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ABSTRACT

Aims. We aim to refine the fundamental parameters of the TOI-2141 planetary system, which includes a transiting sub-Neptune orbiting
a Sun-like star on a relatively long orbit of 18.26 days, by combining new photometric and spectroscopic observations.

Methods. We analyzed new space-based photometry from TESS and CHEOPS, as well as 61 radial velocity measurements from
HARPS-N. We performed individual and joint photometric and RV analyses using several modeling tools within a Bayesian model
comparison framework.

Results. We refined the radius and mass of the transiting planet TOI-2141 b to 3.15 + 0.04 R and 20.1 + 1.6 Mg to levels that are five
and two times more precise, respectively, than the previously reported values. Our radial velocity analysis reveals two additional non-
transiting companions with orbital periods of 5.46 and 60.45 days. Despite the innermost planet’s high geometric transit probability,
we found no evidence of transits in the photometric data.

Conclusions. The bulk properties of TOI-2141 b suggest a significant volatile envelope atop an Earth-like core. The modeling indicates
a hydrogen-rich atmosphere that could have experienced mild photoevaporation over the system’s history. Planets b and c are believed

to exhibit a modest mutual inclination of at least ~2.4°.

Key words. techniques: photometric — techniques: radial velocities — planets and satellites: detection —

planets and satellites: individual: TOI-2141b — stars: solar-type

1. Introduction

This work revisits the TOI-2141 planetary system, discovered
and characterized by Martioli et al. (2023) using space-based
photometry from TESS (Ricker et al. 2014) and radial velocities
(RVs) from the SOPHIE high-resolution spectrograph mounted
on the 1.93-m telescope at the Observatoire de Haute-Provence
(Perruchot et al. 2008; Bouchy et al. 2013). The star TOI-2141 is
a relatively bright (V = 9.46 mag), solar analog (T.¢ ~ 5650 K)
hosting a transiting sub-Neptune (R, ~ 3 Rg, M), ~ 24 Mgz) with
an orbital period of 18.26 days. Previous works have argued that
TOI-2141 b is likely to have a dense rocky core and, possibly, a

* Corresponding author: rluque@iaa.es

thick, water-rich envelope and several internal structure models
could be employed to help explain its measured bulk density (as
pointed out by, e.g., Rogers & Seager 2010; Lopez & Fortney
2014; Zeng et al. 2016; Nixon & Madhusudhan 2021; Luo et al.
2024). In this work, we have added unpublished TESS observa-
tions from June 2024, four transits of TOI-2141 b with CHEOPS'!
(Benz et al. 2021), and 61 RVs from HARPS-N (Cosentino
et al. 2012) to refine the properties of the system, including its
architecture.

1 Observed as part of the Guaranteed Time Observervation (GTO)
programs CH_PR100024 and CH_PR140073. The raw and detrended
photometric time-series data are available in electronic form at
the CDS.
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Fig. 1. PDC-corrected photometry of TOI-2141 from TESS. Gray points are the original 2-min cadence TESS data, while the 15-min binned
photometric data are shown in blue. Transits of the planet TOI-2141 b are marked in orange. The black line shows the best-fit model to the data

described in Sect. 3.4.

2. Observations
2.1. TESS photometry

The TESS mission observed TOI-2141 with a cadence of 2-min
in Sectors 25, 26, 52, and 79. Data from Sectors 25, 26, and
52 were described and analyzed in Martioli et al. (2023), where
the transiting planet TOI-2141 b was identified and confirmed.
In this work, we add to our analyses the photometry from Sec-
tor 79 gathered in June 2024 and combine it with the rest of the
photometry. We downloaded the TESS data products from the
Mikulski Archive for Space Telescopes® and use the Presearch

2 https://archive.stsci.edu/
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Data Conditioning (PDC) flux time series (Smith et al. 2012;
Stumpe et al. 2012, 2014) computed by the TESS Science Pro-
cessing Operations Center (SPOC) pipeline (Jenkins et al. 2016).
Figure 1 shows the complete TESS dataset used in this work.

2.2. CHEOPS photometry

The CHaracterising ExOPlanets Satellite (CHEOPS) is a Euro-
pean Space Agency small-class mission dedicated to studying
bright exoplanet host stars using high-precision photometric
observations (Broeg et al. 2013; Benz et al. 2021; Fortier
et al. 2024). CHEOPS observed TOI-2141 between 05 May
2023 and 16 July 2024. The observations were taken under
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Table 1. CHEOPS observing log.

Visit Start (UTC) Length [h] Archive filekey No. Frames RMS (ppm) Efficiency (%)
1 2023-05-05T03:38:19 13.29 CH_PR100024_TG016301_V0300 506 426.1 63.4
2 2023-06-10T15:58:19 13.37 CH_PR100024_TG016302_V0300 639 300.0 79.5
3 2023-06-28T22:15:19 13.34 CH_PR100024_TG016303_V0300 555 307.7 69.3
4 2024-06-28T05:01:58 11.04 CH_PR140073_TG002301_V0300 517 315.0 77.9
5 2024-07-16T10:37:59 11.84 CH_PR140073_TG002302_V0300 411 283.7 57.8

the CHEOPS Guaranteed Time Observation (GTO) programs
PR100024 (MR.Improve) and PR140073 (Gas Content of
Low Mass Planets). Five visits were observed with an expo-
sure cadence of 60s. The data were extracted with the CHEOPS
DRP v14 pipeline (Hoyer et al. 2020) which performed instru-
ment calibrations, as well as cosmic ray, background, and smear-
ing corrections. Aperture sizes with radii between 15 and 40
pixels were extracted. We opted to use light curves extracted
using aperture radii of either 22 or 23 pixels for further analyses,
as these have the lowest RMS values.

Figure A.l shows the original CHEOPS data and the
detrended light curves used in our subsequent analyses. Table 1
presents an observing log summarizing the properties of each
Visit.

2.3. HARPS-N spectroscopy

We collected 61 RVs of TOI-2141 with the HARPS-N spec-
trograph mounted at the 3.6-m Telescopio Nazionale Galileo
in La Palma between October 2022 and September 2024. The
data were collected as part of the international time program
titled Completing CHEOPS characterization of long-period low-
mass planets” (PI: Luque; program IDs ITP22_2 and ITP23_10)
granted by the International Scientific Committee of the Obser-
vatorios de Canarias of the IAC. Radial velocities and additional
spectral indicators were derived using YABI (Borsa et al. 2015)
and serval Zechmeister et al. (2018). YABI is an online imple-
mentation of the classical HARPS-N DRS pipeline at the INAF
Trieste Observatory® and computes cross-correlation functions
(CCFs) for a given template mask following Cosentino et al.
(2014). On the other hand, serval follows a template-matching
technique (Anglada-Escudé & Butler 2012) to compute radial
velocities from a high signal-to-noise (S/N) template built from
the stellar spectra themselves. The YABI-derived radial veloc-
ities have a mean internal precision of 0.98 ms™' and show a
standard deviation of 4.7ms™'. The serval radial velocities
have a mean internal precision of 1.3ms™! and show the same
standard deviation. Due to their superior precision, we use the
YABI RVs in our subsequent analyses.

Figure A.2 shows the HARPS-N RVs together with the
SOPHIE RVs presented in Martioli et al. (2023) used in this
work. A search for periodic signals in the combined dataset (sub-
tracting for an instrumental offset) using a generalized Lomb-
Scargle periodogram (Zechmeister & Kiirster 2009) shows a
prominent peak (false alarm probability below 107%) at the
period of the transiting planet TOI-2141 b (P, = 18.26 days, f, =
0.0547 d™'). Surprisingly, a periodogram based on the residuals
of a RV-only model as in Martioli et al. (2023) that includes a
circular orbit at the period of the transiting planet shows two

3 https://www.ia2.inaf.it/

peaks with false alarm probabilities (FAPs) below 0.1% at 5.46
and 60 days. We analyzed these two signals in detail in Sect. 3.3.

A GLS periodogram of all the available activity indicators
is shown in Fig. A.3 of the Appendix. The GLS periodograms
do not find any significant peaks (FAP below 10%) in any of
the indicators. For Ha, a slight peak approaching FAP~10%
can be found at 40 days, approximately double the inferred rota-
tional period of TOI-2141 of 21 + 5 d (Martioli et al. 2023) based
on empirical activity-rotation relations (Mamajek & Hillenbrand
2008). This peak is also seen in SOPHIE’s Ha index (Martioli
et al. 2023, see their Fig. C.6), but again below the signifi-
cance threshold. Compatible with the reported rotational period
of approximately 20 days, there is only a non-significant peak
(FAP>10%) in the full width at half maximum (FWHM) of the
CCF of the HARPS-N data at 17 d also seen in the bisector span
of the SOPHIE CCFs (Martioli et al. 2023). The lack of long-
term continuous photometric monitoring of the star prevents us
from refining the stellar rotation period using an independent
technique.

3. Analysis and results
3.1. Stellar characterization

The stellar spectroscopic parameters (Teg, logg, microturbu-
lence, [Fe/H]) were derived using the ARES+MOOG method-
ology (Sousa et al. 2021; Sousa 2014; Santos et al. 2013). The
equivalent widths (EW) were automatically measured using the
ARES code* (Sousa et al. 2007, 2015). In this spectral analysis,
we used a combined HARPS-N spectrum from individual expo-
sures of TOI-2141, which was then used to measure the EWs for
a list of lines presented in Sousa et al. (2008). We analyzed only
the HARPS-N combined spectrum as it is of higher resolution
(115000 vs. 75000) and S/N (630 vs. 507 on average) than the
SOPHIE one. Besides, the SOPHIE spectrum was analyzed in
detail in Martioli et al. (2023), for which we find below very con-
sistent stellar parameters to ours. The best set of spectroscopic
parameters was found by using a minimization process to find
the ionization and excitation equilibrium. This process makes
use of a grid of Kurucz model atmospheres (Kurucz 1993) and
the latest version of the radiative transfer code MOOG (Sneden
1973). We also derived a more accurate trigonometric surface
gravity using recent Gaia EDR3 data following the same proce-
dure described in Sousa et al. (2021), which provided a consistent
value compared to the spectroscopic surface gravity.

The stellar radius of TOI-2141 was computed using a MCMC
modified infrared flux method (IRFM; Blackwell & Shallis 1977,
Schanche et al. 2020). By constructing spectral energy distri-
butions (SED) from two stellar atmospheric models catalogs
(Kurucz 1993; Castelli & Kurucz 2003) that were constrained by

4 The last version, ARES v2, can be downloaded athttps://github.
com/sousasag/ARES
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our spectroscopically derived stellar parameters, we determined
broadband synthetic photometry. Based on a comparison with
observed fluxes in the following bandpasses: 2MASS J, H, and
K, WISE W1 and W2, and Gaia G, Ggp, and Ggrp (Skrutskie
et al. 2006; Wright et al. 2010; Gaia Collaboration 2021), we
computed the stellar bolometric flux that we converted into the
effective temperature and angular diameter of TOI-2141. Lastly,
we derived the stellar radius by combining the angular diam-
eter with the offset-corrected Gaia parallax (Lindegren et al.
2021). To account for stellar atmosphere model uncertainties, we
conducted a Bayesian model averaging of the stellar radius pos-
teriors produced using each catalog. The weighted average value
(0.950 + 0.007 Ry) is reported in Table 2.

We used T.g, [Fe/H], and R, to derive the stellar mass
M, and age f, accounting for two different stellar evolutionary
models. In detail, we derived a first set of mass and age esti-
mates thanks to the isochrone placement routine (Bonfanti et al.
2015, 2016) that interpolates the input parameters within pre-
computed grids of PARSEC® v1.2S (Marigo et al. 2017) tracks
and isochrones. Then, a second mass and age set was computed
by the Code Litgeois d’Evolution Stellaire (CLES; Scuflaire
et al. 2008) code that builds the best-fit evolutionary track based
on the input parameters following a Levenberg-Marquardt opti-
misation scheme (Salmon et al. 2021). After carefully checking
the consistency of the two respective pairs of outcomes via
the Xz-based criterion outlined in Bonfanti et al. (2021a), we
finally merged (i.e. we summed) the respective output distribu-
tions and we obtained M, = 0.896*30% M and ¢, = 9 + 4 Gyr
(see Bonfanti et al. 2021a, for further details).

Furthermore, we computed the right-handed, heliocentric
Galactic space velocities (Johnson & Soderblom 1987), U, V,
and W, using the Gaia EDR3 coordinates, proper motions,
offset-corrected parallax (Lindegren et al. 2021), and RV (Gaia
Collaboration 2021). These are reported in Table 2 and strongly
indicate that the star is a member of the thin disk population.

3.2. CHEOPS analysis

We used the publicly available pycheops package (Maxted et al.
2022) to model systematic trends and fit transit light curves
simultaneously. A 5-sigma clipping was first applied to the raw
light curves to remove any outliers. Each visit was then detrended
separately, where the set of detrending basis vectors used in
respective detrending models were chosen based on the Bayes
factor. A "glint" effect can be introduced into the light curve due
to internal reflection of bright objects (e.g., moonlight) within
24° from the observed target (Maxted et al. 2022). We applied
the glint function to remove glint effects using a spline fit
with 8 to 11 knots. A Gaussian white noise component was
also included in the model. Next, pycheops, implementing the
LMFIT package (Newville et al. 2014), was run to perform a non-
linear least-squares minimisation and emcee (Foreman-Mackey
et al. 2013) was used for the Bayesian analysis and posterior sam-
pling. The final detrended light curves are shown in Figure A.l
and were used in subsequent joint fits.

3.3. Radial velocity analysis

We used juliet (Espinoza et al. 2019), a python library built
on many publicly available tools for the modeling of transits
(batman, Kreidberg 2015), RVs (radvel, Fulton et al. 2018),

5 PAdova and TRieste Stellar Evolutionary Code: https://stev.
oapd.inaf.it/cgi-bin/cmd
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Table 2. Stellar parameters of TOI-2141.

Parameter Value Reference
Name and identifiers
Name BD+18 3330 BD
TIC 287256467 TIC
TOI TOI-2141 Martioli et al. (2023)
Coordinates and spectral type
a 17:15:02.906 Gaia EDR3
0 +18:20:26.76 Gaia EDR3
Epoch (ICRS) J2000 Gaia EDR3
Magnitudes
V [mag] 9.46 + 0.003 UCAC4
G [mag] 9.34408 + 0.00021 Gaia EDR3
J [mag] 8.27 £ 0.02 2MASS
K [mag] 7.87 £0.02 2MASS
Parallax and kinematics
7 [mas] 12.957 + 0.015 Gaia EDR3
d [pc] 77.7+0.2 Gaia EDR3
1o €OS S [masyr~'] 52.229 £ 0.013 Gaia EDR3
s [mas yr™'] —98.286 + 0.015 Gaia EDR3
U [kms™!] 15.56 + 0.30 This work
V [kms™!] -21.60 + 0.25 This work
W [kms™'] -36.53£0.22 This work
Photospheric parameters
Ter [K] 5635 £ 61 This work
log(g [cms™2]) 4.40 +0.03 This work
[Fe/H] -0.14 £ 0.04 This work
Umicro Lkms™!] 0.92 +0.01 This work
Physical parameters
M [Mo) 0.896*0:0% This work
R [Rs] 0.950 + 0.007 This work
Age [Gyr] 9+4 This work

Notes. BD: Schonfeld (1886); TIC: Stassun et al. (2018); Gaia EDR3:
Gaia Collaboration (2021); UCAC4: Zacharias et al. (2013); 2MASS:
Skrutskie et al. (2006).

and Gaussian Processes (george, Ambikasaran et al. 2015;
celerite, Foreman-Mackey et al. 2017) to model the RV data
first. We use the nested sampler dynesty (Speagle 2020) to
explore the parameter space of a given prior volume and to com-
pute efficiently the Bayesian model log evidence (In Z). Thanks
to this, we can compare models with different numbers of param-
eters accounting for the model complexity and the number of
degrees of freedom with a sound statistical methodology. In our
analysis, we considered that a model (M2) is greatly favored over
another (M1) if AlInZ = InZyp, — InZy;; > 5 (Trotta 2008). If
AInZ € [1,2.5), we find that M2 is weakly favored over M1, so
the simpler model with fewer degrees of freedom would be cho-
sen. For intermediate cases, we consider that M2 is moderately
favored over M1.

We carried out a Bayesian model comparison analysis to
assess the statistical significance of the RV signals present in the
SOPHIE and HARPS-N data (given in Fig. 2). We did not fit the
photometry in this analysis. We followed an iterative approach
where we add a Keplerian signal to the model at a time using
wide, uninformative priors on all model parameters (see Hara &
Ford 2023, for a review of statistical methods for analyzing RV
datasets). Results are reported in Table 3.

First, we find that, as in Martioli et al. (2023), mod-
els with or without fitting for the eccentricity are statistically


https://stev.oapd.inaf.it/cgi-bin/cmd
https://stev.oapd.inaf.it/cgi-bin/cmd

Luque, R., et al.: A&A, 704, A174 (2025)

Period [d]
5.0

100.0 20.0 10.0

01 02 o
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Fig. 2. GLS periodograms of the SOPHIE and HARPS-N RV data. For
each panel, the horizontal lines show the theoretical 10% (short-dashed
line), 1% (long-dashed line), and 0.1% (dot-dashed line) false alarm
probability levels. The vertical dashed lines mark the orbital frequencies
of the transiting planet (f;, = 0.0547 d™!) and of the signals detected in
the RVs at 5.46 and 60 d. Panel a: Combined RV data corrected for an
instrumental offset. Panel b: RV residuals following the subtraction of
the signal of the transiting planet TOI-2141 b.

Table 3. Model comparison of RV-only fits with juliet.

Model InZ K, (ms™)
Ip —-475.0 54«05
1p_ecc -475.0 54+05
Ip+GP -4733 53+04
2 (5-d) —4708 5.6+0.4
2p (60-d) -470.9 52+04
2p+GP  -4639 53+03
3p -4593 53+03
3p+GP  —4655 54+03

Notes. GP refers to a Gaussian process applied with an exponential
sine-squared kernel from george. The model used for the final joint fit
is marked in boldface.

indistinguishable (AlnZ < 1). Thus, we assumed circular orbits
for all the signals in this analysis from here onward. Then, we
find that adding a second signal to the model with an uninfor-
mative wide prior between 1 and 1000 days, results in a much
better fit (AInZ ~ 4). Different instances of that model result
in a posterior distribution on the period centered at either 5.46
or 60.45 days, but there is no preference for including one over
the other. However, the best fit to the data is with a model that
includes all three signals (AlnZ = 15.7 over a 1p model, but
>11 over 2p models).

This 3p model is preferred even in the presence of corre-
lated noise, which we model using a Gaussian process (GP)
exponential sine-squared kernel from george of the form

ti—t;
k,')j = 0'2 exp (—a’(l‘,‘ - tj)z - FSin2 [y}) . (1)

rot

Testing with other GP kernels (exponential decay or quasi-
periodic) give similar results (AInZ ~ 0.2). We set log-uniform
priors for o between 0.1 and 300 ms~!, @ between 1078 and 1073,
I" between 0.01 and 10, and a uniform prior for P, between 10
and 70 days. The choice of the prior on P,y is motivated to try
to distinguish if the 60-day signal is of stellar origin, although
the typical rotation period of Sun-like stars is between 10 and
30 days (e.g., McQuillan et al. 2014) and would be unexpected.

Furthermore, none of the activity indicators from the HARPS-
N spectra show hints of stellar variability at that or any other
period (Fig. A.3). The hyperparameters from these GP models
show that P,,; = 60.5 + 0.6d and @ ~ 1077, which indicates that
the GP is modeling a signal close to be perfectly periodic with a
very well-defined frequency unlikely to be of stellar origin (Stock
et al. 2023).

We find that although a 2p model (with the transiting
planet and the 5.46-day signal) and a GP explain the data well,
assuming a circular orbit for the 60-day signal is not only
a simpler model but statistically preferred (AInZ = 4.6). A
stacked Bayesian GLS periodogram analysis following Mortier
& Collier Cameron (2017) reveals that all three significant RV
signals (at 5.46, 18.26, and 60 days) are coherent and stable
throughout the observing period, reinforcing the notion that they
are of planetary nature (Fig. A.4). In addition, it is important
to highlight that the derived semi-amplitude for the transiting
planet (K}, ) remains within 1o~ for every model tested, ensuring a
robust mass determination of the planet regardless of the chosen
model.

To conclude, we find that the model that offers the highest
statistical evidence is the three-planet model (assuming circular
orbits), with no need to account for correlated noise. There is
enough statistical evidence to support the claim that the 5.46-
and 60-day signals as present (and significant) in the RV data
and likely of planetary origin. This finding is in line with other
works that follow-up transiting planets with RV instruments and
find internal and/or external companions (e.g., Luque et al. 2019;
Kemmer et al. 2020).

3.4. Joint fit

Using juliet, we jointly fit the TESS, CHEOPS, SOPHIE, and
HARPS-N data. To speed up computational times, we used the
TESS PDC photometry without additional detrending and the
detrended CHEOPS data analyzed in Sect. 3.2. For the model,
we assumed the configuration inferred from our Bayesian model
comparison RV-only analysis presented in Sect. 3.3 and shown
in Table 3. For the photometry part of our fit, we adopted
a quadratic limb darkening law for TESS and CHEOPS data
parameterized by the coefficients gy, g, introduced by Kipping
(2013) and fit them as free parameters with unconstrained priors.
The transiting planet is modeled using the r|, r, parameteriza-
tion of the planet-to-star radius ratio p = R,/R, and the impact
parameter of the orbit b introduced by Espinoza (2018). Addi-
tionally, rather than fitting the scaled planetary radius (a/R,) for
each planet, we use the stellar density (o) as a free parameter
and set a normal prior based on the stellar properties described in
Table 2. We added a jitter term o to the photometric uncertainties
of TESS and CHEOPS data. For the radial velocity part of our
fit, we assumed circular orbits for all planets. The priors on the
period and phase of each planet were informed by our previous
transit- and RV-only analyses, but wide enough to derive reliable
uncertainties. We added an instrumental offset and a jitter term
for each RV instrument and no GP. The model parameters, their
priors, and posterior distributions are reported in Table 4. The
best-fit models are shown in Figs. 1 and A.2 for the photometry
and RV timeseries, and phase-folded to the periods of interest in
Fig. 3.

4. Discussion

Table 5 shows the fundamental physical parameters derived for
the three planets based on the model posteriors from Table 4
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Table 4. Priors and posterior distributions (median and 68% credibility intervals) for each fit parameter of the final joint model obtained for the
TOI-2141 system using juliet.

Parameter Prior Posterior Units
o N(1473,100) 152148 kgm™
P U(4.8,6.0) 5.4624+500%¢ d
foc U(1976.0, 1982.0) 1979.19*93%  BJD-2457000
K. U(0,20) 2.407073 ms~!
Py N(18.26,0.1) 18.261608).% 95 d
fop N(1992.5,1.0) 1992.502700013 d
ip UWO, 1 0.767*013

2 U©,1) 0.03037* 0000 -

Ky U(0,20) 5.25%032 ms!
Py U(50,70) 60.45*024 d
fod (1900.0, 1960.0) 1940.5%33 d
Ky U(0,20) 2.61703 ms™!
yuarps-N  U(-19900.0,-19800.0)  —19829.97+07¢ ms™!
ouares-n  J(0.1,20) 1.70%03 ms~!
ysopme  U(-19900.0,-19800.0)  —19860.58"0¢ ms!
osopme  J(0.1,20) 5.25%082 ms™!
q1,TESS U@, 1 03033

q2.TESS UuQ©,1 0.37%03

qicueors U, 1) 0.32%556

acueors U0, 1) 0.76%54 e

OTESS J (0.1, 1000) 1.34+62 ppm
ocurors  J(0.1,1000) 230.85*%4 ppm

Notes. The prior labels of N, U, and J represent normal, uniform, and Jeffrey’s distributions, respectively.

Table 5. Derived planetary parameters obtained for the TOI 2141 system using the posterior values from the joint fit in Table 4 and stellar parameters
from Table 2.

Parameter Planet ¢ Planet b Planet d Units
p=RylR. L 0030377805
b = (ap/Ry) cos i, 0.65f818§9
ay/R, 13.3970% 29.93+062 6647117 s
i . 88.755" 0083 o deg
M, 20.17]¢ Mo
M, sini 6.14*0% 20.14}¢ 14.971 Mo
R, . 3.1477908 o Re
Pp . 3541031 . gem™
9o 19.9*17 ms~2
ap 0.05857 09011 0.1322*0993  0.2906*09%5  au
Teq.p@ 1095.0*}79 728.07110 491.4%74 K
s 241.0%120 47.3123 9.8%03 Sa
TSM . 35.673;

Notes. ®Assuming zero Bond albedo and perfect energy redistribution.
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Fig. 3. Top: TESS (left) and CHEOPS (right) photometry phase-folded to the 18.26-day period of the transiting planet TOI-2141 b. Botfom: RVs
phase-folded to the period of all planets (TOI-2141 c, left; TOI-2141 b, center; TOI-2141 d, right). Residuals are shown in the bottom of each panel.
In all panels, the black line is the best-fit model from the joint fit described in Sect. 3.4.

and the stellar properties from Table 2. In summary, we refined
the radius and mass determination of the known transiting planet
TOI-2141 b (with 1.3% and 7.9% radius and mass uncertainties,
respectively®) and reported the discovery of an inner and an outer
non-transiting companion to the known planet.

Compared to Martioli et al. (2023), we find that TOI-2141 b
is slightly larger (3.147 vs. 3.05 Rg) and less massive (20.1 vs.
24 M), making the planet puffier (3.5 vs. 4.6 gcm™) although
all differences are within the 1o~ uncertainties reported in that
work. Figure 4 shows the position of the planet in a mass-radius
diagram with respect to other transiting planets orbiting Sun-like
stars at relatively long-period orbits. We note that the precision
on the bulk properties of TOI-2141 b is significantly higher than
that of the comparison population and that the planet is still
relatively dense compared to similar sub-Neptunes.

4.1. Interior structure and atmospheric evolution of TOI-2141 b

We used the publicly available tool ExoMDN (Baumeister &
Tosi 2023), which uses machine learning techniques, particu-
larly mixture density networks, to characterize planets quickly,
to model the interior structure of TOI-2141 b in more detail. The

¢ For comparison, the precision in radius and mass reported in Martioli
et al. (2023) is of 7.5% and 16.7%, respectively.

4 \
4073 — Earth-like 1T
35 100% MgSiOs
1 —— 2% H/He (700 K)
5307 —#— TOI-2141b

Mass (Mg)

Fig. 4. Mass-radius diagram of transiting planets in the PlanetS catalog
(Otegi et al. 2020; Parc et al. 2024) as of May 2025. The internal struc-
ture models are from Zeng et al. (2019). The location of TOI-2141 b is
marked in red. For this planet, the marker size is larger than the uncer-
tainty in the y-axis. Transiting planets with orbital periods longer than
15 days orbiting Sun-like stars (5500K < T < 5900 K) are shown in
blue. Compared to similar planets, the precision in the bulk properties
of TOI-2141 b is remarkable.
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Fig. 5. ExoMDN computed mass fractions of the core, mantle, water and atmosphere layers for the our derived planetary parameters in pink and

the planetary parameters derived by Martioli et al. (2023) in purple.

code is trained on ~5.6 million synthetic planets within mass
ranges from 0.1-25 Mg and equilibrium temperatures from 100—
1000 K. ExoMDN computes the interior structure of a planet using
TATOOINE (Baumeister et al. 2020) and assumes that the planet
consists of four distinct layers, which is a strong simplification
for sub-Neptune planets (see e.g., Luo et al. 2024). The centre of
the planet is found to be made up of a core consisting of solid
iron. This core is surrounded by the second layer, a silicate man-
tle divided into an upper and lower mantle, assumed to have an
Earth-like composition. On top of this is a water layer, which fol-
lows the equations of state from AQUA (Haldemann et al. 2020).
Finally, the outer layer is an atmosphere assumed to be made
up of hydrogen and helium with solar ratios. The atmosphere is
treated as isothermal in the model at the equilibrium temperature
of the planet.

We used the derived radius, mass, and equilibrium temper-
ature from Table 5 as our input and use the default sample of
1000 uncertainty samples to predict the interior structure distri-
bution for inputs within the error bars. We computed ten samples
of each distribution to reach a total sample of 10 000. The result-
ing mass fractions are shown in pink in Fig. 5. ExoMDN predicts

a core mass fraction of 0.103*). 13> and a mantle mass fraction of

0.20%921 "while the water mass fraction lies at 0.67*%14 and the

0142 032
atmospheric mass fraction of 0.0003905163. These errors may

be underestimated given that the errors of an individual sam-
ple are from the search algorithm, not accounting for physical
uncertainties.

We applied ExoMDN in the same way to model the inte-
rior structure with the planetary parameters derived by Martioli
et al. (2023) as input. We obtained a core mass fraction of

0.15f8:ﬁ, a mantle mass fraction of 0.26f8:§8, water mass fraction
of 0.50*3-3 and an atmospheric mass fraction of 0.00024*3017%5.
These values are in agreement with the interior structure derived
from the planetary parameters derived in this work. A compar-
ison between the two is shown in Fig. 5, where the pink line
represents the results from our work, while the purple line is the
ExolMDN results of the planetary parameters from Martioli et al.
(2023). This shows that our newly derived radius and mass allow
us to better constrain the layers.

In addition, we modeled the atmospheric evolution of TOI-
2141 b using the Planetary Atmosphere and Stellar RoTation
RAte (PASTA; Bonfanti et al. 2021b) code, which works in
an MCMC fashion within the MC3 Bayesian framework devel-
oped by Cubillos et al. (2017). The algorithm employs MESA
evolutionary tracks (Choi et al. 2016), a gyrochronological rela-
tion in the form of a broken power-law (Bonfanti et al. 2021b),
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Fig. 6. Posterior distributions (pdf) as derived from PASTA (blue
histograms), with the violet area that highlights the 68.3% highest
probability density interval. Left panel: rotation period pdf of TOI-
2141 when the star was 150 Myr old (P, 150) compared with the
Pyor150 distribution of stars of comparable masses (black histogram)
as extracted from the sample by Johnstone et al. (2015a). Right panel:
initial atmospheric mass fraction (f;i") pdf of TOI-2141b compared
with the model-inferred present-day atmospheric content (black line).
The orange horizontal line marks the uniform prior that was imposed
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an empirical model to relate stellar rotation with the X-ray
and extreme ultraviolet (XUV) flux (Bonfanti et al. 2021b, and
references therein), a planetary structure model that links plan-
etary observables to the atmospheric mass (Johnstone et al.
2015b), and a model for computing the atmospheric escape rate,
which results from internal heating and XUV stellar irradiation
(Kubyshkina et al. 2018a,b). PASTA neglects any migration that
might have occurred after the proto-planetary disk dispersal and
assumes that the atmospheric content of the planets (if any) is
given by H-dominated atmospheres.

At each MCMC step, PASTA computes the evolutionary track
of the exoplanet atmospheric mass fraction fym,(f) and the step is
accepted if the present-day planet radius inferred from fyum(#4)
is consistent with its observational counterpart. As a result, we
obtained the posterior distribution for the initial atmospheric
mass fraction f32" = fum(faisk) of TOI-2141 b (blue histogram
in the second panel of Fig. 6), where #4;5x is the time of dispersal
of protoplanetary disk. According to our framework, TOI-2141 b
has lost an atmospheric content roughly equal to 1% of its total
mass during its lifetime. By modeling the stellar activiy, PASTA
also outputs the expected stellar rotation period at t = 150 Myr
and compares it with the period distribution of coeval stars hav-
ing masses comparable to TOI-2141 as extracted from Johnstone
et al. (2015a) (thick blue and thin black histograms in the first
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panel of Fig. 6, respectively). We used these results to infer that
the star was likely born as a slow rotator.

4.2. Considering whether the RV-only planets transit

This is a reasonable consideration given that the innermost
planet in the system, TOI-2141 c, has a transit probability of
7.5 £ 0.1%, using the values in Table 5 (and 100% if the orbits
would be perfectly coplanar). For comparison, planet b has a
3.3% transit probability and d just 1.5%. To investigate this ques-
tion, we carried out a joint fit as in Sect. 3.4, but assuming that
all three planets are transiting. Our priors were thus identical as
in Table 4, but adding the parameters 7| and r, for both planets c
and d. The posteriors from this analysis are virtually identical to
those shown in Table 4 except for those parameters and are thus
not reported in this manuscript.

Figure A.5 shows the TESS photometry phase-folded to the
periods of the ¢ and d planets from that joint fit. There is no evi-
dence that either of the planets were transiting during the time of
TESS observations. The CHEOPS data, scheduled to coincide
with transits of planet b, do not cover either of the two plan-
ets’ predicted transit windows. For the innermost planet, this
is surprising given the closeness to the star, but a model that
assumes the planet to be transiting is significantly disfavored
(AInZ =351679.2 — 351693.6 = —14.4). If planet c were to be
transiting, our joint fit would constrain its size to be smaller than
0.347032 Rs, which combined with its inferred mass of ~6 Mg
would imply a density of 850 gcm™, more than a hundred times
denser than iron. For planet d, the inferred density would be
even larger as the planet is more massive than c although its
long period makes it more likely to be non-transiting from our
line of sight. The minimum mutual inclination between planets

b and c given these constrains Aip, = cos™! (1;—;) —cos! (1;—*) >
2.4 deg.

4.3. System stability and dynamical constrains

The TOI-2141 system hosts three sub-Neptune-mass planets in
relatively well-spaced orbits. Interestingly, the system seems to
be close to an unusual 10/3 mean motion resonance chain, so the
stability is not straightforward or warranted. To get a clear view
on the stability of the system, we performed a dynamical analy-
sis as in Correia et al. (2005, 2010). The system was integrated
on a regular 2D mesh of initial conditions around the best fit
(Table 4). Each initial condition was integrated for 10* yr, using
the symplectic integrator SABAC4 (Laskar & Robutel 2001), with
a step size of 2.5 x 10™ yr and general relativity corrections.
Then, we performed a frequency analysis (Laskar 1990, 1993) of
the mean longitude of planet b over two consecutive time inter-
vals of 5000 yr, and determined the main frequency, n and n’,
respectively. The stability is measured by A = |1 — n’/n|, which
estimates the chaotic diffusion of the orbits. The stability results
are visually reported as color in Figs. 7 and 8. Orange and red
represent chaotic, strongly unstable trajectories; yellow indicates
the transition between stable and unstable regimes; green cor-
responds to moderately chaotic trajectories, but stable on Gyr
timescales; cyan and blue give extremely stable quasi-periodic
orbits.

In Fig. 7, we explore the stability of planet b by varying its
orbital period and eccentricity. We note that although the orbital
period of planet b is very well constrained, we opted to vary
this parameter, so that we could simultaneously view both 10/3
period ratios with planets ¢ and d (marked with dashed lines). We
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Fig. 7. Stability analysis of the TOI-2141 planetary system in the
plane (P, e;), assuming coplanar orbits. For fixed initial conditions,
the parameter space of the system is explored by varying the orbital
period and the eccentricity of planet-b. The step size is 0.005 day in
the orbital period and 0.0025 in the eccentricity. For each initial con-
dition, the system is integrated over 10* yr, and a stability indicator is
calculated, which involves a frequency analysis of the mean longitude
of planet b. The chaotic diffusion is measured by the variation in the
frequency (see text). Red points correspond to highly unstable orbits,
while blue points correspond to orbits that are likely to be stable on Gyr
timescales. The vertical dashed lines correspond to both 10/3 period
ratios with planets ¢ and d. The black dot shows the best fit solution
from Sect. 3.4.

observe that the best-fit solution (black dot) is close to, but still
outside both resonances, even if we include the observational
errors. Thus, the resonant motion can be discarded. Besides, the
best fit is embedded in a large stability region (blue); thus, we
can conclude that the orbits of all planets are trustworthy from a
stability point of view.

In Fig. 8, we explore the stability of the system by varying the
eccentricities of planets b and d, which are the two most massive
in the system. Although in the best-fit solution their eccentric-
ities were fixed at zero, we observe that the system is resilient
even for high values, up to about 0.3. We vary only e, and ey,
because planet c is the closest to the star, and so it is more likely
that e, ~ 0 owing to tidal damping.

Figure 8 shows the inclinations to the line-of-sight of planets
c and d. We vary only i. and iy, because planet b is transiting,
and thus its inclination is well determined, i, = 88.76 + 0.06 deg
(Table 5). For guidance, we also show a dashed circle that cor-
responds to mutual inclinations with planet b of 60deg. We
observe that planet ¢ can be stable for i, > 15 deg, so its maximal
mass is about 24 Mg, while planet d can be stable for iy > 30 deg,
so its maximal mass is about 30 Mg. This analysis shows all plan-
ets in the system, despite two being non-transiting, have masses
below 30 Mg, from stability arguments.

5. Conclusions

We refined the characterization of the TOI-2141 system using
new TESS and CHEOPS photometry, along with 61 HARPS-N
RVs. For the known transiting planet TOI-2141 b, we deter-
mined a radius of 3.15 + 0.04 Ry and mass of 20.1 = 1.6 M,
corresponding to a bulk density of 3.54 + 0.31 gcm™>. Interior
structure models suggest a substantial water-rich layer and a
thin hydrogen-dominated atmosphere, but stronger conclusions
cannot be made without future observations focusing on the
atmospheric composition. The high precision achieved in the
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Fig. 8. Left: stability analysis in the plane (e,,e,), assuming coplanar orbits. For fixed initial conditions, the parameter space of the system
is explored by varying the eccentricities of planets b and d with a step size of 0.0025. Right: stability analysis in the plane (i.,i,), assuming
i, = 88.76 deg (Table 5) and the longitude of the node of all planets equal to zero. For fixed initial conditions, the parameter space of the system is
explored by varying the inclinations of planets ¢ and d with a step size of 1 deg. The dashed circle corresponds to mutual inclinations with planet b

of 60 deg. The color codes are the same as in Fig. 7.

planetary mass and radius of TOI-2141 b (7.9% and 1.3%, respec-
tively) makes it a valuable benchmark for studies of sub-Neptune
composition and evolution.

Bayesian model comparison analyses on the RV data strongly
support a three-planet model, with additional Keplerian signals
at 5.46 and 60.45 days. Despite the high transit probability of
the inner companion, a joint analysis rules out transits of plan-
ets ¢ and d with high confidence. This implies a minimum
mutual inclination of >2.4° between planets b and c, suggest-
ing a slightly misaligned but dynamically quiet system. This
system adds to the growing body of evidence that many single-
transiting planets are part of multi-planet systems with small, but
significant inclinations.

Data availability

The raw and detrended photometric time-series data are avail-
able at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/704/A174.
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Fig. A.1. CHEOPS photometry of TOI-2141 analysed using pycheops (see text). The transits of planet ¢ were observed in five separate visits.
Top panels show the normalised raw CHEOPS light curve (sky blue), the binned raw light curve (dark blue), and the best fitted GP+transit model
(brown line). Bottom panel shows the detrended light curves (sky blue), the binned, detrended light curve and the best-fitted transit model (green).
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Fig. A.2. RV time series from SOPHIE (pink) and HARPS-N (green). The error bars are broken into the internal measurement error and the added
jitter in gray. The black line shows the best-fit model from Sect. 3.4.
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Fig. A.3. GLS periodograms of the spectral activity indicators from
HARPS-N data. For each panel, the horizontal lines show the theoretical
10% (short-dashed line), 1% (long-dashed line), and 0.1% (dot-dashed
line) false alarm probability levels. The vertical dashed lines mark the
orbital frequencies of the transiting planet (f, = 0.0547d™") and of
the signals detected in the RVs at 5.46 and 60d. Panels a—c: Cross-
correlation full width half maximum (FWHM), bisector (BIS), and
contrast (CTR) computed with YABI. Panels d—h: Chromatic index
(CRX), differential line width (dLW), Ha, and Na doublet computed
with serval. Panels i—j: S-index and R}, index computed by YABIL.
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Fig. A.4. Stacked Bayesian GLS periodogram analysis of the HARPS-N dataset. Top: Periodogram of the original HARPS-N RV dataset (left)
and the HARPS-N RV dataset after modeling of the transiting planet TOI-2141 b (right). The amount of observations is plotted against period,
with the color scale indicating the logarithm of the power or probability of a coherent long-lived signal, where darker is more likely. Bottom:
Power as a function of the number of observations for the three RV signals of interest in the system: the transiting planet at 18.26 d (top), the inner
non-transiting planet at 5.46 d (middle), and the outer non-transiting planet at 60.45 d (bottom). The first panel is computed from the original RV
dataset, the next two from the residuals of fitting the transiting planet. The monotonic increase of power as afunction of number of observations is
typical of bonafide planets and not of astrophysical or instrumental origin (Mortier & Collier Cameron 2017).
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Fig. A.5. Phase-folded TESS photometry to the period of planet ¢ (left) and d (right). White circles represent the binned photometry for readability.
None of the planets appear to be transiting during the time of our observations.
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