08 ± 0.11 5(a)

V [km s−1] 4.11 ± 0.03 5(a)

W [km s−1] 12.85 ± 0.08 5(a)

V [mag] 8.93 ± 0.01 2
GBP [mag] 9.098 ± 0.003 1
G [mag] 8.826 ± 0.003 1
GRP [mag] 8.384 ± 0.004 1
J [mag] 7.905 ± 0.018 3
H [mag] 7.636 ± 0.034 3
K [mag] 7.576 ± 0.017 3
W1 [mag] 7.54 ± 0.03 4
W2 [mag] 7.59 ± 0.02 4

Teff [K] 6088 ± 62 5; spectroscopy
log g [cm s−2] 4.32 ± 0.02 5; spectroscopy
[Fe/H] [dex] −0.185 ± 0.042 5; spectroscopy
[Mg/H] [dex] −0.14 ± 0.05 5; spectroscopy
[Si/H] [dex] −0.17 ± 0.03 5; spectroscopy
v sin i⋆ [km s−1] 5.2 ± 0.9 5; spectroscopy
log R

′

HK −4.952 ± 0.011 5; spectroscopy
E(B − V) 0.019 ± 0.012 5; IRFM
R⋆ [R⊙] 1.205 ± 0.008 5; IRFM
M⋆ [M⊙] 1.044+0.038

−0.044 5; isochrones
t⋆ [Gyr] 5.3+1.5

−1.2 5; isochrones
L⋆ [L⊙] 1.8 ± 0.1 5; from R⋆ and Teff
ρ⋆ [ρ⊙] 0.60 ± 0.04 5; from R⋆ and M⋆
ρ⋆ [g cm−3] 0.84 ± 0.04 5; from R⋆ and M⋆

Notes. [1] Gaia Collaboration (2021), [2] Høg et al. (2000),
[3] Skrutskie et al. (2006), [4] Wright et al. (2010), [5] This work. For
the Sun parameters, we followed Mamajek et al. (2015). (a) Calculated
via the right-handed, heliocentric Galactic spatial velocity formulation
of Johnson & Soderblom (1987) using the proper motions, parallax, and
RV from [1].

As a sanity check, we also extracted relative RV measure-
ments using the Template Enhanced Radial velocity Re-analysis
Application (TERRA; Anglada-Escudé & Butler 2012). The
DRS and TERRA RVs are listed in Table 3 along with the
FWHM and BIS of the CCF, and log R′HK. While the model
parameters retrieved from the DRS and TERRA Doppler mea-
surements are consistent well within their nominal 1σ uncer-
tainty, we find that the TERRA data set provides a lower root-
mean-square deviation. We therefore used it for the subsequent
analyses presented in this work.

The generalized Lomb-Scargle (GLS) periodogram of the
HARPS TERRA RVs (Fig. 2) shows a significant peak

Fig. 2. Generalized Lomb-Scargle periodogram of: the HARPS TERRA
RV measurements (first panel); the RV residuals following the subtrac-
tion of the Doppler signal of HD 190622c (second panel); the RV residu-
als following the subtraction of the Doppler signals of HD 190622b and
c (third panel); the FWHM and BIS of the CCF (fourth and fifth pan-
els); and the CaII H & K line activity indicator log R′HK. The vertical
lines mark the orbital frequencies of HD 190622b and c, while the hori-
zontal lines show the FAP at 0.1%.

at fc = 0.00316 d−1 (Pc = 316.8 d) with a semi-amplitude of
∼21 m s−1. We estimated its false-alarm probability (FAP) fol-
lowing the bootstrap method described in Kuerster et al. (1997).
Briefly, we computed the GLS periodogram of 106 mock time
series obtained by randomly shuffling the Doppler measure-
ments and their uncertainties, while keeping the time-stamps
fixed. The FAP was defined as the fraction of randomised time-
series whose highest GLS power exceeds that of the original data
set at any frequency. We considered a peak to be significant if its
FAP is lower than 0.001. For the peak at fc, we find no false
positives out of the 106 trials, implying a FAP< 10−6. We note
that this peak is undetected in the FWHM, BIS, and log R′HK
(Fig. 2), which provides compelling evidence that this signal
is due the presence of a long-period companion with a mini-
mum mass consistent with a giant planet. Hereafter, we refer to
this object as HD 190622c (TOI-1054c). Given the solution pro-
vided by the RV analysis, we can estimate the time of inferior
conjunction. None of the existing ground- or space-based obser-
vations used in this paper took place within reasonable periods
of time around the possible transit of the planet. As of today,
TOI-1054c is not known to transit. If the planet was transiting in
a nongrazing orbit, it should be possible to detect it from space
with the photometric precision that TESS or CHEOPS missions
provide.
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The GLS periodogram of the RV residuals following the
subtraction of the signal at fc (Fig. 2) shows a significant
peak (FAP≈ 10−5) at the transit frequency fb = 0.06448 d−1

(P = 15.5076 d). This peak has no counterpart in the peri-
odograms of the FWHM, BIS, and log R′HK, spectroscopically,
confirming the planetary nature of the transit signal detected in
TESS data. We further searched the RV residuals for additional
signals but find no other peaks with FAP< 0.001 (Fig. 2).

Kervella et al. (2019) found an anomaly in the proper motion
of the star and presented a solution for a possible planetary com-
panion. However, the mass that these authors determined for the
companion has an uncertainty of 100% (1.73+1.82

−1.76 MJ), and so
it is not a significant astrometric detection. With the parameters
that we find for planet c in the present study, the reflex motion of
the host star has an amplitude of less than 10 µas, which is well
below the detection threshold of Gaia at this magnitude.

3. Characterization of the star

The stellar parameters of HD 190622 are presented in Table 2.
The analysis of the co-added HARPS stellar spectra was done
following the same methodology described in Sousa (2014);
Santos et al. (2013); and Sousa et al. (2021) in order to derive
the stellar atmospheric parameters (Teff , log g, microturbulence,
[Fe/H]), and its respective uncertainties using ARES+MOOG.
We used the list of iron lines presented in Sousa et al. (2008).
The equivalent widths (EWs) for these lines were measured
using the ARES code6 (Sousa et al. 2007, 2015; Santos et al.
2013). We used a minimization process to find ionization and
excitation equilibrium and 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). We obtained a temperature of
6088 ± 62 K, a log g of 4.40 ± 0.10 dex, a [Fe/H] of −0.185 ±
0.042, and a microturbulence of 1.27±0.03 m/s. We also derived
the trigonometric surface gravity using Gaia data following
the same methodology as described in Sousa et al. (2021), and
obtained a value of 4.32 ± 0.02 dex, which is the value reported
in Table 2.

To determine the stellar radius of HD 190622, we used a
modified infrared flux method (IRFM) in a Markov chain Monte
Carlo (MCMC) approach (Blackwell & Shallis 1977; Schanche
et al. 2020). First, we compute the apparent bolometric flux by
building SEDs from stellar atmospheric models defined using
the stellar parameters derived from our spectral analysis and
comparing derived synthetic photometry with broadband fluxes
and uncertainties from the most recent data releases for the fol-
lowing bandpasses: Gaia G, GBP, and GRP, 2MASS J, H, and
K, and WISE W1 and W2 (Skrutskie et al. 2006; Wright et al.
2010; Gaia Collaboration 2023). We then converted the bolomet-
ric flux into stellar effective temperature and angular diameter;
this latter is translated into the stellar radius using the offset-
corrected Gaia parallax (Lindegren et al. 2021). Finally, we used
Bayesian model averaging of the ATLAS (Kurucz 1993; Castelli
& Kurucz 2003) and PHOENIX (Allard 2014) catalogs in order
to account for uncertainties in stellar atmospheric modeling, and
we determine R⋆ = 1.205 ± 0.008 R⊙.

Using the aforementioned stellar atmospheric parameters,
we determined the abundances of Mg ([Mg/H] = −0.14 ± 0.05
dex) and Si ([Si/H] = −0.17 ± 0.03 dex) closely following the

6 The last version of ARES code (ARES v2) can be downloaded at
https://github.com/sousasag/ARES
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Fig. 3. [Mg/Fe] and [Si/Fe] abundance ratios as a function of [Fe/H] for
HD 190622 (large blue circle) and the HARPS GTO sample stars (gray
dots) from Adibekyan et al. (2012). The blue horizontal and vertical
lines indicate the solar values.

classical curve-of-growth analysis method described, for exam-
ple, by Adibekyan et al. (2018, 2015). As for the stellar parameter
determination, we used ARES to measure the EWs of the spec-
tral lines of these elements, and used a grid of Kurucz model
atmospheres (Kurucz 1993) and MOOG (Sneden 1973) to con-
vert the EWs into abundances under the assumption of local
thermodynamic equilibrium. The low [Mg/Fe] and [Si/Fe] abun-
dances of the star (see Fig. 3) suggest that the star belongs to
the Galactic thin-disk population. Following the procedure of
Wilson et al. in prep., we computed the UVW Galactic space
velocities (Johnson & Soderblom 1987), which are compared to
sets of velocity dispersion standards (Bensby et al. 2003, 2014;
Reddy et al. 2006; Chen et al. 2021) of the Milky Way thin
disk, thick disk, and halo in a Monte Carlo fashion. This anal-
ysis yields a 99% probability that HD 190622 belongs to the thin
disk.

Finally, we used the input set made of Teff , [Fe/H], and R⋆
to derive the isochronal mass M⋆ and age t⋆ using two different
stellar evolutionary models. A first pair of mass and age values
(M⋆,1; t⋆,1) was computed by the isochrone placement algorithm
(Bonfanti et al. 2015, 2016), which interpolates the input parame-
ters within precomputed grids of PARSEC7 v1.2S (Marigo et al.
2017) isochrones and tracks. Finally, we determined the sec-
ond pair (M⋆,2; t⋆,2) using CLES (Code Liégeois d’Évolution
Stellaire; Scuflaire et al. 2008), which computes the best-fit evo-
lutionary track according to the stellar input parameters and
following the Levenberg-Marquadt minimization scheme (see
e.g., Salmon et al. 2021). After that, we checked the mutual
consistency of the two respective pairs of outcomes through the
χ2-based criterion presented in Bonfanti et al. (2021a) and we
merged the results so as to obtain more robust estimates, which
are M⋆ = 1.044+0.038

−0.044 M⊙ and t⋆ = 5.3+1.5
−1.2 Gyr.

4. Transit photometry and RV joint analysis

We performed a global analysis of the observational data using
different tools simultaneously in order to check the robustness of
the results. We used the PyCHEOPS code (Maxted et al. 2022),
the TLCM code (Csizmadia 2020), and pyaneti (Barragán et al.
2019, 2022) for a combined solution of the photometry and the

7 PAdova and TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
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Table 3. Fitted and derived parameter values for TOI-1054 b and c based on the joint fit to the photometric light curves and RV data detailed in this
section.

Parameter (unit) b c

Fitted parameters

P (d) 15.507 612 ± 0.000 038 315.70+0.91
−0.95

T0 (BJD-2 457 000) 1 664.971 8 ± 0.001 5 1 950.9 ± 3.2
D (depth, ppm) 558 ± 14 -
W (width, phase) 0.013 76+0.000 30

−0.000 18 -
b (impact parameter) 0.37+0.11

−0.18 -
Rplanet/Rstar 0.023 48+0.000 41

−0.000 38 -
TESS limb darkening h1 0.797+0.077

−0.085 -
TESS limb darkening h2 0.30+0.33

−0.33 -
CHEOPS limb darkening h1 0.746 ± 0.037 -
CHEOPS limb darkening h2 0.52+0.16

−0.19 -
√

ecosω 0.05+0.17
−0.22 0.007+0.056

−0.058√
esinω –0.02 ± 0.18 0.280+0.033

−0.038
K (m s−1) 1.92 ± 0.25 20.79 ± 0.28
ρstar (g cm−3) 0.843+0.038

−0.037

Derived parameters

Mplanet (MEarth) 7.7 ± 1.0 -
Mplanet sin i (MEarth) - 227.0 ± 6.7
Rplanet (REarth) 3.087+0.058

−0.053 -
e 0.055+0.046

−0.038 0.081 ± 0.019
ω (deg) 35+99

−150 1 ± 12
i (deg) 89+0.44

−0.24 -
a (au) 0.123 6 ± 0.002 0 0.921 ± 0.015
ρplanet (g cm−3) 1.43 ± 0.21 -
gplanet (m s−2) 7.9 ± 1.3 -

RV amplitude. The results of the three joint analyses are consis-
tent with each other and we present as baseline those of pyaneti
in Table 3.

We performed the joint analysis of the TESS and CHEOPS
transit photometry, and the HARPS TERRA Doppler measure-
ments using the software suite pyaneti, which combines a
Bayesian approach with MCMC sampling in order to deter-
mine the planetary system parameters. We fitted the TESS and
CHEOPS transit light curves of HD 190622b using the limb-
darkened quadratic law of Mandel & Agol (2002). The RV model
includes two Keplerian orbits to account for the Doppler reflex
motions induced by HD 190622b and c. For the eccentricity and
argument of periastron, we adopted the parametrization pro-
posed by Anderson et al. (2011) as implemented in pyaneti. We
accounted for any instrumental noise not included in the nomi-
nal uncertainties by fitting for three “jitter” terms for the HARPS
TERRA, TESS, and CHEOPS time series.

We performed a preliminary analysis setting uniform unin-
formative priors for all the fitted parameters. We find the
mean stellar density ρ⋆ = 0.88+0.17

−0.31 g cm−3, as derived from
the transit modelling, to be consistent with the mean den-
sity ρ⋆ = 0.841 ± 0.037 g cm−3 derived from the stellar mass
and radius (Table 2), further confirming the planetary nature

of the transit signal (Tingley et al. 2011). However, the tran-
sit light curve poorly constrains the scaled semi-major axis
(a/R⋆). We therefore adopted a Gaussian prior on (a/R⋆) using
Kepler’s third law, the orbital period, and the stellar mass and
radius.

Details of the modeled parameters and prior ranges are given
in Table 3. We used 500 independent Markov chains initialized
randomly inside the prior ranges. Once all chains converged, we
used the last 5000 iterations and saved the chain states every
10 iterations. This approach generates a posterior distribution
of 25 000 000 points for each model parameter. Table 3 lists the
inferred planetary parameters; they are defined as the median
and 68% region of the credible interval of the posterior dis-
tributions for each fitted parameter. The TESS and CHEOPS
phase-folded transit light curves are displayed in Fig. 4 along
with the best-fitting transit models for the two band passes. The
HARPS TERRA RV time series, the phase-folded RV curves
of HD 190622b and c, and the best-fitting models are shown in
Fig. 5.

As a final sanity check, we fitted two independent planet-to-
star radius ratios (Rp/R⋆) for the TESS and CHEOPS transit light
curves, while modeling all the remaining parameters jointly. We
find that TESS and CHEOPS data provide consistent values
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Fig. 4. TESS and CHEOPS transit light curve of HD 190622b and best-
fitting model for the two band passes. The TESS and CHEOPS data in
bins of 15 min each are displayed with green and red circles, respec-
tively.

of the planetary radius of HD 190622b that are well within the
nominal error bars.

5. Discussion

5.1. Planetary interior

The precise characterization of the bulk parameters (radius: 2%,
mass: 13%) of planet b allows us to put constraints on its plan-
etary interior and possible atmospheric evolution. The internal
composition of planets depends on the composition of the ini-
tial nebula where the planet formed and the evolution conditions
experienced over time. For the analysis of the internal struc-
ture of planet b, we apply a Bayesian inference model that uses
the mass and radius values and the stellar properties derived in
Sect. 4. The details of the method we used can be found in Leleu
et al. (2021a), but we briefly summarize the main aspects in the
following.

The input parameters of the Bayesian model are the radius,
mass, effective temperature, and age of the star, the stellar abun-
dances and metallicity (stellar observables), and then the mass
of the planet relative to its host star, the transit depth, and the
period of the planet (planetary observables). The Bayesian infer-
ence scheme then uses a forward model to calculate the radius
of a planetary structure with a given mass and composition.
This forward model assumes that the planet consists of four per-
fectly spherically symmetric, fully distinct layers: an inner iron
core (following the equation of state from Hakim et al. 2018),
a silicate mantle (Sotin et al. 2007), a water layer (Haldemann
et al. 2020), and a H/He atmosphere, which is modeled according
to Lopez & Fortney (2014). However, we note that the gas layer
is modeled fully independently from the rest of the planet in the
current version of our model, which means that any pressure or
temperature effects of the atmosphere on the rest of the planet are
neglected. In particular, we use a fixed temperature (300 K) and
pressure (1 bar) as the outer boundary conditions for modeling

the water layer, while the atmosphere is modeled separately on
top of this solid core. We further assume that the Si/Mg/Fe ratios
of the planet are identical to the ratios of its host star (Thiabaud
et al. 2015). However, we note that the recent work of Adibekyan
et al. (2021) suggests that the stellar and planetary abundances
may not be always correlated in a one-to-one relation.

As output, the model provides posteriors of various internal
structure parameters, namely the mass fractions of the iron core,
the silicate mantle, and the water layer with respect to the solid
planet without the H/He layer, the gas mass, and the molar mass
fractions of Fe and S in the inner core and Si, Mg, and Fe in the
silicate mantle. However, these depend to a certain extent on the
chosen priors for these internal-structure parameters. We chose
a prior that is uniform for the mass fractions of the inner core,
the silicate mantle, and the water layer under the condition that
they need to add up to 1 and that the water mass fraction has
a maximal value of 0.5 (Thiabaud et al. 2014; Marboeuf et al.
2014). For the gas mass, we chose a prior that is uniform on a
logarithmic scale.

The results of the internal structure modeling are presented
in Fig. 6. The gas mass is constrained reasonably well and with
a value of 0.09+0.06

−0.04 M⊕ it qualifies as being relatively large com-
pared to other known planets. This corresponds to a thickness
of 1.15+0.23

−0.22 R⊕ (37% of the radius). Meanwhile, the water mass
fraction is mostly unconstrained.

The approach described above for the internal modeling is
not unique. We can challenge the robustness of these results
using models based on different assumptions. Our motivation is
to understand the impact of different assumptions on the uncer-
tainties of the results of the interior structure modeling. We
chose to follow the approach of Baumeister et al. (2020), who
use machine-learning techniques (ML) based on mixture density
neural networks to infer the interior characterization of low-mass
exoplanets. Significant differences with the model of Leleu et al.
(2021a) are: (i) the water mass layer is not constrained to 50%
in mass, (ii) we do not constrain the silicon, iron, and mag-
nesium abundances relative to the measured stellar abundances
(see comment about the relevance of this approach above), and
(iii) we couple the atmospheric layer to the water layer below (we
solve the interior structure with the atmosphere fully integrated
into the interior structure model, so that pressure and tempera-
ture at the bottom of the atmosphere set the boundary conditions
for the water layer below). The atmosphere is isothermal at the
equilibrium temperature of 917 K. The water layer is adiabatic
with a top temperature that is consistent with the assumptions on
the atmospheric layer (917 K). This approach has the following
limitations: (i) There is a large coupling between the water and
atmospheric layers; this implies that we can extend the amount
of atmosphere at the expense of reducing the water layer, as
the observations available are not precise enough to remove this
degeneracy. (ii) We use the silicon and magnesium abundances
representative for Earth; as the abundances of these two elements
in exoplanetary bodies are not constrained observationally, it is
difficult to establish whether this approach is more meaningful
than using the stellar abundances. (iii) Finally, our atmospheric
model uses an isothermal profile at the equilibrium temperature
of the planet, which means that for a gas layer of a given size,
we tend to overestimate the gas mass fraction. Figure 7 shows
the results of this alternative approach, which can be compared
with Fig. 6. Caution must be taken when comparing the two fig-
ures, because of the differences in the definitions of the mass (or
radius) fractions. The Bayesian model uses the iron core mass
fraction with respect to the solid planet without the gas part,
while the ML model provides the iron core mass fraction with
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Fig. 5. Radial velocity analysis of the planetary system. Upper panel: HARPS TERRA RV time series of HD 190622. Lower panels: phase-folded
RV curves of HD 190622b (left) and HD 190622c (right). The best-fitting Keplerian models are overplotted with thick black lines. The vertical
light-blue lines mark the error bars including the RV jitter.

respect to the entire planet. The ML results are consistent with
the Bayesian approach above, but they have larger uncertainties.
We believe that this is due to the relaxation of the constraints
on the abundances in the mantle and in the core and because
of the coupling between atmosphere and water (ice) layer. The
ML approach is consistent with a larger mass fraction in the
atmosphere, as expected, but still consistent with the Bayesian
study. It is well known that degeneracies in interior compositions
remain a challenge to the modeling of the interior structure of
planets, even in our Solar System (e.g., Helled & Fortney 2020;
Mollière et al. 2022).

Possible approaches to remove these degeneracies would be
the study of multiplanet systems (e.g., Leleu et al. 2021a), where
the constraints on Si or Mg should be consistent for all planets,
or the observation of additional measurable quantities, such as
the k2 Love number (see Baumeister et al. 2020).

5.2. Atmospheric evolution

We considered the stellar and planetary parameters derived in
Sects. 3 and 4 and the present-day planetary atmospheric mass
fraction presented in Sect. 5.1 of planet b in order to reconstruct
the evolution of the stellar rotation rate and of the planetary
atmosphere. In particular, we constrain the evolution of the
stellar rotation period, which we use as a proxy for the evolu-
tion of the stellar high-energy emission affecting atmospheric
escape, and the predicted initial atmospheric mass fraction of

the detected planets f start
atm , which is the mass of the planetary

atmosphere at the time of the dispersal of the protoplanetary
disk; we assume this to be at 5 Myr.

We reach these results using the Planetary Atmospheres
and Stellar RoTation rAtes (PASTA; Bonfanti et al. 2021b) code,
which is an updated version of the original code presented
by Kubyshkina et al. (2019a,b). Briefly, PASTA constrains the
evolution of planetary atmospheres and of the stellar rotation
rate by combining a model predicting planetary atmospheric
escape rates based on hydrodynamic simulations (this has the
advantage over other commonly used analytical estimates in
that it accounts for both extreme ultraviolet(XUV)-driven and
core-powered mass loss; Kubyshkina et al. 2018), a model of the
stellar high-energy (X-ray plus XUV) flux evolution (Bonfanti
et al. 2021b), a model relating planetary parameters and atmo-
spheric mass (Johnstone et al. 2015), and stellar evolutionary
tracks (Choi et al. 2016). PASTA works under two main assump-
tions: (1) planet migration did not occur after the dispersal of the
protoplanetary disk; and (2) the planets hosted at some point in
the past or still host a hydrogen-dominated atmosphere. PASTA
returns realistic uncertainties on the free parameters (i.e., the
planetary initial atmospheric mass fractions at the time of the
dispersal of the protoplanetary disk, and the indexes of the power
law controlling the stellar rotation period that is used as a proxy
for the stellar XUV emission) by implementing the atmospheric
evolution algorithm in a Bayesian framework (Cubillos et al.
2017), using the system parameters with their uncertainties
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Fig. 6. Distributions resulting from the internal structure modeling fol-
lowing Leleu et al. (2021a). The values above the histograms are the
median and the 5th and 95th percentiles of the posterior distribution
(same as the dashed lines). The plotted internal structure parameters
are: the iron core and water mass fractions of the solid planet (without
gas); the molar mass fractions of Si and Mg in the mantle and of Fe in
the core; and the decimal logarithm of the absolute gas mass expressed
in Earth masses.

Fig. 7. Distributions resulting from the internal structure modeling fol-
lowing Baumeister et al. (2020). The values above the histograms are
the median and the 16th and 84th percentiles of the posterior distribu-
tion (same as the dashed lines). The plotted internal structure parameters
are: the radius fraction of the core, mantle, ice (of water), and gas layers.

as input priors. All details of the algorithm can be found
in Bonfanti et al. (2021b). The only difference with respect to
the analysis of the systems considered by Bonfanti et al. (2021b)
is that here we fit the planetary atmospheric mass fraction given
in Sect. 5.1 instead of the planetary radius. This enables the
code to be more accurate by avoiding the continuous conversion
of the atmospheric mass fraction into planetary radius, given the
other system parameters (see e.g., Delrez et al. 2021).

As a proxy for the evolution of the stellar rotation period,
Fig. 8 displays the posterior distribution (including the high pos-
terior density, HPD) of the stellar rotation period at an age of
150 Myr (Prot,150), where it is compared to that of star members
of young open clusters that are of comparable mass extracted
from Johnstone et al. (2015). The stellar rotation history of the
star is poorly constrained as only one planet is available as an
observational constraint. However, PASTA does exclude a very
slow rotator. The gyro-relation build into PASTA estimated a
present-day rotation rate of 17.9 ± 2.6 days. Given the stel-
lar radius from Table 2, the expected rotation velocity would
be vexp = 3.4 ± 0.5 km s−1. The v sin i⋆ as derived from spec-
troscopy is significantly higher, v sin i⋆ = 5.2 ± 0.9 km s−1. To
explain this tension at the 2 sigma level, one might consider that
the rotational period may be overestimated and the star should
rotate faster. Gyro relations are calibrated on open clusters (gen-
erally younger than a couple of gigayears) and there are several
papers in the literature discussing the reliability of gyro relations
applied to field stars, which can also be older than a couple of
gigayears (as in our target). Alternatively, v sin i⋆ may be over-
estimated and the star should rotate slower. There is a certain
degeneracy on the computed solution for v sin i⋆ with the macro-
turbulence velocity. In any case, the impact of this difference on
our interpretation of the results is minor.

Figure 9 shows the posterior distribution of the initial
atmospheric mass fraction for planet b in comparison to the
present-day atmospheric mass fraction. For a given set of sys-
tem parameters, the amount of mass loss is mainly determined
by the evolution of the stellar rotation period. The more rapidly
rotating the star, the more XUV energy is emitted, resulting in
higher escape rates (Sanz-Forcada et al. 2011). As the stellar rota-
tion history of TOI-1054 is only poorly constrained by PASTA,
we also find a certain ambiguity in the resulting mass-loss rates.
PASTA clearly prefers evolutionary scenarios with only very little
atmospheric mass loss happening. Although present, this would
suggest that the mass-loss did not play a significant role in the
evolution of the planet. However, PASTA cannot exclude the pos-
sibility that the star is a very fast rotator, which in turn would
result in significant mass loss. In Fig. 9, these rapid rotator
scenarios are represented by a nonzero posterior distribution at
higher mass-loss rates.

5.3. The planetary system in the context of planet population
analyses

Figure 10 shows the position of TOI-1054b in the mass–radius
diagram of known extrasolar planets with precise mass measure-
ments (uncertainty on the mass of less than 15%; see also Otegi
et al. 2020). Among the sub-Neptune-sized planets known today,
TOI-1054b stands out because of its large gas content. The
known planet with closest properties to TOI-1054b would be
HIP 41378b (Santerne et al. 2019), displaying a slightly shorter
radius (2.595 ± 0.036 REarth) and a similar orbital period (15.6
days). The system is also bright (V = 8.92) and most of the
attention in the literature has been directed toward planet f in
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Fig. 8. Posterior distribution (dark blue) of the stellar rotation rate of
HD 190622 after 150 Myr derived by PASTA. The purple area represents
the HPD interval of the distribution. The black line represents the distri-
bution of the stellar rotation rate of young open cluster stars with masses
comparable to that of HD 190622 based on the collection of data pro-
vided by Johnstone et al. (2015). See main text for details.

Fig. 9. Posterior distribution (dark blue) for the mass of the planetary
atmosphere of planet b at the time of the dispersal of the protoplanetary
disk derived by PASTA. The light-blue line represents the distribution of
the estimated present-day atmospheric mass fraction. The orange hori-
zontal line indicate the uninformative prior distribution. See main text
for details.

Fig. 10. Mass vs. radius (top) and mass vs density (bottom) plots for
planets with mass uncertainty below 15%. The planets known to orbit F
stars are highlighted with blue circles, while TOI-1054b is shown with
a diamond.

the system, which has an orbital period of 542 days. How-
ever, its properties are challenging to characterize (Bryant et al.
2021; Alam et al. 2022; Belkovski et al. 2022). The next closest
planets orbiting F stars are the pair around Kepler-1705 (Leleu
et al. 2021b) with orbital periods of 9 and 11 days. These are
slightly smaller (2.03±0.12 REarth and 2.05±0.014 REarth respec-
tively) and more difficult to characterize, as the host star is
fainter (V = 15.8). Finally, HD 80653b is an ultrashort-period
planet (Frustagli et al. 2020) with a rocky composition (0.72 days
period, 1.613± 0.071 REarth) around a V = 9.5 magnitude star. As
discussed in the previous section, the fact that TOI-1054b has not
experienced significant atmospheric escape explains why it lies
in the upper part of the mass–radius distribution. Therefore, this
planet can be used to define the upper edge of this distribution,
which in turn can be used to better understand how planets form
and evolve (Kubyshkina & Fossati 2022).

It is also interesting to look at the distribution of the density-
versus-mass plot (see, e.g., Hatzes & Rauer 2015). Figure 10
highlights the planets orbiting F stars, which are defined here as
dwarf stars with an effective temperature of over 6000 and below
7500 K. In the core accretion formalism, one of the fundamental
parameters is the maximum size that a planetary core must reach
before accreting a significant amount of volatiles, subsequently
becoming a gas-rich planet. There is an insufficient number of
known planets to provide a conclusive observational constraint
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on this parameter. Answering this question will be work for
future missions such as PLATO (Rauer et al. 2014), while con-
straints on the chemical composition of the atmospheres will also
certainly help to improve our understanding of planetary forma-
tion processes (Tinetti et al. 2018). For example, the C/O ratio
is considered to be a signature of where the planet has formed.
Recently, it has been proposed that other elements might also be
needed to constrain the full picture (Öberg et al. 2011; Eistrup
et al. 2022). Given the architecture of this system, large-scale
migration seems unlikely. A Jupiter-like planet would migrate
faster than a smaller one and thus would have overtaken the
smaller one had these planets undergone a significant migration
process. Consequently, we can assume that these planets must
have formed where they are now, as in our Solar System. If this
is the case, the inner one should have the C/O ratio of a planet
that formed in the inner part of the planetary system, which
could serve as a reference as to the expected C/O abundance of
such planets. The transmission spectroscopy metric (TSM) for
TOI-1054b is 81 (Kempton et al. 2018), so it should be pretty
favourable for JWST transmission spectroscopy.

6. Summary

With this paper, we present the discovery and characteriza-
tion of the planetary system around HD 190622, also known as
TOI-1054. The system consists of a short-period gas-rich sub-
Neptune transiting planet and an outer Jupiter-mass companion
in an orbit of 0.92 au. We provide a precise characterization
of the inner planet in terms of mass and radius. Its properties
are unique among the current population of precisely character-
ized planets orbiting F stars and it provides useful constraints for
planetary formation theories.

Unfortunately, the nontransiting planet c is not likely to be
detected with direct imaging with forthcoming facilities such as
the Nancy Grace Roman Space Telescope (Spergel et al. 2013),
LUVOIR (Bolcar et al. 2016), or HabEx (Mennesson et al. 2016).
At a distance of 88 pc (Gaia Collaboration 2023; for a description
of the Gaia mission see Gaia Collaboration 2016), the expected
angular separation between the planet and the star is 10 mas,
while for example the inner working angle of LUVOIR-A
is about 25 mas. As the orbit is only slightly eccentric,
there is little chance that the outer planet will be character-
ized with direct imaging in the near future (see methodology in
Carrión-González et al. 2021). Future facilities like LIFE (Quanz
et al. 2022) could be more successful in characterizing the outer
planet in the system. We used LIFESim (Dannert et al. 2022) to
estimate the detectability prospects, concluding that a S/N of 8.6
for detection is possible with 10h integration (in the intermediate
configuration, which is not optimistic nor pessimistic). Atmo-
spheric characterization will be more challenging. Although
it is expected that LIFE will concentrate on nearby planetary
systems (about 20 pc), the prospects of obtaining a more
complete characterization of the system are encouraging.
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