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ABSTRACT

Aims. We aim to confirm and measure the mass of the transiting planet candidate around the K5V star TOI-2093, previously
announced by the Transiting Exoplanet Survey Satellite (TESS) project.

Methods. We combined photometric data from 32 sectors between 2019 and 2024 with 86 radial velocity measurements obtained with
the CARMENES spectrograph over a period of 2.4 years, along with a series of ground-based, broadband photometric monitoring
campaigns to characterize the host star and the transiting planet candidate, as well as to search for additional planets in the system.
Our data indicate that TOI-2093 is a main-sequence star located at a distance of 83 pc, with solar metallicity, and a rotation period of
43.8+1.8d.

Results. We have confirmed the planetary nature of the TESS transiting planet candidate, named TOI-2093 c, through the detection
of its Keplerian signal in the spectroscopic data. We measured a planetary radius of 2.30+0.12 Rg, a Neptune-like mass of 15.83;2 Mg,
and an orbital period of 53.81149+0.00017 d. This makes TOI-2093 c the smallest exoplanet known in the habitable zone of a main-
sequence FGK star. Given its size and relatively high density, TOI-2093 c belongs to a class of planets with no analog in the Solar
System. In addition, the CARMENES data revealed the presence of a second planet candidate with a minimum mass of 10.6+2.5 Mg
and an orbital period of 12.836+0.021 d. This inner planet, which we designated TOI-2093 b, shows no detectable photometric transit
in the TESS light curves. The orbital planes of the two planets are misaligned by more than 1.6° despite the near 4:1 mean-motion

resonance of their orbital periods.

Key words. astrobiology — planets and satellites: detection — planets and satellites: fundamental parameters — planetary systems

1. Introduction

The search for exoplanets, particularly those with temperate con-
ditions, is crucial for understanding planetary formation and
the potential for habitability beyond our Solar System. Identi-
fying such planets requires precise detection methods, especially
for low-mass planets, where high-precision radial-velocity (RV)
measurements are essential. The combination of the NASA
Transiting Exoplanet Survey Satellite (TESS), which detects
transits, and the fiber-fed Calar Alto high-Resolution search for
M dwarfs with Exoearths with Near-infrared and optical Echelle
Spectrographs (CARMENES), which provides precise RV mea-
surements, greatly improves our ability to characterize these
planets. Previous studies combining transit and RV methods
have successfully identified and characterized temperate exo-
planets, demonstrating the effectiveness of this approach in the
refinement of planetary parameters and the assessment of their
atmospheric properties (e.g., Luque et al. 2019; Trifonov et al.
2021; Kuzuhara et al. 2024).

The habitability of planets can potentially be tested in planets
located in the so-called habitable zone (HZ) of their host stars.

* Corresponding author: jsanz@cab.inta-csic.es

Twenty-three planets in the HZ of main-sequence FGK stars
have been reported to date, representing a very small fraction
(~3.1%) of all planets with a known mass and radius (see further
discussion in Sect. 5). Among them only two have a radius of
R, < 5Rg, and only six have M, < 24 Mg (Neptune has 3.9Rg
and 17.1 Mg). The discovery of new planets orbiting the HZ of
FGK stars is thus of great importance.

A planet candidate orbiting TOI-2093 (K5V, Table 1) was
reported by the TESS project on 15 July 2020. The transits
indicated a size of ~2.2 Rg and its orbital period implied an equi-
librium temperature of ~329 K (for a Bond albedo of 0.3). With
this temperature we considered the candidate planet to be located
within the HZ of the star, increasing the interest in determin-
ing its mass and improving its orbital parameters. We started an
RV campaign to calculate its mass, and we complemented the
TESS observations with a number of photometric observations
from different ground-based telescopes to better characterize the
stellar photometric variability.

Details of the photometric and RV observations used in this
research are described in Sect. 2. The host star and its photomet-
ric and spectroscopic analyses are introduced in Sect. 3. RV and
TESS photometric analyses and results on the TOI-2093 plane-
tary system are detailed in Sect. 4. The results are discussed in
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Table 1. Stellar parameters of TOI-2093.

Parameter Value Reference
Basic identifiers and data
TYC 4450-1440-1 Tycho-2
2MASS J20105711+7052098 2MASS
TIC 402898317 Stas18
Karmn J20109+708 Cabl6
Sp. type K5V This work
G (mag) 11.3640 + 0.0028 Gaia DR3
J (mag) 9.715 + 0.021 2MASS
Astrometry and kinematics

a (J2000) 20:10:57.12 Gaia DR3
6 (J2000) +70:52:09.9 Gaia DR3
e COS O (mas yr’l) -36.834 + 0.017 Gaia DR3
us (mas yr=') 55.115+0.018 Gaia DR3
w (mas) 12.104 + 0.012 Gaia DR3
d (pc) 82.615 + 0.084

y (kms™) 14.67 £ 0.33 Gaia DR3
U (kms™) —13.637 + 0.077 Cor24
V (kms™h) 3.12+0.30 Cor24
W (kms™") 26.34 £ 0.11 Cor24
Galactic population Thin disk Cor24

Fundamental parameters and abundances
Terr (K) 4426 + 85 This work
log g (cgs) 4.87 +0.06 This work
[Fe/H] (dex) —0.08 +£0.02 This work
L (Ly) 0.1838 = 0.0029 This work
R Ryp) 0.729 + 0.029 This work
M (My) 0.745 + 0.034 This work
Activity and age

vsiniy, (kms™!) <2.0 This work
P (d) 438+ 1.8 This work
log Lx (ergs™) ~217.3 This work
Age (Gyr) ~6.6 This work

Notes. 2MASS: Skrutskie et al. (2006); Cab16: Caballero et al. (2016a);
Gaia DR3: Gaia Collaboration (2021); Stas18: Stassun et al. (2018);
Tycho-2: Hgg et al. (2000); Cor24: Cortés-Contreras et al. (2024).

the framework of current knowledge in Sect. 5. In Sect. 6, we
wrap up the conclusions.

2. Observations
2.1. TESS photometry

TESS (Ricker et al. 2015) is an all-sky transit survey whose
principal goal is the detection of planets smaller than Neptune
orbiting bright stars that can be followed up with ground-
based observations. These can then lead to the determination
of planetary masses and atmospheric compositions. All TESS
observations are made available to the community including cal-
ibrated light curves from the simple aperture photometry (SAP
Twicken et al. 2010; Morris et al. 2020) fluxes, and presearch
data conditioned simple aperture photometry (PDCSAP) fluxes
(Smith et al. 2012; Stumpe et al. 2012, 2014). The SAP flux is the
flux after summing the calibrated pixels within the TESS opti-
mal photometric aperture, and the PDCSAP flux corresponds to
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Table 2. TESS sectors containing TOI-2093 observations and their
elapsed time.

Sector Starting date Ar (d) Transit \ Sector Starting date Atr (d) Transit

15 2019-08-15  26.1 . 55 2022-08-05 272 ..
16 2019-09-12 247 (V) 56 2022-09-02 279 v
17 2019-10-08  25.0 e 57 2022-09-30 28.8 v
18 2019-11-03 244 v 58  2022-10-29 277
19 2019-11-28  25.1 . 59 2022-11-26 26.4 v
20 2019-12-24 263 v 60  2022-12-23 257 ..
22 2020-02-19 272 (V) 73 2023-12-07 269 v
23 2020-03-19 26.8 . 75 2024-01-30 277 v
24 2020-04-16 26.5 v 76 2024-02-27 271 .
25  2020-05-14 25.7 . 77 2024-03-25 28.1 v

40  2021-06-25 28.2 v 78
48 2022-01-28 28.1 v 79

2024-05-03  18.1 .
2024-05-22 271 v

49 2022-02-26  26.8 .. 83  2024-09-05 25.0 v
50 2022-03-26 262 (V) 84  2024-10-01 25.8 ..
52 2022-05-19 244 (V) 85  2024-10-27 255 v
53 2022-06-13  25.0 86  2024-11-21 26.6

Notes. Sectors including a TOI 2093 b transit are marked with a v'.
The parentheses indicate the transits affected by instrumental problems
or observing gaps, excluded from the analysis.

the SAP flux values corrected for instrumental and environmen-
tal variations. The optimal photometric aperture is defined such
that the stellar signal has a high signal-to-noise ratio (S /N), with
minimum contamination from the background. The TESS detec-
tor bandpass spans from 600 to 1000 nm and is centered on the
Cousins / band (786.5 nm), approximately.

TESS observed TOI-2093 in 2 min short-cadence integra-
tions in 32 different sectors between 2019 and 2024 (Table 2).
The image data were reduced and analyzed by the Science
Processing Operations Center (SPOC, Jenkins et al. 2016) at
NASA Ames Research Center. In a first analysis, TOI-2093
was announced as a TESS object of interest (TOI) by the
TESS Science Office (TSO) via the dedicated Massachusetts
Institute of Technology TESS data alerts public website!,
where a planet candidate was identified at an orbital period of
53.8108+0.0002 d. The SPOC conducted a multi-sector transit
search of Sectors 15-23 on 6 May 2020 with an adaptive, noise-
compensating matched filter (Jenkins 2002; Jenkins et al. 2010,
2020), producing a threshold crossing event (TCE) for which an
initial limb-darkened transit model was fit (Li et al. 2019) and a
suite of diagnostic tests were conducted to help make or break
the planetary nature of the signal (Twicken et al. 2018). The TSO
reviewed the vetting information and issued an alert on 15 July
2020 (Guerrero et al. 2021). The signal was repeatedly recovered
as additional observations were made in following searches of
sectors 15-25, 15-40, 15-50, 15-55, 15-60, 15-78, and 15-86,
and the transit signature passed all the diagnostic tests presented
in the data validation reports. Based on the latter search, the host
star is located within 1.67 + 3.15” of the source of the transit sig-
nal, the estimated radius of the planet is 2.45+0.40 Rg, and the
transit duration is 4.61+0.30 h with a depth of 980.5+46.6 ppm.
Due to the long orbital period of the transiting planet, the 27 d
observational baseline of each TESS sector, and the presence of
observational gaps, transits are not present in all TESS sectors.

The light curve files for the different sectors were down-
loaded from the Mikulski Archive for Space Telescopes. As a
preliminary validation step, we examined the SAP and PDCSAP

I https://tess.mit.edu/toi-releases/
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Table 3. RV and ground-based photometric observations used in this
work.

Instrument Starting date Az (d)  No,s  Filter rms
CARMENES 2021-04-03 904 86 VIS 6.8ms™!
CARMENES 2021-04-03 904 86 NIR 27.8ms™!
OSN 2022-04-30 237 1740 R,V 6.6 mmag
TJO 2021-02-25 687 782 R 7.3 mmag
LCOGT-1m 2022-05-05 542 417 B 6.7 mmag
LCOGT-0.4m  2022-05-07 227 1422 \% 21.5 mmag

fluxes generated by the TESS pipeline to verify their reliability
for subsequent analysis. This was accomplished by inspecting
potential contamination from nearby stellar sources within the
photometric aperture. Fig. A.l displays the target pixel files
(TPFs) of one sector of TOI-2093, overplotted with Gaia Data
Release 3 (DR3) sources (Gaia Collaboration 2018) using the
tpfplotter tool (Aller et al. 2020). The analysis confirmed the
absence of additional Gaia sources within the pipeline-defined
aperture, supporting the conclusion that the extracted TESS light
curves are free from contamination from nearby stars and are
thus suitable for accurate photometric modeling. The PDCSAP
light curves with detected transits are displayed in Fig. A.2.

2.2. Keck adaptive optics imaging

To further assess the contamination by nearby companions, we
used the KeckIl 10 m telescope to obtain a Near Infrared Cam-
era (NIRC2) adaptive optics image in the K-band of TOI-2093.
Our target was observed on 23 June 2022. No companions were
detected with a contrast of 7.2 mag at 0.5 (Fig. A.3). TOI-
2093 is located at a distance of 82.615pc (Table 1), and it
has absolute magnitudes M3=6.7787+0.0036, M,;=5.130+0.021,
and Mg =4.390+0.018. Assuming that the interstellar extinc-
tion towards TOI-2093 is negligible since its optical and near-
infrarred colors are consistent with those of mid-K dwarfs, and
applying the mass—magnitude relations from Pecaut & Mamajek
(2013), we found no evidence for a companion warmer than spec-
tral type LO-L2 in the field between 0.5 and 3.0” (41-250 au)
from TOI-2093. That is, there is no stellar companion with mass
larger than 0.075 Mg, at these separations. Brown dwarf compan-
ions cannot be excluded based on these high-spatial resolution
data.

2.3. Other photometric monitoring

To characterize the stellar variability and determine the stellar
rotation period, we monitored TOI-2093 using broadband optical
filters and ground-based telescopes, and also explored various
photometric catalogs (Table 3). We discarded photometric V-
band data acquired within the All-Sky Automated Survey for
Supernovae (ASAS-SN) project (Shappee et al. 2014), covering
1700 d starting on 18 March 2014, because the data have too large
error bars. We also discarded 85 e-EYE (shorthand for Entre
Encinas y Estrellas)? V-filter data covering 122 d starting on 17
May 2022 because of their large dispersion as compared with
data from other telescopes. e-EYE is a telescope-hosting facility
located in Fregenal de la Sierra, Badajoz, Spain.

2 https://www.e-eye.es/

2.3.1. OSN

The T90 telescope at OSN (Observatorio de Sierra Nevada,
Spain) was employed to collect photometric data of TOI-2093.
T90 is a 90 cm Ritchey-Chrétien telescope equipped with a CCD
camera Andor Ikon-L. DZ936N-BEX2-DD 2kx2k with a result-
ing field of view (FOV) of 13.2" x 13.2’. The camera is based
on a back-illuminated CCD chip, with high quantum efficiency
from ultraviolet to near-infrared. This camera also includes
thermo-electrical cooling down to —100°C for negligible dark
current.

Our set of observations, collected in Johnson V and R filters,
typically consisted of 20 exposures in each filter per night, of 60 s
and 50 s, respectively. All CCD measurements were obtained by
the method of aperture photometry and no detector binning was
applied during the observations. Each CCD frame was corrected
in a standard way for bias and flat-fielding. Different aperture
sizes were also tested to choose the best ones for our observa-
tions. A number of nearby and relatively bright stars within the
frames were selected as check stars to choose the best ones to
be used as reference stars. A 30 clipping to remove outliers was
applied to the light curves.

2.3.2. TUO

We observed TOI-2093 with the 0.8 m Telescopi Joan Oré (TJO,
Colomé et al. 2010) at the Observatori del Montsec in Lleida,
Spain. Images with exposure times of 60 s were obtained using
the Johnson R filter of the LAIA imager, a 4kx4k CCD with
a FOV of 30’, and a scale of 0.4” pixel‘l. Raw frames were
corrected for dark current and bias and were flat-fielded using
the ICAT pipeline (Colome & Ribas 2006) of the TJO. The
differential photometry was extracted with the AstroImage]
software (Collins et al. 2017) by using an optimal aperture size
that minimized the root mean square (rms) of the resulting rel-
ative fluxes. To derive the differential photometry of TOI-2093,
we selected the 10 brightest comparison stars in the field that did
not show any variability. Then, we employed our own pipelines
to remove outliers and measurements affected by poor observing
conditions or with a low S/N.

2.3.3. LCOGT

Las Cumbres Observatory Global Telescope (LCOGT, Brown
et al. 2013) 1-m telescopes were employed to observe TOI-2093
in the B photometric filter. An exposure time of 12 s was used for
each image. The aperture photometry was also performed using
AstroImagel. Using trial and error, we adopted an aperture size
of 10 pixels, selected four reference stars of similar counts, and
performed photometry. The 0.4 m telescopes of the network were
equipped with the V photometric filter. The data from nights with
bad photometric conditions in B or V were excluded.

2.4. CARMENES spectroscopy

We used CARMENES (Quirrenbach et al. 2014) to spectroscop-
ically observe TOI-2093, to measure the mass of its planetary
companions. We obtained a total of 86 high-resolution spectra
from 3 April 2021, through 24 September 2023. CARMENES
is installed at the 3.5 m telescope of the Calar Alto Observatory
in Almeria, Spain. It was specifically designed to deliver high-
resolution spectra at optical (resolving power R ~ 94 600) and
near-infrared (R = 80400) wavelengths from 520 to 1710 nm.
CARMENES has two different channels, one for the optical (the
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VIS channel) and the other for the near-infrared (the NIR chan-
nel), with a break at 960 nm (Quirrenbach et al. 2014). All data
were acquired with integration times of 1800 s (which is the max-
imum exposure employed for precise RV measurements) and
followed the data flow of the CARMENES GTO program (Ribas
et al. 2023). CARMENES raw data are automatically reduced
with the caracal pipeline (Caballero et al. 2016b). A correction
from the presence of telluric lines was then applied following
Nagel et al. (2023). Relative RVs were extracted separately for
each échelle order using the serval software (Zechmeister et al.
2018). The final VIS and NIR RVs for each epoch were computed
as the weighted RV mean over all échelle orders of the respec-
tive spectrograph, with an rms as described in Table 3. The mean
S/N of the TOI-2093 spectra in the order 75 (118090-8271 A)
was 54.

In this work, we used only the CARMENES VIS-channel
RVs (Table A.1, internal precision of 1.2m s~!, mean error bar
of 3.5ms™!) to search for planetary candidates. For stars as blue
as TOI-2093 the NIR channel delivers relative RVs with sig-
nificantly lower precision than the VIS channel (Reiners et al.
2018; Bauer et al. 2020). The expected RV semi-amplitudes of
the transiting planets (<5ms™') are below the typical NIR pre-
cision of our data (mean error bar of 14 ms~"). Nevertheless,
the CARMENES NIR RVs for TOI-2093 are briefly analyzed
to investigate stellar rotation rather than to search for additional
planets.

At a high spectral resolution, the profile of the stellar lines
may change due to photospheric and chromospheric activity,
which has an impact on accurate RV measurements. It is there-
fore crucial to disentangle the effects of stellar activity from
the Keplerian signals. The CARMENES serval pipeline pro-
vides measurements for a number of spectral features that are
considered indicators of stellar activity (Table A.1), such as
the differential line width (dLW), Ha, the CaTl infrared triplet
118498, 8542, 8662 A (IRT), and the chromatic index (CRX).
The CRX quantifies the slope of RV measurements as a function
of wavelength, and it is used as an indicator of the presence of
stellar active regions (Zechmeister et al. 2018). All these indices
may have a chromospheric component in active K dwarfs.

3. The star TOI-2093
3.1. Stellar parameters

All relevant parameters collected from the literature, and derived
in this work, are listed in Table 1. The stellar atmospheric param-
eters (Teg, log g, and [Fe/H]) of TOI-2093 were analyzed using
CARMENES VIS and NIR template spectra by Marfil et al.
(2021) through the SteParSyn?® code (Tabernero et al. 2022),
using the line list and model grid described by Marfil et al.
(2021). The derived values, presented in Table 1, are T.g =
4482 K, log g = 4.87 dex, and [Fe/H] = —0.08 dex. To determine
the stellar radius, we employed the spectroscopic T, the bolo-
metric luminosity calculated following Cifuentes et al. (2020),
and the Stefan-Boltzmann law, obtaining R = 0.7291 Rg. The
mass of TOI-2093 was then estimated using the mass-radius
relationship established by Schweitzer et al. (2019) for eclips-
ing binary stars, resulting in M = 0.745 M. These parameters
indicate that TOI-2093 is a K5V star, consistent with spectral
features in the CARMENES spectra.

We compared the mass and radius adopted for the star
(Table 1) with values obtained using various mass—luminosity

3 https://github.com/hmtabernero/SteParSyn/
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relations available in the literature for low-mass stars (e.g., Mann
et al. 2015, 2019; Benedict et al. 2016). Discrepancies of up to
15% were observed. Our mass estimate is consistent within 1o~ of
the value inferred from PARSEC evolutionary models for solar
metallicity (Chen et al. 2014). According to these models, based
on the bolometric luminosity and effective temperature of TOI-
2093, the star is predicted to have a mass of 0.72 +0.04 My, and
an age between 40 and 60 Myr. However, this age appears too
young given the observed stellar activity level and the long rota-
tion period (Sect. 3.2). To investigate further, we examined the
CARMENES VIS template spectrum around 6708 A to search
for lithium absorption, which would be expected if TOI-2093
were as young as predicted by the evolutionary models (Randich
& Magrini 2021). No lithium was detected in the spectrum, with
a 30 upper limit on the equivalent width of the resonance dou-
blet of 10 mA. We thus ruled out a young age for TOI-2093. This
lithium upper limit implies an age greater than 300 Myr based on
the relation between lithium equivalent width and age for stars of
similar temperature established by Jeffries et al. (2023).

The CARMENES template spectrum of the star shows a
small amount of emission near the core of the Call IRT lines,
and some filling-in of He. This indicates the presence of a rather
low, but not negligible, chromospheric activity. No X-rays or UV
observations are available to date, except for a marginal GALEX
NUV detection. The low level of activity is consistent with the
rotational v sin i upper limit of 2 km s~ measured from the spec-
trum (Table 1). Using the stellar radius and assuming a rotation
axis inclination of ~90°, we derive a rotation period Py, 2 18.4 d.

3.2. Stellar rotation period

Before examining the CARMENES RVs to search for or con-
firm planets, we first analyzed all available photometric and
spectroscopic (activity index) time series. This allowed us to
identify the characteristic frequencies of the star’s variability and
to determine the rotation period of TOI-2093.

The analysis of TESS light curves (with an observational
baseline of ~27d per sector) does not allow for a proper
determination of such long rotation periods. The ground-based
photometric data (Table 3) span larger time windows, allowing
for a better search of the period. Despite that, the rotation sig-
nal is rather small, and we needed to combine photometry with
the activity indicators from the CARMENES spectra to better
determine the rotation period.

3.2.1. LCOGT 1-m, LCOGT 0.4-m, OSN, and TJO light curve
analysis

To determine the photometric rotation period of TOI-2093, we
analyzed all available photometric data and applied Gaussian
process (GP) modeling. As a preliminary step, we first combined
the OSN, TJO, and LCOGT light curves, accounting for the off-
sets between instruments, and generated the GLS periodogram.
Our photometric follow-up spans approximately 1000 d, and the
GLS periodogram reveals a long-term trend. We then removed
this trend and generated the GLS periodogram of the residuals,
which is shown in Fig. 1. The next peak corresponding to a sig-
nal of 43.8+1.8 d (Table 1) is identified in the GLS periodogram,
where the error corresponds to the half width of the peak. This
rotation period is consistent with the vsini upper limit, and the
observed low level of activity (see below).

Unlike GLS periodograms, which are based on static sinu-
soidal models, GPs are capable of capturing the quasi-periodic
nature of stellar activity. We used a kernel composed of two
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Fig. 1. GLS periodograms of all photometric and spectroscopic data.
Vertical dashed lines mark planetary orbital periods (transiting planet
on a cyan band), and vertical green bands indicate stellar activity
timescales (see text). Horizontal dashed lines show FAP levels (0.1%
in green, 1% in orange, and 10% in blue) across all panels.

simple harmonic oscillators, commonly referred to as the dou-
ble simple harmonic oscillator (ASHO) kernel. All light curves
shared the GP hyperparameters with the only exception of the
amplitude of the variability, which was allowed to vary from fil-
ter to filter. The physical theory underlying the dSHO kernel,
along with the empirical knowledge accumulated in the literature
(e.g., Foreman-Mackey et al. 2017; Angus et al. 2018; Nicholson
& Aigrain 2022; Stock et al. 2023) and practical applications
(e.g., David et al. 2019; Gillen et al. 2020; Gonzdlez-Alvarez
et al. 2023), supports the interpretation of its hyperparameters.

The inferred photometric rotation period using the dSHO
kernel is Py, = 42.8 £ 0.2d, in good agreement with the period
detected from the photometric GLS periodogram. The fit qual-
ity factor (Qp = 2.22+0.08) indicates a low coherent signal,
consistent with the quasi-periodic nature of stellar rotation mod-
ulated by evolving active regions. The relative contribution of
the secondary oscillation (f = 0.79+0.03) suggests that the sec-
ond mode contributes considerably to the profile, probably due
to asymmetries and evolving spots. The difference in quality fac-
tors (dQ = 0.95+0.41) points to both modes having a smooth
damping without overfitting. The GP amplitudes vary across
instruments (Fig. A.4), with stronger signals observed in the
OSN-V and OSN-R filters, suggesting wavelength-dependent
variability likely driven by stellar activity.

3.2.2. CARMENES activity indicators and NIR RV

We calculated the GLS periodograms for several stellar activ-
ity indicators provided by the CARMENES serval pipeline.
The spectroscopic GLS periodograms are displayed in Fig. 1:
they cover the interval 1.1-1000d, limits related to the Nyquist
frequency (0.5d7") and the duration of the observations. The
highest peaks of the CARMENES observations window function
are seen at ~1 d and approximately one year (Fig. A.5). There are
three Call IRT indices, one for each atomic line, whose corre-
sponding GLS periodograms are presented together in Fig. 1.
This periodogram exhibits peaks around ~2, ~19, and ~40d.
The ~19, and ~40d signals reach false alarm probability (FAP)
levels above 0.1%. These two signals are related to the stellar
Prot and Py /2. A similar situation is seen in the dLW GLS peri-
odogram with a lower significance. The GLS of the Ha index
is not so conclusive, showing some peaks at the 1% FAP level
around ~40d and the highest one close to the orbital period of
the transiting planet at ~54 d. Meanwhile, the GLS periodogram
of the CRX index do not display any significant peaks exceed-
ing the defined FAP thresholds at ~19 and ~40d signals, but
shows a broad peak greater than 150d. The two shorter period
signals (~2 d) observed in the Ca 11 IRT, CRX, and dLW residual
GLS periodograms are also detected in the RV data, indicating a
stellar origin.

For a given rotation period, we can expect to find signals at
the value of P,y and its harmonics, such as P.y/2, as well as
for some aliases (Sect. 4.2.1). In this case a rotation period of
P.o¢ = 43.8d is significant, with a 1-year alias at ~39.1 d and its
half period at ~19.6d (this can also be interpreted as the 1-year
alias of P,y /2): the three are identifed in the Ca 11 IRT lines, and
the latter also in the VIS RV domain.

We fit a dSHO kernel to the different activity indicators
showing stellar activity signals (Ca 11 IRT, dLW, and He), using
the same procedure as for photometric data. The amplitude of
the kernel was fit independently for each dataset, with the rest
of hyperparameters shared across all indicators (Fig. A.6). The
inferred spectroscopic rotation period using the dSHO kernel is
Prot = 42.8f}:‘3‘ d.
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Fig. 2. Evolution of the s-BGLS periodogram of the CARMENES RV data around 2 d (left) and in the region between 10 and 60 d (right). Both
s-BGLS periodograms have the 1-year alias of the first harmonic of the stellar rotation period (19.7 d) removed.

As is explained in Sect. 2.4, the CARMENES NIR channel
data were used to investigate stellar rotation, as stellar activity
may also impact the NIR wavelengths. The two bottom panels of
Fig. 1 show the GLS periodogram of the original CARMENES
NIR RVs and the residuals after subtracting the first harmonic of
one year at 180 d. The highest peak in the residuals corresponds
to a43.7+1.2 d signal, consistent with the photometric and stellar
activity indicators analysis, as is listed in Table A.2.

We roughly estimated the stellar age by means of the relation
between rotation period and stellar age provided by Mamajek &
Hillenbrand (2008). We derived a value of 6.63f8:§2 Gyr for TOI-
2093, but since this relation was calibrated with faster rotators
(thus younger stars) than TOI-2093, its age determination is quite
uncertain. We estimated the expected X-ray luminosity using
the rotation period and the relations of Wright et al. (2011),
resulting in log Lx(erg s~')=27.3. We also estimated the extreme
ultraviolet (EUV) stellar luminosity using the Sanz-Forcada
et al. (2025) relations. This led to log Lgyy(erg s~')=28.10 in the

100-920 A range, and 27.63 in the 100-504 A range.

4. The planetary system TOI-2093
4.1. TESS light curve analysis

The transit least squares (TLS) algorithm (Hippke & Heller
2019), implemented via the astropy.timeseries Python
package, was used iteratively to detect transiting exoplanets in
TESS PDCSAP time-series data with possible orbital periods
between 0.5 and 60 d. The strongest signal identified in the first
TLS iteration correspond to the 53.8 d planet candidate previ-
ously reported by TESS. After removing this planet candidate,
no additional transit signals were detected in the residuals. A
total of 32 TESS sectors were analyzed, with useful planetary
transits detected in 14 of them, as summarized in Table 2. The
TLS algorithm yielded preliminary estimates of the central tran-
sit time (7)), transit duration (#14), and transit depth (9), all of
which are in agreement with the parameters reported in the TESS
alerts for TOI-2093.

We searched for possible transit timing variations (TTVs) in
the TESS data by modeling the individual transits of the 53.8d
planet with juliet (Espinoza et al. 2019). We did not find
any periodic variability or linear trend with time in the TTVs
(Fig. A.7). We set a 30 upper limit of 33.6 min on the TTVs
spanning ~1840d of observation.

4 The alternative relations of Reiners et al. led to

log Lx(ergs™) =27.1.

(2014)
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4.2. CARMENES VIS RV analysis
4.21. GLS periodograms

We searched for the Keplerian signal of the 53.8d planetary
candidate in our CARMENES RV time series by fitting and
subtracting sinusoidal components corresponding to activity-
related signals or other planetary candidates. First, we analyzed
the spectral window function of the CARMENES VIS RVs
(Fig. A.5) to identify potential aliasing and artifacts in the
RV periodograms (e.g., Dawson & Fabrycky 2010; Stock et al.
2020). The strong peaks of the window function may introduce
alias peaks, sometimes stronger than the true signals, in the RV
periodogram at frequencies according to the expression fyji.s =
Jirue = M fwindow, Where m is an integer, fin is the frequency iden-
tified in the RV periodogram, and fyingow is the frequency from
the window function (Deeming 1975). Typical aliases affecting
ground-based observations are associated with the year, synodic
month, sidereal day, and solar day. In our spectroscopic window
function, the highest peaks occur at ~1 d and ~2d, close to half
a year and close to a year.

The first iteration of the GLS periodogram of the original
CARMENES VIS RVs, shown in the top panel of Fig. 1, reveals
the strongest periodic signal at 19.6d, which we attribute to
half the stellar rotation period (Sect. 3.2). After modeling and
subtracting this signal using a sinusoidal function, the second
iteration of the GLS periodogram applied to the RV residuals
reveals two peaks with a FAP lower than 10% (second panel
of Fig. 1), at approximately 13 d and 53.8 d. The latter matches
the orbital period of the transiting planet detected by TESS. The
CARMENES data thus provide spectroscopic confirmation of a
new planet orbiting TOI-2093 with an orbital period of 53.8 d.

After removing the 53.8 d signal, the third iteration of the
GLS periodogram of the RV residuals (the third panel of Fig. 1)
shows that the 13 d peak persists, while two new prominent peaks
emerge at 1.75d and 2.31 d. The 13 d peak is actually a doublet,
consisting of signals at 12.8 and 13.2 d, which are 1 yr aliases of
each other. None appears to be associated with either known stel-
lar activity signals or aliasing effects, suggesting that the system
may be in a 4:1 mean-motion resonance (or commensurability).
We named the two planets TOI-2093 b (the 13 d RV planet can-
didate) and TOI-2093 c (the 53.8 d transiting confirmed planet).
In the final iteration (fifth panel of Fig. 1), after removing the
13 d RV signal associated with TOI-2093 b, no additional signals
exceed the 10% FAP threshold.

We verified the stability of the RV signals at 1.75, 2.314d,
and 13 d over the entire observational time baseline by producing
the stacked Bayesian generalized Lomb—Scargle periodogram (s-
BGLS, Mortier et al. 2015) shown in Fig. 2. The significance
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Table 4. Comparison of different juliet RV models for TOI-2093,
only using the CARMENES RV data.

Model Pm[’Gp AlnZ Porb

@ (d)
GP (InZ = -281.4) 19.8+0.6 0 ...
1pl(134)+GP 19.8£0.6 1.6 12.847093
1pl(s34)+GP 19.7+04 39 53.810+0.009
2p1(13d’53d)+GP 19.5+0.4 5.6 12.84+0.04, 53.809+0.009

3pl1-3004,134,530)+GP 19.6£0.4 5.6  12.84+0.03, 53.809+0.09, 190’_'20

Notes. All models were run with P, gp prior U(15, 100).

or probability of these signals increases with time until a stable
level is reached at a certain number of observations. For this,
we employed the CARMENES RVs free of the signal at 19.6d
related to stellar rotation. The short-period signals at 1.75 and
2.31d are related by the 1d alias and are also present in the
Ca1 IRT periodograms, indicating that they are likely associated
with stellar activity. Therefore, they are not considered further in
this study until Sect. 5.3.

4.2.2. RV models

To address the reality of a multiplanetary system around TOI-
2093 using the CARMENES VIS RV data, we computed several
models using the Python-based juliet code and compared
them using log-evidence statistics. The juliet code internally
employs the radvel package (Fulton et al. 2018) to model
Keplerian RV signals. Stellar activity-induced variability was
accounted for using GPs, specifically with a dSHO kernel.

We based the selection of the best model on the rules defined
by Trotta (2008) for the Bayesian model log-evidence, In Z: if
Aln Z < 3, the two models are indistinguishable and none is pre-
ferred, while if Aln Z > 3, the model with the largest Bayesian
log-evidence is favored. The different approaches that we per-
formed are summarized in Table 4. All included a base model
(BM) consisting of RV offset and jitter plus a GP with P,y in
the interval 15-100d to simulate the stellar activity due to stel-
lar rotation. Since stellar activity in the CARMENES VIS RVs
appears at P /2 rather than at P, (see Sect. 4.2.1), we adopted
a wide uniform prior on the GP period that included both values,
allowing the model to identify the most likely stellar modulation
in the VIS RVs. The other ingredients for the different RV mod-
els are the following: (i) one Keplerian signal (1pl+GP); (ii) two
Keplerian signals at ~13d, and 53.8 d (2pl+GP); and (iii) three
Keplerian signals at ~13d, 53.8 d, and an uninformed search of
another Keplerian signal (3pl+GP).

The dSHO kernel consistently converged to a mean Py /2
value of 19.7+0.5d in all models (Table 4). We tested multiple
kernels (exponential-sine-squared, quasi-periodic, and dSHO),
all of which produced consistent results. We adopted the dSHO
kernel as it offers a more physically motivated and accurate
representation of stellar activity through its ability to model a
damped, periodic variability. We also tested two different GP
models assuming a normal prior on P,y centered at ~20d and
~44d. We found that the dSHO kernel with a GP period of
19.7 d is clearly favored by the VIS RV data instead of the ~44 d
period. The GP modeling quality factor, Qy, was moderately high
(Qo ~5.3), indicating a coherent and recurrent signal. Addition-
ally, the shape parameters of the kernel (f ~0.70 and dQ ~ 1.08)
suggest a relatively broad secondary mode and low damping dif-
ference, which is consistent with active regions evolving over

time and producing quasi-periodic variability. The high ampli-
tude (GP, ~5.87ms™!) indicates that the stellar activity signal
in RVs is higher than the Keplerian signature of the transiting
planet. The stellar variability fundamental period was indepen-
dently inferred to be ~44 d from photometric and spectroscopic
activity indicators, and also corroborated from the CARMENES
NIR RV data.

The resulting log-evidence for each model is provided in
Table 4. The third column shows the difference in Bayesian log-
evidence relative to the stellar activity—only model. Including
one or two planetary signals improves the statistical evidence,
with the two-planet model (orbital periods of 12.8 and 53.8 d)
being the most favored. However, the improvement over the one-
planet model is modest. Adding a third Keplerian signal with
a free orbital period between 1 and 300 d does not make the
fit to the RV data better. This analysis yields planetary param-
eters for TOI-2093 b and c that are fully consistent with those
reported for the joint study in the next section. We also remark
that introducing a second planet does not affect the parameters
of the first.

Our analysis of the CARMENES VIS RV data provides
that there is statistical evidence supporting the presence of at
least one planet around TOI-2093. The confirmed outer planet
is transiting, while the inner planet candidate does not show any
transits in the TESS light curve. TESS data folded in phase with
the orbital period of TOI-2093 b, after subtracting the 53.8d
signal previously identified in the light curve, is displayed in
Fig. A.8. No further transiting planet candidates are present
in the TESS light curves with a radius larger than 0.87Rg
(assuming a 100 detection threshold).

4.3. Joint photometric and spectroscopic analysis

To determine the planetary parameters of TOI-2093 b and c, we
carried out a combined photometric and spectroscopic analysis
using TESS and CARMENES VIS RV data. The fit was per-
formed using the juliet code to model Keplerian RV signals,
and the batman package (Kreidberg 2015) to model the transit
light curves, and a total of 5000 live points.

To reduce computational time, given the large number of
TESS sectors and the absence of detectable transits for TOI-
2093 b, we limited the photometric dataset by selecting time
intervals of 26 h centered around the expected mid-transit times
of TOI-2093c. We then removed photometric outliers using
a sigma-clipping algorithm, and flattened the resulting light
curve segments by applying a Savitzky-Golay filter with a third-
order polynomial. The planetary transits were excluded from this
flattening process.

We used the r; and r, parameterization (Espinoza 2018)
instead of determining the relative radii and the impact parame-
ters (b) of the planet directly: r; and r, can vary between 0 and
1 and are defined to explore all the physically meaningful ranges
for R,/R, and b. We defined a prior on the stellar density, p,
instead of the scaled semimajor axis of the planets, a. In this way,
a single value of p, is defined for the system. Based on the results
obtained so far, we modeled the dataset with two planetary Kep-
lerian signals, the 53 d transiting planet and the 13d RV-only
planet signal. We also employed a dSHO GP kernel to account
for stellar activity in the RV data centered at 19.7 d. We assumed
that both planets are in circular orbits. The model was called
2pl+GP. The posteriors from the 2pl+GP fit that we adopted as
planetary parameters for the TOI-2093 system are presented in
Table 5. For clarity, the posteriors of the remaining fit parameters
can be found in Table A.3.

A93, page 7 of 20



Sanz-Forcada, J., et al.: A&A, 703, A93 (2025)

Table 5. Selected parameters for TOI-2093 b and TOI-2093 c.

Parameter TOI-2093 b TOI-2093 ¢

e=0 free e e=0 free e

Fit planet parameters
P (d) 12.836+0.021 12.801’:8:322 53.81149+0.00017 53.81 149jg:888}2
Ty (BJD-2450000) 9320.53ﬁ8:‘5‘3 9320.74tg:2; 8751.6122tg:%f2’ 8751.6124’:8:8$§
K (ms™!) 3.52t8:;3 3.7 lf(]):g; 3.26t8z§3 3.83t8:;f
e 0 (fixed) 0. l7t8f; 0 (fixed) 0.23 +0.10
w 90 (fixed) 119+446 0 (fixed) 148 + 34
Derived planet parameters
Ry /R, 0.0290j3:88}‘1’ 040282j8:%ﬁ
R, (Re) . 2.30+0.12 2257044
a (au) 0.097“:8:88% 0.097fg:gg§ 0.257t8:g}; 0.252“:?):8};
b=(a/Ry)cosi ... 0.560jg:8;2 0.35‘:8:%%
i (deg) .. 89.577ﬁ8:2§§ 89.72f8;;g
ti4 (h) 4.68tg:§g 4.62t?:33
3 (h) 4.30t8:f§ 4.33:1)%
§ (ppm) .. 84178 97177
M, sini (Mg) 10.6 £2.5 10.6*2% 15.843¢ 18.0%3¢
M, Ms) 158738 18.0%3¢
pp (g cm™3) .. 7.0f%:; 8.6’:%:3
Teq (K) (Apond = 0.3) 535+ 17 32913 332013
P=5381d

¢ TESS18
TESS20
TESS24
¢ TESS40

TESS48
TESS56
TESS57
TESS59

TESS73
TESS75
& TESS77

TESS79
TESS83
4 TESS85

Relative flux

Fig. 3. TESS light curves folded in phase with the orbital period of TOI-
2093 ¢ assuming e = 0. Binned data are plotted as white circles. The
best transit model is shown with a black line (uncertainties in white).

The folded light curves, with all sectors combined and
phased with the orbital period of the transiting planet, are shown
in Fig. 3. For completeness, the corner plot displaying the pos-
terior distributions of some of the planetary parameters obtained
from the joint fit is presented in Fig. A.9. The resulting RV model
is shown in Fig. 4, while the RV curves folded in phase are dis-
played in Fig. 5. With an RV amplitude of 3.26*)70 ms™', the
transiting planet has a mass of 15.8"3 Mg with a significance
of 4.3 0. The rms of the RV residuals (i.e., observed RVs minus
the best fit) is 3.3 ms™!, which is very similar to, but slightly
lower than, the mean value of the CARMENES VIS RV errors
(3.5ms™"). This suggests that detecting additional components
in the system could be challenging, as we are already close to
the noise level of our data.

We attribute the signal found at 12.836+0.021 d to a planet,
TOI-2093 b, with M}, sini = 10.6 £ 2.5 M. This period is close

A93, page 8 of 20

to aresonance 4:1 with TOI-2093 ¢ (which would fall at 13.45 d).
Current data favor the solution of TOI-2093b with 12.84d
instead of the alternative solution at 13.2d, which would be
closer to the 4:1 resonance with the transiting planet.

We also investigated whether the planets have eccentric
orbits by allowing this parameter to vary freely in our joint fit
(Fig. A.10). The eccentricities of TOI-2093b and TOI-2093 ¢
are consistent with zero within their uncertainties (e, = 0.17f8:%;,
ep = 0.23+0.10). We adopted the results for circular orbits, while
Table 5 includes the results of both joint analyses.

We investigated whether the planetary system is dynamically
stable using the angular momentum deficit (AMD) stability cri-
terion (Laskar 1997; Laskar & Petit 2017). The AMD can be
interpreted as a measure of the excitation of the orbits that lim-
its close encounters among the planets, and ensures long-term
stability. The main ingredients are the semimajor axes, masses,
and orbital eccentricities. The result of the analysis yielded sta-
ble AMD solutions only for those posterior distributions with
low eccentricity values: e, < 0.55, and e, < 0.40, in agreement
with our findings.

5. Discussion
5.1. The confirmed transiting planet

The planet TOI-2093 ¢ is identified in the TESS transits curve.
The mass calculated using the RV data confirms the planetary
nature of this signal. The parameters determined from the anal-
ysis described above are listed in Table 5. The derived density
is compatible with the Earth’s bulk density (5.54 gcm™3). We
compared our data with theoretical models of the mass-radius
relation which depends on the bulk composition of the planet.
We used the Zeng et al. (2016) models as reference (Fig. 6). The
models that bracket the position of TOI-2093 ¢ in this diagram
are those assuming a 50% of H,O at 300 K and 50% of Earth-like
composition, and those that assume an Earth-like composition
containing 32.5% of Fe and 67.5% of MgSiOs;. We used the
X-ray and EUV (XUV) luminosity calculated in Sect. 3.2.2
to evaluate the energy-limited mass loss rate following Sanz-
Forcada et al. (2011) and references therein. An expected rate
of 1.3 x 108 gs™!, or 7.0 x 10™* Mg Gyr™', should have a negli-
gible effect on the current planet’s atmosphere stability. We used
the relation between XUV stellar irradiation and the detection
of the He1 110830 A triplet in the planet atmosphere derived by
Sanz-Forcada et al. (2025) to evaluate the expected emission in
TOI-2093 c. If we assume that its atmosphere has He, we expect
an equivalent width of 0.5-1.5mA. Therefore it is unlikely to
detect the He I triplet in this star with current instrumentation.
The equilibrium temperature of a planet is calculated by bal-
ancing the incoming stellar irradiation with the planet emission
as a blackbody, both calculated with the Stefan-Boltzmann law.
Using the bolometric luminosity of TOI-2093 and a Bond albedo
of Apong=0.3 (most Solar System planets have Agong ~ 0.3),
TOI-2093 ¢ has a Teq = 329 K. The planet should not suffer a
substantial mass loss, its bulk density is compatible with the
Earth’s density, and its equilibrium temperature is promising.
The definition of the HZ has been subject of debate for a long
time (e.g., Kasting et al. 1993; Lammer et al. 2009; Kopparapu
et al. 2013; Caballero et al. 2022, and references therein). Planet
habitability is a complex problem, involving atmospheric com-
position, the existence of a planetary magnetic field, planetary
mass, tidal locking to the host star, or the presence of large
moons around the planet. We established simple parameters to
evaluate, as a first approximation, whether a planet falls in the
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Fig. 4. TOI-2093 CARMENES RVs (blue dots) and the best model assuming two planets in the system (black line) obtained from the combined
photometric and spectroscopic fit. The top panel shows the entire RV time series as a function of the time. The red line shows the GP component
that models the stellar activity. The bottom panel shows the RV residuals after subtracting the full model.
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Fig. 5. TOI-2093 CARMENES RVs (blue dots) and the best model
(black line) from the joint photometric and spectroscopic fit folded in
phase with the orbital period of TOI-2093 b, and c, assuming e = 0.
The GP component has been removed from the data. The binned data
are plotted as open black symbols.

HZ of its host star. Assuming that a planet with equilibrium
temperature between 273 and 373 K may have liquid water, TOI-
2093 ¢ would lie in the HZ of its host star. The NASA exoplanet
database® includes the calculation of Teq for most planets. In

5 https://exoplanetarchive.ipac.caltech.edu/

Fig. 6 we compare T, with the escape velocity of the plan-
ets, including Solar System planets as references, and assuming
an Apong=0 for all of them for consistency. TOI-2093 ¢ shows a
similar T¢q to that of Venus, but with a larger escape velocity.

Although a more accurate calculation of the temperature at
the planetary surface would require proper knowledge of the
atmospheric composition and wind circulation, we can use Teq
as a simple parameter to compare with other potentially hab-
itable planets. With that purpose in mind, we made our own
calculations of T¢q using the values from the Exoplanets Ency-
clopaedia®. We filtered the catalog to choose only planets with
known mass and radius, at less than 1000 pc from us, and with
M, < 13 Myyp. Only 47 exoplanets out of 1490 lie in their HZ.

Planets in the HZ of M stars are likely tidally locked, purport-
edly making them less suitable for harboring life (e.g., Barnes
2017). Although planets around late K stars may still be tidally
locked, we assumed that planets orbiting F, G, and K stars would
have a HZ without potential problems of orbital synchronization
with their rotation. This would reduce the sample of planets in
a HZ to just 23, merely 3.2% of those with known mass and
radius. Among them only two have a radius R, < 5Rg, and only
six have M, < 24 Mg (Neptune has 3.9 Rg and 17.1 Mg). None of
them are smaller than TOI-2093 ¢ (Table A.4). Thus TOI-2093 ¢
is the smallest planet in a HZ of an FGK star reported to date.
Although the mass is rather high compared to Earth, a hypothet-
ical moon orbiting the planet would provide favorable conditions
(Martinez-Rodriguez et al. 2019).

5.2. The planet candidate in the system

We found an additional inner planet candidate, TOI-2093 b, in
the spectroscopic analysis (Table 5). The planet is also included
in the right panel of Fig. 6. We can estimate the approximate
mass loss rate expected for TOI-2093 b: if we assume a den-
sity of 1gcm™, a moderate mass loss rate of 6.9 x 10° gs!
or 0.036 Mg Gyr™! is calculated. Since the star was much more
active in its early stages (the Lx was up to two orders of mag-
nitude larger at an age of 100 Myr), this planet was likely more
massive than TOI-2093 ¢ originally, but it has suffered a larger
accumulated mass loss. Current uncertainties on stellar age and
XUV emission prevent one from reconstructing a more precise
past evolution of both planets.

6 https://exoplanet.eu, accessed on 8 Sepember 2025.
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Fig. 6. TOI 2093 c in the context of exoplanets with known mass and radius with errors smaller than 12%. Left panel: planetary mass and radius,
with theoretical models from Zeng et al. (2016) (see Sect. 4). Right panel: escape velocity against equilibrium temperature (planetary data from
the NASA exoplanets database). TOI 2093 b is included assuming i, 2 50°, with the planet radius calculated for a bulk density between 0.5 and

10 g cm~3, with errors shown as a red band.

No transit was detected for planet b. One explanation could
be the misalignment between the orbits of TOI-2093b and c.
An angle of just 1.6° between the two orbital planes can explain
the lack of transits of planet b. An alternative explanation is that
planet b is not large enough to be detected in the TESS light
curves: this would set an upper limit of R, < 0.87 Rg, assuming
a 100 threshold detection. This size implies a bulk density of
Pp>67 gcm ™. We considered this as an implausible value, thus
discarding TOI-2093 b as a transiting planet.

Dynamical analysis of the planetary system (based on the
MEGNO parameter implemented in the Rebound package,
Cincotta & Simé 2000; Rein & Liu 2012; Rein & Tamayo
2015) shows that system stability degrades rapidly for orbital
inclinations below =~ 50° for planet b (Fig. A.1l), favoring
higher inclinations. This minimal inclination suggests that TOI-
2093 b’s true mass is close to the msin i value listed in Table 5.
Based on these mass values, and following the method of Pozue-
los et al. (2023), we predicted the TTVs expected on the outer
planet due to interactions with TOI-2093 b. They are most likely
below 0.5 min, and thus smaller than the 11.2 min from the 1o
rms of the TTV analysis. This result is consistent with the
non-detection of TTVs (Sect. 4.1).

5.3. Constraints on the presence of additional planets

We estimated the minimum mass of any potential planet orbiting
TOI-2093 within a period range of 8-450d, applying Kepler’s
third law, the stellar mass listed in Table 1, and a range of
eccentricity values. The lower limit of the period range corre-
sponds to four times the Nyquist frequency of the RV dataset,
while the upper limit was set to half the time span of the
CARMENES observations. Fig. 7 shows the resulting minimum
masses, assuming that the smallest detectable RV amplitude cor-
responds to the 1o level rms of the CARMENES VIS residuals
after subtracting the stellar activity and the two planets. The val-
ues obtained for the GP parameters, and discussed in Sect. 4.2.2,
indicate that the GP models the stellar activity with an appro-
priate balance of coherence and flexibility, suggesting minimal
overfitting and limited absorption of planetary signals. With
these assumptions, we ruled out planets in circular orbits with
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Fig. 7. Detectability limits for hypothetical planetary companions to
TOI-2093 as a function of orbital period. Assumed eccentricities are
color-coded. The red dots correspond to the TOI-2093 b and c planets.

masses above ~9, 18 Mg and orbital periods of about 10, 100d,
respectively.

The signals at 1.75d and 2.31 d, observed in both the stellar
RVs and activity indices, do not appear to be related to the mea-
sured rotation period of the K dwarf, as a K-type star with a ~2d
rotation period would typically show a much higher level of stel-
lar activity. An alternative, although rather speculative scenario,
would be the presence of a planet detected with low confidence
that induces activity in the stellar hemisphere facing the planet.
Then we can expect that the activity signal has the synodic
period between those of the stellar rotation and the planet orbit.
Taking a closer look at Fig. 1, and the zoomed view in Fig. A.12,
we can identify these two stellar activity signals near 2 d. Their
removal results in two peaks in the RV periodogram with low
significance at 1.85d and 2.15 d, with one being the 1d alias of
the other. Although they could be related to the observational
window (Fig. A.5), one of them might actually correspond to
a third planet. In a prograde orbit, the synodic period must be
larger than the orbital period. Thus a planet orbiting TOI-2093
with a 2.15d periodicity might induce an activity signal with
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a synodic period of ~2.26d. In the case of a retrograde orbit,
a planet with 1.85d would induce an activity signal at ~1.78 d
instead. Despite the attractiveness of this scenario, there is a
high probability that the signals at 1.75d and 2.31d are actu-
ally related to unknown stellar activity at timescales significantly
shorter than the stellar rotation period.

6. Conclusions

The RV and photometric data of TOI-2093 ¢ allow us to con-
firm that this is a transiting planet, with the parameters shown
in Table 5. We also determined the stellar parameters, which
allowed us to show that TOI-2093 is not a young star. The equi-
librium temperature of the planet, 329 K, indicates that it lies on
the HZ of its host star. This is the smallest planet, with known
mass and radius, orbiting in the HZ of an FGK star detected
to date. This makes this planet an interesting target for further
atmospheric characterization of a potentially habitable planet.

The planetary system includes a less massive planet candi-
date in an inner orbit close to a 4:1 resonance with TOI-2093 c.
We demonstrated that this is not a transiting planet, which
implies that the orbital plane of TOI-2093 c is inclined by at least
1.6° with respect to that of the inner planet. Further observations
of the system could refine better the mass and orbital parameters
of both planets b and c.

Finally, four peaks are observed in the periodogram close to
~2d, with the two most significant being related to stellar activ-
ity, despite of being unrelated to stellar rotation. Although stellar
activity is the most plausible explanation, an interesting alterna-
tive would be the presence of a third planet that is inducing some
activity on the stellar hemisphere that faces the planet.
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Appendix A: Supplementary Figures and Tables
Table A.1. TOI-2093 CARMENES data.

BID RV eRV CalRT, eCalRT; CalRT, eCalRT, CalRT; eCalRTj CRX eCRX dLW edLW  Ha eHa
(d) (ms™') (ms™) (ms™'Np™h) (ms'Np™') (m?s?) (m’s7)

2459307.6287 16.5 5.8 04901 0.0037 0.3960 0.0035 0.3674 0.0034 13 37 14.6 7.9 0.5942 0.0029
2459327.6396 7.1 33 04894 0.0028 0.3829 0.0024 0.3632  0.0024 =22 25 12.3 5.4 0.5968 0.0020
2459336.6571 -4.4 39 04881 0.0027 0.3769 0.0024 03698 0.0024 50 28 -11.1 6.7 0.5942 0.0020
2459340.5832 5.4 2.6 04883 0.0022 0.3931 0.0019 0.3701  0.0018 2 19 9.6 4.2 0.5901 0.0015
2459342.6257 1.1 27 05038 0.0021 0.3904 0.0018 0.3735  0.0018 1 20 17.2 3.9 0.5942 0.0015
2459350.6164 -1.0 2.8 0.5062 0.0023 0.4054 0.0020 0.3883  0.0020 -6 20 22.7 5.1 0.6009 0.0017
2459354.6125 -1.9 2.7 0.5043 0.0018 0.4020 0.0015 0.3806  0.0015 —48 17 36.9 3.5 0.6005 0.0013
2459355.6114 -4.4 2.5 0.5002 0.0019 0.4007 0.0016 0.3797 0.0016 —45 17 352 3.9 0.5999 0.0014
2459356.6153 0.0 2.8 0.5033 0.0024 0.3931 0.0021 0.3757 0.0020 -36 20 19.0 44 0.5967 0.0017
2459358.6164 0.5 5.8 0.4937 0.0043 03926 0.0043 0.3749  0.0041 -81 43 19.6 9.4 0.5992 0.0016
2459359.6255 -14.2 2.7 0.5020 0.0022 0.3902 0.0019 0.3716  0.0019 —45 19 20.5 5.9 0.5964 0.0015
2459360.6067  —12.1 2.6 04983 0.0020 0.3942 0.0018 0.3735  0.0017 —44 18 273 5.1 0.5889 0.0022
2459363.6158 1.2 3.8 04915 0.0029 0.3895 0.0027 0.3728  0.0026 -50 28 21.8 5.0 0.5866 0.0017
2459364.6321 -2.8 2.8 04943 0.0024 0.3886 0.0021 0.3711  0.0021 4 20 15.9 5.2 0.5947 0.0016
2459367.6144 17.1 3.5 04932 0.0022 0.3852 0.0019 0.3747  0.0019 2 26 24.6 4.7 0.5969 0.0014
2459368.6127 10.0 2.6 0.5002 0.0020 0.3979 0.0017  0.3750  0.0016 =37 18 342 4.5 0.5896 0.0020
2459386.6017 8.4 3.5 04982 0.0027 0.3970 0.0024 03684  0.0024 16 25 17.0 6.2 0.5905 0.0018
2459395.4971 6.9 33 04936 0.0025 0.3863 0.0022 0.3727 0.0022 35 22 18.8 52 0.5999 0.0017
2459404.6088 12.6 3.7 0.5056 0.0023 0.3983 0.0020 0.3796  0.0020 39 27 27.0 4.5 0.6020 0.0018
2459409.6041 53 33 05092 0.0024 0.4124 0.0022 0.3867  0.0021 20 25 38.1 5.7 0.5941 0.0014
2459411.5887 -0.3 2.4 05090 0.0019 0.409 0.0017 03829 0.0016 -2 17 37.7 4.1 0.5833 0.0020
2459424.5030 8.3 42 04955 0.0027 0.3927 0.0025 0.3649 0.0024 44 32 8.6 5.8 0.5842 0.0026
2459427.6208 9.0 52 04989 0.0035 0.3946 0.0032 0.3621  0.0031 -8 40 6.6 5.6 0.5859 0.0013
2459429.5091 42 22 04984 0.0018 0.3915 0.0016 03703  0.0016 23 16 17.4 4.0 0.5889 0.0018
2459431.5063 1.4 3.4 04935 0.0025 0.3929 0.0022 0.3702  0.0022 68 23 16.0 4.3 0.5864 0.0015
2459433.5108 8.2 2.7 04906 0.0020 0.3855 0.0018 0.3678  0.0017 -3 20 72 4.2 0.5920 0.0015
2459435.4996 4.5 2.6 04898 0.0021 0.3854 0.0018 0.3651  0.0018 30 18 1.6 4.4 0.5984 0.0018
2459444.4585 17.2 32 0.5065 0.0024 0.4041 0.0021 0.3791  0.0021 61 22 373 49 0.5994 0.0014
2459461.4330 -12 29 0.5018 0.0020 0.3958 0.0017 03795 0.0017 20 18 434 3.7 0.5980 0.0023
2459464.4216 -1.5 4.7 04905 0.0031 0.3903 0.0027 0.3691  0.0027 -23 26 30.8 5.9 0.5895 0.0014
2459466.4291 -6.3 2.5 04884 0.0019 03755 0.0017 0.3564 0.0016 36 21 -10.0 3.9 0.5843 0.0023
2459468.4025 0.8 3.5 04882 0.0032 0.3808 0.0029 0.3653 0.0029 =51 30 -15.8 6.2 0.5916 0.0021
2459470.4028 -2.0 5.4 04866 0.0027 0.3851 0.0025 0.3677 0.0024 -0 18 -38.5 6.1 0.5961 0.0017
2459472.4177 2.8 5.8 04882 0.0023 0.3837 0.0021 0.3625 0.0020 38 26 =71 4.8 0.5899 0.0027
2459474.4290 -2.1 5.4 04847 0.0035 0.3810 0.0033 0.3668 0.0033 24 41 -37.3 7.2 0.5860 0.0031
2459477.4068 -8.0 2.8 04782 0.0040 0.3753 0.0039 0.3596 0.0038 -21 45 -9.4 8.9 0.5874 0.0029
2459483.3695 6.6 2.8 04925 0.0041 0.3873 0.0039 0.3600 0.0038 -28 42 -31.7 7.8 0.5865 0.0013
2459485.3745 9.1 2.7 04808 0.0019 03763 0.0016 0.3622  0.0016 20 19 -5.7 3.1 0.5885 0.0016
2459487.3379 4.5 33 04968 0.0022 0.3892 0.0019 0.3718  0.0019 -8 21 -0.2 5.4 0.5963 0.0013
2459490.3345 0.2 29 0.5005 0.0019 0.3936 0.0016 0.3715  0.0016 -2 18 24.6 4.1 0.5932 0.0016
2459492.4483  -11.9 4.2 05000 0.0022 0.3983 0.0019 0.3754 0.0019 -50 23 2.0 4.5 0.5914 0.0015
2459494.3274 -6.7 2.0 04956 0.0021 0.3874 0.0018 0.3706  0.0018 -10 19 11.2 4.0 0.5912 0.0022
2459505.3370 -6.1 3.4 04860 0.0031 0.3845 0.0028 0.3626  0.0027 =27 30 -17.6 6.2 0.5906 0.0014
2459509.4343 4.7 2.6 04923 0.0020 0.3827 0.0018 0.3668  0.0017 -19 14 -6.6 3.8 0.5884 0.0015
2459512.3151 -19.2 29 04805 0.0021 03740 0.0018 0.3600  0.0018 19 25 -0.9 4.5 0.5948 0.0016
2459526.3717 -0.2 3.1 04790 0.0024 0.3774 0.0021 0.3606 0.0020 -10 17 11.6 4.1 0.5956 0.0016
2459530.3223 -0.0 29 04786 0.0023 0.3801 0.0020 0.3587  0.0019 -7 22 -2.1 3.6 05926 0.0017
2459562.2801 6.4 3.0 04946 0.0025 03972 0.0022 0.3724  0.0021 -12 22 214 5.5 0.5896 0.0016
2459623.7265 2.7 3.7 04889 0.0024 0.3795 0.0021  0.3613  0.0021 -22 19 5.5 49 0.5921 0.0017
2459632.7141 -59 32 04939 0.0023 0.3906 0.0021 0.3744  0.0020 -6 23 34.1 3.6 05929 0.0022
2459639.7309 5.3 6.3 0.4687 0.0031 0.3631 0.0029 0.3491  0.0029 =72 27 -194 5.9 0.5905 0.0015
2459648.7075 0.5 37 04788 0.0022 0.3728 0.0019 0.3584  0.0019 53 21 49 4.1 0.5900 0.0037
2459677.6497 -3.7 3.0 04687 0.0046 03793 0.0046 0.3584  0.0045 11 50 -4.4 10.5 0.5956 0.0022
2459680.6044 1.9 13.2 04817 0.0030 0.3747 0.0027 0.3624  0.0027 —-40 28 -74 7.2 05918 0.0017
2459694.6596 -1.3 2.5 04834 0.0024 0.3799 0.0021 0.3616  0.0020 -7 23 3.1 5.1 0.5830 0.0086
2459699.6519 0.4 42 04893 0.0107 0.3882 0.0123 0.3594 0.0117 =55 105 =577 24.5 0.5885 0.0015
2459701.6197 1.4 32 04743 0.0021 0.3683 0.0018 0.3527  0.0017 -9 19 -24 3.8 0.5902 0.0024
2459707.6424 34 23 04783 0.0031 0.3633 0.0028 0.3487  0.0028 8 32 -36.3 8.4 0.5834 0.0019
2459710.6524 2.1 2.5 04757 0.0025 0.3706 0.0022 03527  0.0022 57 22 -31.0 4.4 0.5928 0.0013
2459720.6022 -15.6 42 04936 0.0017 0.3834 0.0015 0.3650 0.0014 22 16 7.9 3.6 0.5919 0.0014
2459723.6410 -3.2 32 04944 0.0019 0.3887 0.0017 0.3681 0.0016 33 17 12.3 4.5 0.5897 0.0022
2459725.6109 -6.5 32 04787 0.0029 0.3724 0.0026 0.3579  0.0025 -11 32 -39.7 5.5 0.5920 0.0016
2459728.6133 -24 3.3 04800 0.0021 0.3693 0.0018 0.3539  0.0018 66 22 -229 4.2 0.5882 0.0019
2459730.5487 =55 29 04777 0.0024 0.3668 0.0021 0.3460  0.0021 23 23 —47.3 4.7 0.5873 0.0018
2459732.6333 -8.9 4.0 04766 0.0024 0.3658 0.0021 0.3487  0.0020 -39 25 -39.0 5.7 0.5884 0.0024
2459734.6197 -3.7 39 04720 0.0021 0.3587 0.0018 0.3461  0.0018 42 20 —472 5.1 0.5825 0.0021
2459736.5379 4.5 2.7 04687 0.0031 0.3495 0.0028 0.3417 0.0028 -59 28 -42.8 6.6 0.5857 0.0019
2459738.6124 -14 27 04646 0.0027 03612 0.0024 0.3400 0.0023 61 28 —-60.2 5.3 0.5825 0.0014
2459740.5983 1.6 2.8 0.4680 0.0024 0.3508 0.0022 0.3382  0.0021 17 20 -32.5 4.7 0.5914 0.0015
2459742.5986 -1.2 32 04680 0.0019 0.3555 0.0017 0.3398 0.0017 -14 19 -33.0 4.6 0.5857 0.0020
2459744.6076 -22 3.0 04754 0.0020 0.3620 0.0017 03462  0.0016 -11 21 -24.5 3.8 0.5914 0.0018
2459747.6096 -1.0 29 04784 0.0026 0.3664 0.0024 0.3543  0.0023 -5 24 -33.0 6.9 0.5913 0.0017
2459753.5963 0.1 5.5 04859 0.0024 0.3734 0.0021 03608  0.0021 -8 22 -13.8 4.7 0.5804 0.0032
2460007.7051 -4.6 39 04909 0.0024 03776 0.0021 0.3612  0.0021 20 22 11.3 4.6 0.5895 0.0022
2460037.6750 -33 4.0 04883 0.0041 03772 0.0038 0.3621  0.0037 48 42 -19.2 8.8 0.5855 0.0024
2460043.6743 -8.2 2.4 04600 0.0030 0.3598 0.0028 0.3472  0.0027 -15 31 -50.8 74 0.5863 0.0013
2460106.5364 -9.8 34 04582 0.0031 0.3553 0.0028 0.3427 0.0028 21 30 —-61.0 7.7 0.5875 0.0022
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Table A.1. continued.

BJD RV eRV CalRT; eCalRT; CalRT, eCalRT, CalRT; eCalRTs CRX eCRX dLW  edLW He eHa
) (ms™) (ms™) (ms'Np™h) (ms'Np™") (m’s?) (m*s?)

2460108.5952 -9.2 29 04782 0.0018 03619 0.0015 0.3501 0.0015 =7 18 —11.8 4.2 0.5894 0.0019
2460111.5971 -4.0 2.3 04753 0.0029 0.3655 0.0026 0.3473  0.0026 2 26 -26.2 5.7 0.5834 0.0014
2460112.6420 -0.1 2.8 04756 0.0024 0.3615 0.0021 0.3478  0.0021 -6 22 -33.1 5.5 0.5823 0.0014
2460211.4144 -4.5 31 04710 0.0019 03527 0.0016 03408 0.0016 18 16 -237 4.4 0.5834 0.0016
2460211.5125 -2.0 3.8 04704 0.0018 0.3565 0.0016 0.3374  0.0015 4 20 -26.2 3.5 0.5907 0.0018
2460211.6064 -29 3.3 04750 0.0022 03619 0.0019 0.3501 0.0019 -0 19 =221 4.8 0.5893 0.0020
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Fig. A.1. TPF of TOI-2093 (cross) in TESS sector 15. Electron counts are color-coded. TPFs in other sectors are similar. The TESS optimal
photometric aperture for this sector used to obtain the SAP light curve is marked with red squares. The Gaia DR3 objects with G-band magnitudes
down to 7 mag fainter than TOI-2093 are labeled with numbers (TOI-2093 corresponds to number 1), and their scaled brightness based on Gaia
magnitudes is shown by red circles of different sizes (inset). The pixel scale is 21 arcsec pixel™.
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Fig. A.2. TESS PDCSAP light curves (blue points) folded in phase with the orbital period of the transiting planet per sector. The best joint fit
solution is plotted as a black line. The white dots correspond to the binned photometric data. Time is computed from the mid-transit times as
derived from the best joint photometric and spectroscopic fit. Residuals are shown at the bottom panels. The TESS sectors are indicated above each

panel.
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Fig. A.3. Keck Near Infrared Camera (NIRC2) adaptive optics image and contrast curve in the K band of TOI-2093. The dotted curve indicates the
magnitude contrast at each angular separation, with uncertainties band in magenta.

Table A.2. TOI-2093 rotation period using different methods.

Method P (d)
Photometry (GLS)* 43.8+1.8
Photometry (dSHO) 42.8+0.2
Spectroscopic activity indicators (ASHO) 42.833:‘3‘
CARMENES NIR RV (GLS) 43.7+1.2

Notes. > Adopted value.
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Fig. A.5. Window function of TOI-2093 CARMENES VIS RV data.
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He. The GP model fit (red line) places the stellar rotation period at
P = 4283714 d.
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Fig. A.7. TTVs evolution of TOI-2093 ¢ over time.
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Table A.3. Priors and posteriors of the joint transit and RV fit of TOI-2093.

Parameter Prior Posterior Unit  Description
e=0 Free e
Stellar parameter
ps N(271097,0.45015)  2.85%04 270%4  gem™  Stellar density
Photometric parameters
HTESS N(, 0.1) The offset relative flux for TESS
O TESS LU07°,0.04) The jitter for the photometric instrument
ql1ESs UQO, 1) 0.61 fgég 0.59i8:§g Limb-darkening for photometric instrument
q21ESss UQ, 1) 0.44+0.29 0.42*928 Limb-darkening for photometric instrument
Drgss 1 (fixed) The dilution factor
RV instrumental parameters
v U-10, 10) -0.01%03 -0.07%532 ms~' RV zero point for CARMENES
o LU(0.001, 5) 0417222 0.39+2%2 ms~' A jitter added in quadrature
RV dSHO GP parameters
GP, U(0.00, 15.00) 5.0 5.0712 ms~!  Standard deviation of the GP
GPy, U(2.00,20.00) 8.87¢7 9.9*31 .. The quality factor
GParrotation N(19.60, 1.20) 19.57+033 19.46+038 d  The primary period of variability
GPs U(0.00,1.00) 0.67+922 0.64*923 The fractional amplitude of the secondary mode
GPyg U(0.10, 30.00) 154707 14.9%3% The difference between the quality factors
Planet b fit parameters
P U (12, 13.4) 12.836+0.021 12.801fg:8‘3§ d Period
T, (BID-2,457,000) U (2317, 2330) 23205308 2320.74*93 d  Time of periastron passage
e Uu©,1) 0 (fixed) 0.17+%27 ... Orbital eccentricity
w U (0, 360) 90 (fixed) 119+136 deg  Periastron angle
K U (0, 15) 3.5270% 37150 ms~' RV semi-amplitude
Planet c fit parameters
P N (53.81,001)  53.81149£0.00017 53.81149%0%01 4 Period
To (BID-2457.000) N (1751.62,0.01) 1751612270004 175161247094 4 Central transit time
e U@,1) 0 (fixed) 0.23 +0.10 .. Orbital eccentricity
w U (0, 360) 90 (fixed) 148 + 34 deg  Periastron angle
K U (0, 15) 3.26%07 3.83%078 ms~' RV semi-amplitude
r Uu©,1) 0.706+3:947 0.57+0.15 Parameterization for p and b
) Uu©,1) 0.0290*50019 0.0282+9001 Parameterization for p and b

Notes. The prior labels of N, U, and LU represent normal, uniform and log-uniform distributions, respectively. The jitter was added in quadrature
to the error bars of the instrument. The dilution factor was fixed to one for all TESS sectors. The offset between the different TESS sectors was
modeled with a normal prior N(0, 1), and the upper limit on the photometric jitter term was set to three times the error bars of each individual
sector following a log-uniform distribution.

Relative flux

sectors, rms

Binned data, rms (pp!
secomscorme ey wip e

04

Fig. A.8. PDCSAP TESS light curves folded in phase at the orbital
period of TOI-2093 b. The search was made considering variations of
up to 30 in the period. The transiting planet signal at 53 d was previ-

ously removed.
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Fig. A.10. Same as in Fig. A.9, but including the eccentricities of the two planets as free parameters.
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Table A.4. Planets with R, < 5Rg and/or M, < 24 Mg in the HZ of FGK stars.

Name SpT Ter (K) Teq(K) R, (Rg) M, (Mg) a (au) P (d) Reference

TOI-2093 ¢ K5V 4426+85 329 2304012 158738 02577007 5381149£0.00017 This work

Kepler-411 Ad K2V 4837*10 368 338'012 152451 0.2757+0.0040 58.02035:0.00056 Sunetal. (2019)
Kepler-413(AB)b  K+M 47003500 306  435£0.10  67+21 0355309020 66262%092  Kostov etal. (2014)
Kepler-1662 ¢ Gov 5922460 302 5447032 1503 0.8539 284.06095+0.00119  Vissapragada et al. (2020)
Kepler-47(AB)d GOV + M3V 5636/3357 292 7.04°0%  19%2%  06992+0.0033  18735:0.15  Oroszetal. (2019)
Kepler-90 g F8V 6080ﬁ$8 349 8.10+0.80 14.9+1.3 0.710+0.080  210.60697+0.00043 Shaw et al. (2025)

HIP 41378 f F71v 6199+50 276 9.20+0.10 12.1+2.9 1.370+0.020  542.07975+0.00014 Howard et al. (2025)
Kepler-s1 d GV 5670:60 329 9704050 763095 0.5090.020  130.1940°0%0%  Masuda (2014)

Notes. Only HIP 41378 f and TOI-2093 ¢ masses were measured using RVs. The rest of planet masses were calculated using TTVs or other methods.
Kepler-30 d and Kepler-55 A ¢ were excluded because their masses are only upper limits.
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Fig. A.11. True mass of TOI-2093 b as a function of orbital inclination angle. A vertical dashed line indicates the minimal inclination that ensures
dynamical stability, as described in Sect. 4
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Fig. A.12. GLS periodogram as in Fig. 1, focused on the region around 2 d for different indicators. Light green bands indicate periodicities detected
as spectroscopic and photometric signs of stellar activity. Dark green bands indicate periodicities detected in the VIS RV data, and possibly related
to a planet (see Sect. 5.3).
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