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ABSTRACT

Despite the thousands of planets in orbit around stars known to date, the mechanisms of planetary formation, migration, and atmo-
spheric loss remain unresolved. In this work, we confirm the planetary nature of a young Saturn-size planet transiting a solar-type star
every 8.03 d, TOI-1135b. The age of the parent star is estimated to be in the interval of 125-1000 Myr based on various activity and
age indicators, including its stellar rotation period of 5.13 + 0.27 days and the intensity of photospheric lithium. We obtained follow-up
photometry and spectroscopy, including precise radial velocity measurements using the CARMENES spectrograph, which together
with the TESS data allowed us to fully characterise the parent star and its planet. As expected for its youth, the star is rather active and
shows strong photometric and spectroscopic variability correlating with its rotation period. We modelled the stellar variability using
Gaussian process regression. We measured the planetary radius at 9.02 + 0.23 Rg (0.81 + 0.02 Ry,p) and determined a 3o~ upper limit of
<51.4 Mg (<0.16 My,,) on the planetary mass by adopting a circular orbit. Our results indicate that TOI-1135 b is an inflated planet less
massive than Saturn or Jupiter but with a similar radius, which could be in the process of losing its atmosphere by photoevaporation.
This new young planet occupies a region of the mass-radius diagram where older planets are scarse, and it could be very helpful to

understanding the lower frequency of planets with sizes between Neptune and Saturn.

Key words. techniques: radial velocities — planets and satellites: gaseous planets — planets and satellites: general —

planets and satellites: individual: TOI-1135 b — stars: solar-type

1. Introduction

Close gas giants represent approximately 10% of the total pop-
ulation of known exoplanets'. However, how short-period gas
giants form remains an open question. Although the family
of gas giants is large, their occurrence rate is relatively low,
with <1% orbiting a solar-type star and even less for later stars

! http://exoplanet.eu/

(Wright et al. 2012). This contradiction is explained because they
are the easiest exoplanets to detect by both transit and radial
velocity (RV) methods.

Different formation mechanisms for these planets have been
proposed (Dawson & Johnson 2018), including in situ formation
(Batygin et al. 2016); disc migration (Lin et al. 1996); and high
eccentricity tidal migration. The migration theory provides a rea-
sonable explanation for the existence of short-orbit gas giants.
According to this theory, these planets are believed to form
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farther out from their host stars (beyond the snowline), where
the protoplanetary discs are rich in gas and dust. Through var-
ious mechanisms, such as gravitational interactions with other
planets or interactions with the gas disc, these planets undergo
a process of inwards migration towards the star until ending up
in close-in orbits. However, the details of the migration mecha-
nisms and the precise conditions required for their formation and
subsequent migration are still being actively studied. Continued
observations are crucial for unravelling the origin, formation,
and evolution processes of these uncommon exoplanets.

To understand the existence of close gas giant planets, we
must constrain their formation and evolution models. To do so, it
is necessary to find young exoplanets that provide observational
support of these models and constraining of their timescales.
However, such stars present a high level of stellar activity, which
is an obstacle to accurately characterising and measuring the
properties of young exoplanets. The photometric and RV vari-
ations caused by this intense stellar activity are several times
larger than the Keplerian signals attributed to the planets them-
selves (David et al. 2019; Plavchan et al. 2020; Cale et al. 2021;
Suédrez Mascarefio et al. 2021). Therefore, the activity-induced
signals can overshadow or mimic the planetary signals, mak-
ing it challenging to separate and extract the true planetary
properties from the observed data. It requires careful analysis
and sophisticated techniques to disentangle the planetary signals
from the noise and/or systematics and activity-induced variations
(Von Storch 1999; Rajpaul et al. 2015; Barros et al. 2020; Perger
et al. 2021).

In recent years, about twenty giant planets (with sizes larger
than Neptune) have been found orbiting stellar members of
Tuc-Hor (Newton et al. 2019), SPic (Plavchan et al. 2020;
Martioli et al. 2021), and Pisces-Eridanus (Newton et al. 2021);
young moving groups IC 2602 (Bouma et al. 2020) and 6 Lyr
(Bouma et al. 2022) open clusters; the Tau-Aur region (David
et al. 2019); the Sco-Cen OB association (Rizzuto et al. 2020)
and its sub-components Upper Scorpius (Mann et al. 2016) and
Lower Centaurus Crux (Mann et al. 2022); and other young
field stars (Sanchis-Ojeda et al. 2013; Sun et al. 2019; Zhou et al.
2021; gubjak et al. 2022; Kabath et al. 2022; Dai et al. 2023;
Heitzmann et al. 2023) targeted by the Kepler (Borucki et al.
2010), K2 (Howell et al. 2014), and the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2014) space missions.
Of the aforementioned young planetary systems, only four
have mass measurements obtained through RV observation
campaigns and, consequently, densities: AUMicb (~20 Myr;
Klein et al. 2021, 2022; Cale et al. 2021; Zicher et al. 2022;
Donati et al. 2023); V1298 Taub and e (~20 Myr; Sudrez
Mascarefio et al. 2021; Sikora et al. 2023; Finociety et al. 2023);
TOI-1268 b (100-380 Myr; Subjak et al. 2022); and TOI-4562 b
(<700 Myr; Heitzmann et al. 2023), where TOI-1268 b is the
only hot Jupiter (Po, = 8.16 days, M}, = 0.29 Myjy,) in the sample.

An alert was released by the TESS Science Office (TSO)
on 27 August 2019 regarding the transit signal observed in TOI-
1135. This transit signal was identified with a period of 8.0277
days and a depth of 6.347+0.274 parts per thousand (ppt).
The TOI-1135.01 planet candidate has a radius of 9.46 +0.48
times the radius of Earth (Rg) and an equilibrium tempera-
ture of 1459 K. At the time of writing, there have been no
alerts indicating the presence of another planetary candidate in
the system. During the preparation of this work, Hord et al.
(2024) proposed a list of the ‘best-in-class’ TOIs for atmospheric
characterisation with the James Webb Space telescope (JWST).
In their work, they vetted and statistically validated dozens of
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Fig. 1. Target pixel file plot for TOI-1135 in sector 14. The red squares
indicate the optimal photometric aperture that was selected to obtain
the SAP flux. The TESS pixel scale is 21”. Additionally, the G-band
magnitudes from Gaia DR3 are represented as red circles of different
sizes, highlighting stars close to TOI-1135 up to 6 magnitudes fainter.

candidates, classifying TOI-1135b as a statistically validated
planet.

This paper introduces the discovery and mass characterisa-
tion of a close giant gas planet orbiting the young solar-type star
TOI-1135, with an orbital period of 8.03 days. The paper is struc-
tured as follows. In Sects. 2 and 3, we provide a description of
the TESS photometry, and we present ground-based follow-up
observations of the system. In Sect. 4, we focus on determining
the physical properties of the star. We perform photometric, RV,
and transit time variation (TTV) analysis in Sect. 5. False pos-
itive scenarios are discussed in Sect. 6. In Sect. 7, we discuss
the composition of the planet and its key implications. Finally, in
Sect. 8, we summarize the main results of our study.

2. TESS photometry

TOI-1135 was observed by TESS (Ricker et al. 2014) in eight
sectors, each one in a 2-min short cadence integration. Specif-
ically, it was observed in sectors 14, 19, 20, and 26 during
the TESS primary mission; in sectors 40, 47, and 53 during
the first extended mission; and in sector 59 during the second
extended mission. Additionally, TESS is scheduled to re-observe
TOI-1135 in sectors 74 and 79, and this will take place in 2024.

All sectors were processed by the Science Processing Opera-
tions Center (SPOC; Jenkins et al. 2016) photometry and transit
search pipeline at the NASA Ames Research Center. The light
curves and target pixel files (TPFs) were downloaded from
the Mikulski Archive for Space Telescopes’ (MAST), which
provides both the simple aperture photometry (SAP) and the
pre-search data conditioning SAP flux (PDCSAP). We plot-
ted in Fig. 1 the TPF of sector 14 using the tpfplotter?
(Aller et al. 2020) tool. Overlaid on the TPF is the Gaia Data
Release 3 (DR3) catalogue (Gaia Collaboration 2016, 2023),
which includes bright sources down to 6 mag fainter than our
target. We searched for potential sources of contamination and

2 https://archive.stsci.edu/
3 https://github.com/jlillo/tpfplotter
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Fig. 2. Light curves of TOI-1135 for the eight sectors of TESS. The PDCSAP flux is represented by the blue dots, while the black line represents
the best-fit model. Additionally, vertical orange lines indicate the timing of planetary transits for TOI-1135 b.

confirmed that source number 2, located at ~40” and with a
Am~4 mag, contaminates the selected photometric aperture.
However, ground-based observations show that TOI-1135 is the
source of the intense stellar activity and of the transits observed
by TESS (Sect. 6). For the rest of our analysis, we used the
PDCSAP flux, which was corrected for instrumental errors and
crowding. Nevertheless, we performed tests and found that our
analysis and results using the SAP flux light curves are com-
parable and that the PDCSAP flux does not remove or change
the stellar activity signal due to rotation. Figure 2 illustrates the
PDCSAP flux light curve of TOI-1135 for all TESS sectors along
with the best-fit model (see Sect. 5.4 for details). The TESS data
have a dispersion of otgss ~ 3.5 ppt, whereas the average error
bar is ~0.7 ppt. There is remarkable periodical variability with
varying amplitudes, and the maximum peak-to-peak variation is
~15 ppt. No apparent flares are evident in the data.

3. Ground-based follow-up observations
3.1. NESSI speckle imaging

We used the speckle imager NESSI (Scott et al. 2018) at the
WIYN 3.5 m telescope to obtain high-resolution images of TOI-
1135 on 21 April 2022 as part of the speckle imaging queue at
WIYN. NESSI is normally operated as a dual-channel imager,
but it was reduced to one camera during this observing run due
to an optical alignment problem. We observed in the NESSI red
channel using a 40 nm wide filter with a central wavelength of
832 nm. The target was centred in a 256x256 pixel (4.6""x4.6"")
subregion of the CCD and observed in a series of 9000 frames of
40 ms at a plate scale near 0.02” pixel™!. The TOI-1135 observa-
tions were preceded by a 1000-frame observation of HD 112014
to serve as a point source calibrator. Additionally, during the
queue run, various binary stars with well-established astromet-
ric properties were observed to calibrate the instrument’s plate
scales and orientations.

The NESSI speckle data were reduced using a custom
speckle data reduction pipeline described by Howell et al.
(2011). This pipeline produces high-level data products, includ-
ing reconstructed images of the field around the target and
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Fig. 3. Contrast curve of TOI-1135 from the NESSI instrument in the
832 nm band. The inset figure shows the reconstructed 2.3x2.3”2. A
fainter companion was observed at 0.97” (red star).

contrast curves measured from those images. Other data prod-
ucts include astrometric measurements of secondary sources
detected in proximity to the target. The astrometric and photo-
metric properties of secondary sources are measured from the
power spectrum of the data, or Fourier transform of the mean
of the auto-correlation functions of each speckle frame. In the
case of TOI-1135, a companion 5.39 mag fainter than the source
was detected at a separation of 0.973” (Fig. 3). The position
angle of the companion, measured north through east relative
to TOI-1135, was 252.584 degrees.

3.2. SAl speckle imaging

We observed TOI-1135 on 28 November 2020 UT with the
Speckle Polarimeter (Safonov et al. 2017) on the 2.5 m telescope
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Fig. 4. Contrast curve for TOI-1135 from the speckle polarimeter instru-
ment using a filter of 625 nm. The inset figure shows the reconstructed
1x1”2. Any close companion was observed within 0.2 down to A =4—
5 mag with respect to the target.

at the Caucasian Observatory of Sternberg Astronomical Insti-
tute (SAI) of Lomonosov Moscow State University. Electron
Multiplying CCD Andor iXon 897 was employed as a detector.
The atmospheric dispersion compensator was active. Observa-
tions were conducted in a band centred at 625 nm and with a full
width half maximum (FWHM) of 50 nm. The power spectrum
was estimated from 4000 frames with 30 ms of exposure. The
detector has a pixel size of 20.6 milliarcseconds (mas) on the
sky, and the angular resolution was 63 mas. We did not detect
any stellar companions brighter than Alc =4.8 mag and 7.2 mag
at p=0.25" and 1.0”, respectively, where p is the separation
between the source and the potential companion (Fig.4). Thus,
the companion detected in the NESSI speckle data is undetected
in the SAI speckle data, suggesting that the companion has a
redder colour, which we discuss later in Sect. 6.

3.3. CRCAO transit photometry

The Carlson R. Chambliss Astronomical Observatory (CRCAO)
is located on the campus of Kutztown University in Kutztown,
Pennsylvania, USA. A full transit of TOI-1135b was observed
from CRCAO in the B filter for approximately 6 h on 4 Novem-
ber 2020. A time series of 171 data images (120 s exposures)
provided 55 min of pre-ingress and 67 min of post-egress base-
line, and the short gap just after mid-transit resulted from
a minor hardware malfunction. CRCAO employs a 0.61 m
Ritchey-Chrétien optical telescope with a focal ratio of f/8. The
imaging sensor (KAF-6303E) and telescope together produce a
19.5"x13.0’ field of view (FoV) with a plate scale of 0.76” pix~!.
Data reduction was performed with the AstroImage] (AlJ;
Collins et al. 2017) software package’s aperture photometry tool,
using a 9.9” uncontaminated aperture. Due to TOI-1135’s high
declination, airmass was not required as a detrending parameter.

3.4. Deep Sky West transit photometry

One full transit was observed on 10 December 2019 in the g’
band in the observatory Deep Sky West (DSW), near Rowe, New
Mexico, USA. With an aperture of 0.5 m, the CDK500 telescope
is equipped with an Apogee Ultra 16m detector, which has an
image scale of 1.09” pixel™!, resulting in a 37'x37’ FoV. The
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exposure time of each image was 15 s. The differential photome-
try was extracted with AlJ. The photometric aperture of 12" was
adopted, which minimises the dispersion of the differential light
curve.

3.5. Peter van de Kamp Observatory transit photometry

We observed a full transit of TOI-1135b on 25 November 2019
at the Peter van de Kamp Observatory (PvdKO) in the SDSS
filter. The PvdKO observatory is located in Swarthmore, Penn-
sylvania, USA. The telescope is a f/7.8 Ritchey-Chrétien with
an aperture of 0.62 m and an Apogee U16M 4K x 4K CCD cam-
era. The pixel scale is 0.76”" with 2X2 binning, resulting in an
FoV of 26’ x26’. The exposure time was 30s for each image.
We employed an aperture of 8” to obtain the photometry of our
star and several other stars in the FoV using the AIJ package.

3.6. TTT transit photometry

Photometric data were obtained during three full transits on
22 December 2022 and on 7 and 15 January 2023 with the
Two-Meter Twin Telescopes (TTT) facility as part of the key
project observations during the commissioning of the telescope.
The TTT facility is located at the Teide Observatory on the
island of Tenerife, Canary Islands, Spain, and it currently has
two telescopes, TTT1 and TTT2. They are both Ritchey-Chrétien
optical systems with an aperture of 0.80 m, an altazimuthal
mount, and two /6.85 Nasmyth foci each. During the observa-
tions, the TTT1 telescope was equipped with a 2Kx2K Andor
iKon-L 936 camera with a back-illuminated 13.5 pm pixel™!
BEX2-DD CCD sensor, resulting in an FoV of 17.3'x17.3’ and a
plate scale of 0.51” pixel™!. The TTT2 telescope was equipped
with a QHY411M camera with a Sony IMX411 sCMOS sensor
(Alarcon et al. 2023) of 3.76 um pixel~! and 151 megapixels. The
effective FoV was 33.1’x24.7’ and the plate scale 0.14” pixel~'.
Data reduction was done using standard procedures, correcting
for bias as well as dark and sky flat-fielding. The first of the
three transits (22 December 2022) was observed simultaneously
by both telescopes, with TTT1 in the # filter and TTT2 in the
g filter and exposure times of 10 s and 15 s, respectively. The
second transit (7 January 2023) was observed by TTT1 in the
r" and ¢’ filters, alternating filters on each image of the series,
with an exposure time of 15 s in each band. The third transit
(15 January 2023) was observed entirely in the ¢’ filter by
TTT1 with an exposure time per image of 15 s. The differential
photometry of each transit was extracted using the AlJ tool.

3.7. SPECULOOS-North transit photometry

We observed a full transit of TOI-1135 b with the SPECULOOS-
North/Artemis telescope on 22 December 2022 in the z cut filter
with an exposure time of 12 s. The SPECULOOS-North/Artemis
is a 1.0m Ritchey-Chretien telescope equipped with a ther-
moelectrically cooled 2KX2K Andor iKon-L BEX2-DD CCD
camera with a pixel scale of 0.35” and an FoV of 12'x12’
(Burdanov et al. 2022). The facility is located at the Teide Obser-
vatory in Tenerife, Canary Islands, Spain. It is a twin of the
SPECULOOS-South located at ESO’s Paranal Observatory in
Chile (Jehin et al. 2018; Delrez et al. 2018; Sebastian et al. 2021)
and SAINT-EX, located at the Sierra de San Pedro Martir in Baja
California, Mexico (Demory et al. 2020). Data reduction and
photometric measurements were performed using the PROSE*
pipeline (Garcia et al. 2022).

4 https://github.com/lgrcia/prose
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Fig. 5. CARMENES VIS RV data for TOI-1135 (blue dots). Top panel: combined model (black line) with its 1o~ level of confidence (grey shadow)
and the Keplerian model for the planet (dashed red line). Bottom panel: residuals for the best fit.

3.8. CARMENES spectroscopic observations

We collected a total of 56 high-resolution spectra between
2 March and 16 May 2023 using the Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-infrared and opti-
cal Echelle Spectrographs (CARMENES) instrument mounted
on the 3.5m telescope located at the Calar Alto Observatory,
Almeria, Spain. These observations were conducted as part of
the 23A-3.5-008 observing program (PI M.Mallorquin). To
accurately model the stellar activity, we implemented an obser-
vational strategy that aimed to obtain three to five spectra per
stellar rotation period (5.1 days; Sect. 4.1). Finally, we were able
to acquire an average of about four spectra per stellar rotation.
The CARMENES spectrograph has two channels (Quirrenbach
et al. 2014, 2018), a visible (VIS) channel covering the spec-
tral range of 520-960nm (R=94600) and a near-infrared
(NIR) channel covering the spectral range of 960-1710 nm
(R=80400). One spectrum from each channel was ruled out
because the instrumental drift correction was missing. Then, two
and five spectra were removed due to their low signal-to-noise
ratios (S/N <20) from the VIS and NIR channels, respectively.
The final data sets contain 53 spectra in the VIS range and
49 spectra in the NIR range. The exposure time for these obser-
vations was 900 s, resulting in an average S/N per pixel of 101
at 745nm and 83 at 1221 nm. Detailed information on the per-
formance of CARMENES, the data reduction, and wavelength
calibration can be found in Caballero et al. (2016), Trifonov et al.
(2018), and Kaminski et al. (2018). Relative RVs and activity
indicators, such as the chromatic index (CRX), differential
line width (dLW), He index, and the Cali IR triple (IRT) were
obtained using the software package serval’ (Zechmeister et al.
2018). The RV measurements were corrected for barycentric
motion, secular acceleration, nightly zero-points, and for telluric
lines as described in Nagel et al. (2023). The typical dispersions
of the RV measurements are o-carmengs vis ~22.5 ms~' and
O"CARMENES NIR ~ 79.5 ms™!, while the median uncertainties of
the measured RVs are 8.9 ms~! and 36.0ms~! for the VIS and
NIR channels, respectively. Owing to the larger dispersion and
error bars of the NIR RV data (a factor four and two with respect

5 https://github.com/mzechmeister/serval

to the VIS RV data, respectively) and combined with the small
amplitude signal expected for the planet, we decided to discard
the NIR data in our subsequent analysis.

The RV curve and its best-fit model (Sect. 5.4 for details)
are shown in Fig. 5. Similar to the photometric TESS data, we
examined the RV measurements to identify any epoch affected
by flares by analysing the relative intensity of specific emis-
sion lines (Ha, Ca1lIRT, Nal, and K1) commonly associated
with chromospheric activity. We compared these lines among all
spectra to identify significant variations, but none were detected.
Table A.1 in the appendix provides the time stamps of the spectra
in BJDtpg, the RVs measured using serval, and the 1o error
bars for each RV measurement.

4. Stellar properties

Using the CARMENES stellar template computed by serval,
after combining all 53 individual spectra, we obtained the
stellar atmospheric parameters of TOI-1135by means of
the STEPARSYN code® (Tabernero et al. 2022). This code
implements the spectral synthesis method with the emcee’
Python package (Foreman-Mackey et al. 2013) in order to
retrieve the stellar atmospheric parameters. We employed a
grid of synthetic spectra computed with the Turbospectrum
(Plez 2012) code, the MARCS stellar atmospheric models
(Gustafsson et al. 2008), and the atomic and molecular data
of the Gaia-ESO line list (Heiter et al. 2021). We employed a
set of Fel,II features well suited to analysing the FGKM stars
listed in Tabernero et al. (2022). Thus, we retrieved the fol-
lowing parameters: Teg =6122+ 15K; logg=4.56+0.02 dex;
[Fe/H] =0.00+ 0.02 dex; and vsini=10.4+0.1 km s~ and
Umacro =3.5+0.1 km s~!.

We estimated the luminosity of TOI-1135by integrating
the observed fluxes from the UV-optical to mid-infrared using
VOSA (Bayo et al. 2008), including the Galaxy Evolution
Explorer (GALEX; Bianchi et al. 2017), the HIPPARCOS
(Perryman et al. 1997), the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS; Chambers et al. 2016),

¢ https://github.com/hmtabernero/SteParSyn/
7 https://github.com/dfm/emcee
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the Hubble Source Catalog (Whitmore et al. 2016) catalogues,
Gaia DR3 (Gaia Collaboration 2016, 2023), the Sloan Digital
Sky Survey (SDSS; York et al. 2000), the Two Micron All-
Sky Survey (2ZMASS; Skrutskie et al. 2006), the Javalambre
Physics of the Accelerating Universe Astrophysical Survey (J-
PAS; Cenarro et al. 2019), the Javalambre Photometric Local
Universe Survey (J-PLUS; Dupke et al. 2019), the Johnson
UBVR photometry (Ducati 2002), and the Wide-field Infrared
Survey Explorer (WISE; Wright et al. 2010). We used BT-Settl
(CIFIST) models (Baraffe et al. 2015) to reproduce the spec-
tral energy distribution (SED) of the star and to extrapolate
to bluer and longer wavelengths. We obtained for TOI-1135 a
luminosity of 1.702 +0.068 L. From the estimated effective
temperature and luminosity, and using the Stefan-Boltzman rela-
tion, we derived a radius of 1.160 +0.029 Rs. Assuming that the
star is on the main sequence, which is expected for its age (see
Sect. 4.2), and using the empirical mass-luminosity relations for
solar-type stars from Eker et al. (2018), we determined a mass
of 1.125 +0.032 M, which includes the error due to the dis-
persion of mass-luminosity fit. The summary of the main stellar
parameters of TOI-1135 can be found in Table 1.

No wide companions of TOI-1135 have been reported in the
literature. We searched for common proper motion companions
to TOI-1135 using the Gaia DR3 catalogue and examined objects
within a radius of 1 degree, which corresponds to a physical sep-
aration close to 2 pc at the distance of the star. To narrow down
the search, we applied a restriction on the parallax values, specif-
ically within the range of 8.25-9.25 mas, which encompasses
the parallax of TOI-1135 as listed in Table 1. The query returned
10 stars. However, the proper motions of these stars differ greatly
from those of TOI-1135, indicating that they are most likely unre-
lated. Therefore, no wide common proper motion companions
were identified within the Gaia catalogue within this restricted
search range.

4.1. Rotation period and spectral stellar activity indicators

Active regions such as spots and faculae on the surface of F, G,
K, and M stars exhibit a periodic behaviour as the star rotates.
Furthermore, these active regions can shift across the stellar sur-
face and appear and disappear as the star rotates, resulting in
quasi-periodic (QP) photometric and spectroscopic variability.
By performing a frequency analysis of their light curves, RV,
and spectral stellar activity indicators, it is possible to determine
the rotation period of these stars and their activity levels.

Figure 6 shows the generalised Lomb-Scargle (GLS;
Zechmeister & Kiirster 2009) periodograms for the combination
of TESS’s sectors as well as for the RV, the spectral stellar activ-
ity indicators, and the window function of the CARMENES data.
The panels that include TESS and Ca11 IRT data show that the
most significant signal is slightly more than five days (it is also
observed in dLW but with less significance), while in the RV
panel, the most significant signal is shown at half that period.
From these periodograms combined with the TESS light curves
(Fig. 2), where a very high cadence is available covering more
than 200 days, we conclude that the stellar rotation period is
5.13+£0.27 days.

In addition to the signals associated with the rotation period,
we identified a signal in the Ha panel with a FAP of less
than 0.1% at approximately 13 days, although its origin remains
unclear. Furthermore, we performed an analysis of correlation
using Pearson’s r coefficient to investigate potential correlations
between the CARMENES RV data and the activity indicators,
but we did not detect any significant correlations.
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Table 1. Stellar parameters of TOI-1135.

Parameter Value Reference
Name HIP 62908 Per97

TIC 154872375 TIC
a (J2016) 12:53:35.1 Gaia DR3
6 (J2016) +85:07:46.2 Gaia DR3
Sp. type GO Nas46
7 (mas) 8.758 +0.011 Gaia DR3
d (pc) 113.920+0.145 Gaia DR3
Hocosd (masyr™')  16.973+0.015  Gaia DR3
Us (masyr~') 5.293+0.013  Gaia DR3
v (kms™) -20.90+£0.22  Gaia DR3
RUWE 0.974 Gaia DR3
Tesr (K) 6122+ 15 This work
log g (cgs) 4.56+0.02 This work
[Fe/H] (dex) 0.00+0.02 This work
M, (M) 1.125+0.032 This work
R. (Ro) 1.160 £ 0.029 This work
Ly (Ly) 1.702 £ 0.068 This work
vsini (kms™) 10.4 +0.1 This work
Umacro (kms™) 55+0.1 This work
P.ot (days) 5.13+0.27 This work
U (kms™) 16.69 +0.03 This work
V (kms!) -8.95+0.04 This work
W (km s™1) -13.84 +£0.03 This work
Gal. population Young disc This work
Age (Myr) 125-1000 This work
NUYV (mag) 14.219 + 0.006 GALEX
B, (mag) 9.695+0.003  Gaia DR3
V (mag) 9.57 +0.02 Tycho-2
G (mag) 9.419+0.003  Gaia DR3
R, (mag) 8.974 £0.004  Gaia DR3
J (mag) 8.458 +0.026 2MASS
K (mag) 8.192 +0.019 2MASS
EW(Li) (mA) 82+ 10 This work

References. Per97: Perryman et al. (1997); TIC: Stassun et al. (2019);
Nas46: Nassau & Seyfert (1946); Gaia DR3: Gaia Collaboration (2016,
2023); Tycho-2: Hgg et al. (2000); GALEX: Bianchi et al. (2017);
2MASS: Skrutskie et al. (2006).

4.2. Age

The relatively short stellar rotation period (Pro=5.13+
0.27 days) of TOI-1135 may be indicative of youth. Young stars
often exhibit fast rotation because they retain angular momentum
from their formation process. This high-rotation star shows high
levels of chromospheric activity and a larger presence of spots
on its surface. As these stars age, they undergo a process of rota-
tional braking through magnetic interactions (Gallet & Bouvier
2013, 2015), causing their rotation to gradually slow down. By
studying various age indicators, such as the gyrochronology, the
NUYV excess, the kinematics, and lithium equivalent width, we
can restrict the age of the TOI-1135 star.

4.2.1. Gyrochronology

Figure 7 depicts the distribution of stellar rotation periods as
a function of colour G — J for several stellar clusters at differ-
ent ages, namely, the Pleiades (~125 Myr; Rebull et al. 2016),
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Fig. 6. GLS periodograms for TESS light (black line) and CARMENES
VIS (blue lines) data set analysis of the photometric and spectroscopic
data. In the sixth panel (from top to bottom), the Ca11 IRT is plotted in
light (1), medium (2), and dark (3) colours. The stellar rotation period
and its first harmonic are shown as two vertical yellow bands centred at
0.196 d™! (5.1 d) and 0.392 d~! (2.6 d). The vertical purple line indicates
the orbital period of the transiting planet. The horizontal dashed blue
lines correspond to the FAP levels of 0.1%, 1%, and 10%. However, the
TESS panel only includes the 0.1% FAP multiplied by a factor of 10 for
clarity.
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Fig. 7. Distribution of rotation stellar periods against the G — J colour
for Pleiades (~125 Myr; Rebull et al. 2016), M48 (~450 Myr; Barnes
et al. 2015), Praesepe (~590 Myr; Douglas et al. 2017), Hyades
(~650 Myr; Douglas et al. 2019), and NGC6811 (~1000 Myr; Curtis
et al. 2019) clusters. TOI-1135 is represented as a gold star.

M48 (~450 Myr; Barnes et al. 2015), Praesepe (~590 Myr;
Douglas et al. 2017), Hyades (~650 Myr; Douglas et al. 2019),
and NGC6811 (~1000 Myr; Curtis et al. 2019). In this diagram,
TOI-1135 lies above the Pleiades sequence but on top of the
M48, Praesepe, Hyades, and NGC6811 sequences. Therefore,
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Fig. 8. Colour distribution of NUV - J as a function of B, — R,
colour for the Pleiades (~125 Myr; Olivares et al. 2018) and Hyades
(~650 Myr; Roser et al. 2019) clusters. TOI-1135 is represented as a
gold star.

gyrochronology indicates that TOI-1135 has an age older than
~125 Myr and equal to or younger than ~1000 Myr.

4.2.2. NUV excess

We also used the NUV emission as an indicator of youth, as
its strength decreases with stellar age (Findeisen et al. 2011).
Shkolnik et al. (2011) and Rodriguez et al. (2011) used either
the flux ratio Fyyv/Fy or the myyy—my colour to identify young
stars. The NUV magnitude comes from the GALEX all-sky cat-
alogue (Bianchi et al. 2017). However, this method does not
provide a clear age determination for a solar-type star like TOI-
1135 because these criteria are better suited for low-mass stars.
In the NUV-J versus B,—R, colour plot (Fig. 8), TOI-1135 is
located on top of the sequences of the Pleiades (~125 Myr) and
Hyades (~650 Myr) clusters, which is the same as the stars in the
main sequence for solar-type stars. However, it is not clear that
TOI-1135 has a UV excess, and therefore, a clear age constraint
cannot be obtained with this method.

4.2.3. UVYW

If TOI-1135belongs to a known moving group with a well-
determined age, we can assign the age of that group to this
star. We studied the kinematics and UVW galactocentric space
velocities of well-known clusters, moving groups, and star-
formation regions to figure out whether TOI-1135 is associated
with such a region in an attempt to narrow down its age. Space
velocities provide information about the motion of objects in the
Galaxy. Using the astrometric data from the Gaia mission (Gaia
Collaboration 2016, 2023), we calculated the UVW velocities
following the method described in Johnson & Soderblom (1987).
In this convention, U is positive towards the Galactic centre, V
is positive in the direction of Galactic rotation, and W is positive
towards the north galactic pole. The UVW velocities of TOI-
1135 are listed in the Table 1 and plotted in Fig. 9 along with a
compilation of young moving group members from Montes et al.
(2001). The velocities of TOI-1135 have young kinematics but
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Fig. 9. Diagram of UVW velocities for TOI-1135 (gold star). The
members of the Castor moving group (200-400 Myr), the Hyades super-
cluster (Hs; 600-800 Myr), the IC 2391 supercluster (35-55 Myr), the
Local Association (LA; 10-300 Myr), and the Ursa Major group (UMa;
~400 Myr) from Montes et al. (2001) are included. The ellipses repre-
sent the 30 values of the UVW for each group.

are not consistent with any of the young moving groups depicted
in Fig. 9 at 30.

4.2.4. Lithium equivalent width

The depth of the lithium resonance feature (’Li) is commonly
used as an age estimator in solar-type stars. The lithium atoms
are rapidly burned into heavier elements within the first few hun-
dred million years, causing the strength of the absorption feature
to decrease with stellar age. In the case of TOI-1135, we have
measured the equivalent width (EW) of the Li feature in the co-
added CARMENES template spectrum of TOI-1135 by fitting
a Gaussian profile that includes the Li doublet (6707.76 A and
6707.91 A). We measured an EW of 0.082+0.010 A (Fig. 10),
whose value is consistent with members of the Praesepe and
Hyades (610-695 Myr; Cummings et al. 2017) clusters and
clearly larger than those of Kepler field stars from Bouvier et al.
(2018). However, the EW is smaller than groups younger than a
few tens of million years, indicating that the star has not fully
preserved its lithium and is in the process of destroying it.

Taking into consideration the age ranges derived from the
previous age indicators, we adopted a conservative age range of
125-1000 Myr. Therefore, we considered this star as young, in
terms of planet formation and evolution mechanisms.

5. Analysis
5.1. Transit search

Searching for transits in light curves of active and/or young stars
is especially difficult because it requires precise modelling of the
stellar activity. This presents QP variations whose timescales are
on the order of days, the same as those of the orbital periods
of the planets (Fig. 2). Therefore, the modelling of the activity
must be done carefully, adequately capturing this type of activ-
ity without removing planetary transits. The Gaussian process
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Fig. 10. Distribution of the Lil pseudo-equivalent widths as a function
of effective temperature (7). The figure includes members of similar-
aged moving groups (~40 Myr; TucHor, Columba, Carina, Argus; da
Silva et al. 2009), Pleiades (125 Myr; Bouvier et al. 2018), the Prae-
sepe (635+25 Myr; Cummings et al. 2017), and Hyades (670+25 Myr;
Cummings et al. 2017), which are shown as dark blue, orange, grey,
and blue symbols, respectively. Moreover, the Kepler field stars from
(Bouvier et al. 2018) are shown with a grey solid line. The Li1 EW of
TOI-1135 is represented as a gold star.

regression (GP; Rasmussen & Williams 2006) provides suffi-
ciently flexible functions to model the variations in amplitude
and the QP behaviour of light curves. Specifically, we used the
double simple harmonic oscillator (ASHO) kernel implemented
in the celerite package (Foreman-Mackey et al. 2017), which
has been widely used in the literature to model the photomet-
ric stellar activity (David et al. 2018; Mann et al. 2020; Newton
et al. 2021; Tofflemire et al. 2021; Suarez Mascarefio et al. 2021;
Mallorquin et al. 2023a), defined as

kasuo(T) = ksuo (73 Moy » ML, > 11P) + ksuo (T3 Moy > 1L, 1P /2)

T 2nt mwo . 2nt
=15 "M|cos|\n——|+m sin {7 —
Uis 2mn, Uis
- 4nt 4t
+ nfrze L, [cos (772—) +1m s sin (7]2—)] ,
Ui 4m, Ui
(H

where 7 = |t; — | represents the time difference between two data
points; 7 is defined as |1 — 27n/np)~2])'/?; and 7, 71, and
np are the hyperparameters that quantify the amplitude of the
covariance, the decay timescale, and the period of the funda-
mental signal. Therefore, we related the hyperparameters 7p as
the stellar rotation of the star, 7, as the evolution timescale of
the active regions, and 7, as the variations of the amplitudes
in the light curve. It is important to note that this kernel defi-
nition is valid only if p < 27;r.. This assumption is reasonable
for young stars since they typically exhibit a dominant periodic
behaviour in their activity. Our goal is to create smooth func-
tions that model stellar activity but not possible transits. For this,
we adapted the hyperparameters to the dominant induced stellar
activity scales seen in the light curve: the stellar activity due to
rotation. Furthermore, we also included an instrumental offset
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(ytEss) as well as a jitter (07, TESs) term added in quadrature to
the error bars. We set normal priors to the 7, and the np hyper-
parameters to ~3.5 ppt and 5.1 days, which corresponds to the
dispersion observed in the TESS data and the rotation period of
the star, respectively. However, we used uniform priors for the
ni, hyperparameters with a minimum of 28 days (the baseline
of one sector of TESS with the aim of modelling only the long-
term scales). Lastly, we fixed the o, Tess parameter to ~6 ppt,
which is the observed transit depth of TOI-1135b, in order to
avoid modelling such transit depths. The parameter space was
explored with two different sampling algorithms for the Markov
chain Monte Carlo (MCMC) process. First, we employed an
affine-invariant ensemble sampler (Goodman & Weare 2010)
implemented in the emcee code (Foreman-Mackey et al. 2013).
This sampler allows for efficient exploration of the parameter
space by generating a diverse ensemble of walkers. Additionally,
we employed the dynesty algorithm (Speagle 2020)3, which is
based on nested sampling (Skilling 2004). The dynesty algo-
rithm provides an alternative approach to explore the parameter
space by iteratively updating a set of live points used to estimate
the evidence and posterior distributions. We found that both sam-
pling algorithms show similar posteriors, so from hereon we only
show the results obtained with emcee.

We searched for transits using the box least square peri-
odogram (BLS; Kévacs et al. 2002; Hartman & Bakos 2016) and
found a signal with a period of 8.027 days as the most significant
signal in the light curve that agrees with the period alerted by
the TSO. To search for additional transits, we then masked out
this signal and applied the BLS algorithm iteratively. However,
no significant additional transit signals were found beyond the
first one. We further examined the light curves visually, search-
ing for isolated transits, and we did not identify any variations of
this type.

5.2. Transit analysis

We used the TESS and the ground-based multi-band photo-
metric transit follow-up to study the transit chromaticity. To do
this, we created a transit model assuming circular orbits with
the PyTransit® (Parviainen 2015) package, where we used
the following planetary parameters: the time-of-transit centre
(T.), the orbital period of the planet (P), the planet-star radius
ratio (R,/R,), the orbital semi-major axis divided by the stel-
lar radius (a/R,), the impact parameter (b), the eccentricity
(e), and the argument of periastron (w). The parameter a/R,
was re-parameterised using Kepler’s third law, which under the
assumption that M,/M, < 1, only depends on the orbital period
of the planet and the radius and mass of the star (R., M,). The
radius and mass of the star were introduced in the fit as fixed
parameters (according to the central values of Table 1), while
the derived parameters that depend on the radius and mass of the
star (such as Ry, a/R, or a) were calculated a posteriori using
the corresponding error propagation. In addition, we took into
account the variations in the shape of the transit due to limb
darkening, adopting the parameterisation proposed by Kipping
(2013) for the quadratic limb darkening coefficients (from u,
uy to q1, q2). These coefficients are different for each filter, and
the initial values were calculated using the PyLDTk (Parviainen
& Aigrain 2015) tool. As in the previous section, we used the
emcee code to sample the parameter space. For T, and P, we
used normal priors around the BLS solution, while for the R,,/R

8 https://github.com/joshspeagle/dynesty
9 https://github.com/hpparvi/PyTransit
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Fig. 11. Transit chromaticity of TOI-1135b. Top panel: planetary radius
as a function of wavelength. The figure shows that there is no clear
chromaticity in the radius of TOI-1135b in the range of 400-1000 nm.
Bottom panel: phased-folded transit taken on 22 December 2022 in 7T,
g’, r’, and z filters. The coloured lines show the best transit model in
each filter.

and b parameters, we used uniform priors. In addition, for each
instrument, we added an instrumental offset and a jitter term
as uniform priors. In the case of transit photometry, the jitter
term is enough to capture the extra noise, but it is not so in the
case of TESS photometry, where it is necessary to model stel-
lar activity. Thus, we used the same GP kernel, the dSHO, to
model the activity in TESS data as in Sect. 5.1, where the jitter
term is a free parameter. In summary, we fit all the photomet-
ric data sets with transits sharing all parameters except y and
Tjit, which are different for each instrument, and R, /R (to study
the transit chromaticity), ¢;, and ¢,, which are independent for
each filter.

In Fig. 11, the top panel shows the wavelength dependence of
the measured radius. Within the precisions obtained, there does
not seem to be a clear chromaticity in the transit of TOI-1135b.
Additionally, the bottom panel of the figure shows the transit
that occurred on 22 December 2022, which was simultane-
ously observed in the g’ (TTT 2), #'(TTT 1), zeue (SPECULOOS),
and T (TESS sector 59) filters. Therefore, in subsequent transit
analyses, we use a single parameter of R,/R,.
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Table 2. Model comparison for RV-only analysis of TOI-1135 b using the difference between Bayesian log-evidences (A In ).

Activity model

Tt 2 Sin (P ~5.1 days, P, ~2.5 days) + 07t GPgp + it
Dataset Planets K? (ms™) AlnZ K? (ms™!) AlnZ K? (ms™) AlnZ
CARMENES VIS 0 - -246.0 - -230.5 - -236.3
CARMENES VIS 1 77+4.6 (21.1) 2477 5.0+3.2(14.5) —231.3 5.6+3.1(14.9) -238.6

Notes. In the model name, o7j; refers to a jitter term added in quadrature to the RV error bars and “2 Sin” refers to two sinusoidal functions and their
periods. All models assume circular orbits, and the amplitudes are given with their 1o~ uncertainty. The 99.7 percentile of the Keplerian amplitude
is provided in parenthesis. The result in bold indicates our adopted RV model.

5.3. Radial velocity analysis

Before performing any RV analysis, we investigated if some of
our data were acquired during some of the transits. The Rossiter-
McLaughlin (RM) effect (Rossiter 1924; McLaughlin 1924) can
be significantly high on giant planets. We estimated the expected
amplitude in RV for TOI-1135b following Gaudi & Winn
(2007). We calculated a semi-amplitude of 50.2+ 10.6ms~!,
a value comparable to the rms of the CARMENES data sets.
The estimated RM semi-amplitude is well in agreement to
that detected during the in-transit observations (Orell-Miquel
et al., in prep.). However, all the CARMENES data were taken
out-of-transit.

In Sect. 4.1 we computed GLS periodograms over the RV and
activity indicators of CARMENES VIS data (Fig. 6). The only
significant signal in the RV panel is related to the first harmonic
of the stellar rotation period (~2.6 days). Therefore, the signal of
the transiting planet (purple line) is not present in either the GLS
RV periodogram or in the activity indicators. In active and young
stars such as TOI-1135, this is an expected behaviour since stellar
activity is usually significantly larger than the expected ampli-
tude for the planet, so the signal of the planet may be hidden
until the stellar activity is modelled.

We performed an RV-only fit following the same procedure
as in Mallorquin et al. (2023a,b), to determine the best model
to fit the stellar activity using three different approaches. The
first model uses a jitter term (ojiirv), added in quadrature to the
error bars of the RV measurements, to take into account possible
additional noise not captured by the model selected. The second
model, in addition to the jitter term, incorporates two sinusoidal
functions centred on the stellar rotation period and on half of the
rotation period. By including these sinusoidal functions, our aim
was to capture the periodic variations introduced by the stellar
rotation observed in Fig. 6. Lastly, the third model uses a jitter
term and a QP kernel introduced by Aigrain et al. (2012):

k ( ) 2 TZ Sinz (%) (2)
T)=1n.exp|-——5 — ——— |,
where 7, 1, 7L, and 7p are defined as in Eq. (1), and 7, acts
as a balance between the periodic and non-periodic component
of the kernel. This kernel allows for a more flexible modelling
of the stellar activity by incorporating QP variations in addi-
tion to the random noise captured by the jitter term. These
models allowed us to explore different representations of the
stellar activity and to assess their effectiveness in capturing the
observed RV variations. In the RV model, in addition to the
activity model, a Keplerian associated with the transiting planet
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is also included, which was tested against the same activity mod-
els without including the Keplerian. This allowed us to study
how significant it is to include the planet or not in our RV data.
We modelled the Keplerian signal of the transiting planet with
RadVel'” (Fulton et al. 2018). The planetary parameters included
are the T¢, the P, and the stellar RV amplitude induced by the
planet (K). The initial values used for T, and P were derived
from Sect. 5.2. Moreover, as in the photometric case, we included
an instrumental offset (yrv).

We employed the criteria established by Trotta (2008) based
on the Bayesian log-evidence (InZ), which was calculated
following the method by Diaz et al. (2016), to evaluate which
is the best RV-only model (results listed in Table 2). According
to this criterion, when the absolute difference |Aln Z|is greater
than five, the model with the higher log evidence is strongly
favoured. In cases where |Aln Z|is greater than 2.5 but less
than five, the evidence in favour of one model is moderate.
If |[AInZ| is greater than one but less than 2.5, the evidence
is weak, and when |Aln Z]is less than one, the models are
considered indistinguishable. None of the models considering
the transiting planet are moderately favoured compared to
models without the planet, which seems to indicate that the
planet is not detected in the current RV. The models that include
only a jitter term are the least strongly favoured. The models
composed of two sinusoidal functions are moderately favoured
compared to the GP models. In addition, the models including a
Keplerian signal are indistinguishable or less favoured compared
to models without planets, which suggest the absence of any
planet signal in the RV data. This result is expected since there
is no detection of TOI-1135b. Therefore, between the activity
model with two sinusoidal functions and the activity model
with GP, we chose the latter. Although the model with two
sinusoidal functions is slightly favoured over the GP model,
the planet signal is slightly better detected in the latter. The QP
GP models have been widely used in the literature to model the
activity of young stars (Barragan et al. 2019, 2022; Klein et al.
2021; Cale et al. 2021; Zicher et al. 2022; Nardiello et al. 2022;
Mallorquin et al. 2023a) because the QP variations in activity
are better modelled.

5.4. Joint-fit analysis

All the data sets were included in a global joint fit combin-
ing the transit photometry and RV time series in order to yield
more precise parameters for the TOI-1135 system. This global
fit includes a transit model over the TESS and the ground-
based transit photometry (phase-folded transits in Fig. 12) and
a Keplerian model in the CARMENES RVs (phase-folded RV

10 https://github.com/California-Planet-Search/radvel
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Fig. 12. Phase-folded light curves of TOI-1135b for data of TESS,
CRCAO, DSW, PvdKO, SPECULOOS, and TTT. In each sub-panel
the photometric data (blue dots) are shown along with the binned data
(white dots), the best transit-fit model (black line in the top), and the
residuals for the best fit (in the bottom).

in Fig. 13) to obtain the planetary parameters. These planetary
parameters included shared parameters such as 7. and P among
all the data sets with normal priors, R,/R, and b among pho-
tometry data sets with uniform priors, and K among RV data
sets with uniform priors. We also explored non-circular plane-
tary orbits including uniform priors in vesinw and +/ecosw,
which correspond to a re-parametrisation of the eccentricity and
the argument of periastron proposed by Anderson et al. (2011)
and are shared between all the data sets. Furthermore, a stellar
activity model generated by GP was used to model the photo-
metric TESS light curves with a dSHO kernel (Sect. 5.1, Fig. 2)
and the CARMENES RVs data set with a QP kernel (Sect. 5.3,
Fig. 5). The np hyperparameter is shared between TESS and the
RV data sets, while 77, and 7, are independent among the TESS
and RV data sets with uniform priors. However, normal priors
were used for covariance amplitude hyperparameters, centred on
the standard deviation of each data set. The details of prior and
posterior results from the joint fit are listed in Table 3. From
the posterior results, we derived other planetary parameters of
interest, such as the planet radius (Rp), orbital inclination (i),

1
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Fig. 13. Phase-folded RVs for TOI-1135 b. Top panel: CARMENES VIS
data (blue dots), binned data (white dots), and the Keplerian model of
the joint fit (black line). Bottom panel: residuals for the best fit.
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Fig. 14. Transit timing variations for the planet TOI-1135b. The TTVs
are represented as coloured dots with their 1o~ uncertainty. The transits
with error bars larger than 10 min have been removed for clarity.

planet mass (M;), planet bulk density (o), transit depth (6), and
equilibrium temperature (7¢q), using error propagation (Table 4).

5.5. Transit timing variations

Transit timing variations can be used to estimate the planetary
masses of a system or, at least, to indicate the existence of
additional companions in the system. Thanks to the TESS and
ground-based photometry, we had a temporal coverage spanning
~1300 days with a total of 35 transits. We built an O-C dia-
gram fitting individual transit times (7) for each transit (Fig. 14)
from the posteriors obtained in the joint-fit analysis (Sect. 5.4).
The TTVs obtained with ground-based photometry have large
uncertainties. However, the TESS data have an rms of 0.7 min,
with a median error bar of 0.6 min. Consequently, no signifi-
cant TTVs were detected in the system that would allow us to
constrain additional candidates.

6. Validation and false positive scenarios

Several astrophysical scenarios, such as diluted eclipsing bina-
ries or grazing transits, can mimic planetary transit signals. The
following analysis rules out most of these false positive scenar-
ios, confirming the bona fide planetary nature of TOI-1135b.

The transit signal is a result of instrumental artefacts.
The detection of the transits from ground-based photometry (see
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Table 3. Prior and posterior parameters of the joint fit for TOI-1135b.

Parameter Prior Posterior (¢ =0) Posterior (e, w free)
T. (BID) N(2459583.2583, 0.1) 2459583.2582+00002 2 450 583.258] *00002
P (days) N(8.0277,0.1) 8.02773070000003 g (27720 +0.000003
+0.0002 +0.0003
A UG o0y pefes 2
K (ms™) U(0, 200) 5.861341 (15.18) 6.03139%(15.31)
Vesinw U-1,1) —0.144+0-0%
Ve cos w U-1,1) -0.018+035%
vrtess (PPt U(-3otESs, 30TESS) 0.44*012 0.44*0-12
Ycreao (Ppt) U(-30crcaos 30creao) 3.2779%2 3.367022
Ypsw (Ppt) U(30psw, 30Dsw) 3.38%03% 3.48%03
Ypvako (ppt) U(-30pydko> 30pydk0) 2.617018 2.7001%
¥specuLoos (Ppt) U(-30specuL00S s 30°SPECULOOS) 3.50%017 3.59%017
y111,~,1 (PP U3orTT,e 15 30TTT.0,1) 1-63f8:}3 169):8:%2
YTTT.g'.1 (ppt) (LI(—3O'TTT,9131 s 30—TTT,g’,1) 237t8%g 245t8{g
yrrr.e2 (PP UBorTTr 2 30T 2) 4.86" 038 4.957038
Y1192 (PP U301, 25 30T ,2) 3.357041 3.44+041
Y1193 (PP U30TTT.9 3, 30TTT Y 3) 2.97*017 3.05%017
YCARMENES vis (ms™") U(-30CcARMENES VIS> 30°CARMENES VIS) 2424080 1.88%13
ojitTESs (Ppt) U0, 30TESS) 0.41*001 0.40*001
Titcrcao (PpL) U(0, 30creao) 2.36%010 2,377
Tiipsw (Ppt) U(O, 30psw) 7687057 7.66708
Tiitpvako (PPL) U(O, 30pyaxo) 3.50*0 13 3.491013
it sPECULOOS (PPL) U(0, 30°spEcULOOS) 5344003 5.32%012
T TTT.#,1 (PPL) UO, 30rrT,.1) 8.367010 8.35%019
Tt TTT¢.1 (PPL) UO,30TTT.91) 5757011 5757010
T TTT. 2 (PPY) UQ, 3orrr.r 2) 8.84%0% 8.82%037
Tt TTT.9 2 (PPY) U, 301114 2) 9.41*539 9.41700
Ot TTT.¢ 3(PPY) UQ, 301119 3) 5.97*913 5.957013
ji, CARMENES vis (m s™') U(0, 30°CARMENES VIs) 8.61739 8.6313%
aur N(0.28,0.01) 0.26+001 0.277001
dor N(0.36, 0.01) 0.35+001 0.36-001
s N(0.65,0.01) 0.65+01 0.65+001
dos N(0.41,0.01) 0.40700! 0.407001
iy N(0.60, 0.01) 0.60*001 0.607001
oy N(0.40, 0.01) 0.40001 0.407001
e N(0.29, 0.01) 0.29+001 0.29°001
o N(0.36, 0.01) 0.36+001 0.36-001
- N(0.23,0.01) 0.23+001 0.237008
Do, N(0.35,0.01) 0.35+001 0.35+0.10
dir N(0.39,0.01) 0.39+001 0.397001
ary N(0.37,0.01) 0377001 0.37+001
Mo, TESS N(O—TESS7 08) 357tgig 357i82§
Mo, TESS N(O—TESS7 08) 200f811§ 199t8}§
7o, CARMENES VIS N (0CARMENES VIS 5) 23.44%431 23.45%3%
7L, TESS U(Pror, 2500) 33.21 t}?gg 32.64t}?22
7L, TESS U(Pror, 2500) 5.6411)3% 5.6431):2?
LRV U(Pro1, 150) 70.21 tg%;z 69.662%:2(1)
- UG5, 10) 5101003 5.09+003
. UO.1, 1.0) 0.32+011 0.32+012
AlnZ -118219.6 -118101.4

Notes. The prior label of N and U represent normal and uniform distributions, respectively. The 99.7 percentile of the planet mass and bulk

density are provided in parenthesis.
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Table 4. Derived parameters of the joint fit for TOI-1135b.

Parameter Posterior (e =0) Posterior (e, w free)
a/Ry 15.12f8118 15.12f8:jg

a (AU) 0.082f8188§ 0.082f8:88§

Ry (Rywp) 0-805i828§8 0'807t8:8§8

R, (Rg) 9.0201’83% 9.042f8:§§g
i(°) 89.97ﬁ8;8§ 89.62’:833

e 0.07f8:(])2

w (rad) -1.671 3%

My (Myyp) 0.062j8:8§? (0.162) 0.064f8;8§? (0.163)
M, (Mg) 19.84’:5_09'23 (51.42) 20.43t1816‘(9) (51.89)
pp (gem™) O.létg:gg 0.41) 0.16t8;8§ 0.42)
t15 (h) 0.28’:818} O.29t8;8{

t14 (h) 4.05’:8:}} 4.12f8:}%

6 (ppt) 4.86’:8:8% 4.88f818‘3‘

Teq (A=0) (K) 1198.9*213 1198.9*213

Teq (A=0.6) (K)  953.4%170 953.4*+170

Uy 0.364:8:8% 0.37f8:8{

Uy O.leg:g} O.leg:g{

up 0.65f8:8} O.66f8:8{

uyp O.leg:g: O.leg:g{
061°50! 061700
0.16°05! 016700
i 0.39:001 0.39:001

Uy 0.15f8:8% O.lStg:gi

Uy 0.34f8:8} 0.34t8:8{

U 0.14:’818} 0.14f8:8%

Uy 0.46f8:81 O.46f8:8}

Uy 0.167001 0.16001

Notes. The 99.7 percentile of the planet mass and bulk density are
provided in parenthesis.

Sect. 5.2) discards the possibility of instrumental false posi-
tives associated with the TESS satellite system. Furthermore,
the period of these transits does not align with any known
periodicities in the TESS satellite system, such as momentum
dumps.

The transit signal is a result of stellar variability. The
observed stellar variability is much larger (peak-to-peak ampli-
tude of ~20 ppt, Fig.2) than the depth of the transits
(~4.9 ppt, Table4), and the orbital period of TOI-1135b is
not a multiple of the stellar rotation period inferred from the
TESS light curves. Moreover, we expected a lower stellar activ-
ity at redder wavelengths, but the transit depths do not show any
chromaticity (Fig. 11).

The transit signal is a result of a blended source. Given
that the observed transit has a well-defined and flat shape
(Fig. 12), we could rule out grazing transits where a source
partially eclipses the star. In addition, our spectra do not show
blended spectral lines nor RV variations large enough to indicate

a stellar-mass companion (<100 ms~!, Fig. 5). Due to the
larger TESS pixel scale, it is common for the source to be
contaminated by nearby stars in crowded fields, as in the case of
TOI-1135, with a star at 40” (Fig. 1, star number 2). However,
the ground-based observations with apertures of less than 10”
confirm that the transit is not occurring on star number 2, and
as the transits have a similar transit depth (Fig. 11), the dilution
factor is negligible.

The NESSI speckle image shows a star 0.973” away with a
brightness 5.39 mag fainter than TOI-1135 at 832 nm (Fig. 3).
However, the SAI image rules out other sources within 1” with
magnitudes 7.2 times fainter at 625 nm (Fig. 4). This could indi-
cate that the star observed in NESSI is significantly redder than
TOI-1135 (R — I > 1.8 mag). If the star is assumed to be bound,
the limit on the R — I colour would indicate that the star is a
late-type M dwarf (> M5-M6V), but the measured magnitude
difference at 832 nm suggests that the star is closer to an earlier
M dwarf (~M3V). This discrepancy likely means that the com-
panion is a foreground source unrelated to the target. From Gaia
DR3 observations, we obtained a RUWE value of 0.974, which
indicates that the astrometric solution is consistent with a single
star model. However, the IPDfmp parameter, which provides the
fraction of windows for which the image parameter determina-
tion algorithm has identified multiple peaks, is 3%, which is a
number close to zero but not zero and is consistent with the star
observed in the NESSI image. To check if the observed signal
is transiting TOI-1135 or on the nearby companion, we used the
Vanderburg et al. (2019) formula:

30} 2 1
Am < 2.5log,, [(t—) 5], )
13

which, using the transit ingress time (#;,), the time between the
first and third contact (#;3), and the transit depth (§; param-
eters derived in Table 4), gives a lower limit for the faintest
companion that could cause this transit. We obtained Amrgss S
0.4 mag at a 30 level of confidence, meaning that a source
of similar brightness to TOI-1135 is needed to reproduce the
observed transit. Additionally, if the companion is clearly red-
der than TOI-1135, we would expect to see some chromaticity
in the transit depth, which is not the case (Fig. 11). In a more
quantitative way, we can calculate the expected transit depth at
832 nm if a complete eclipse occurs in the star that is 5.39 mag
fainter than TOI-1135 (Sect. 3.1). By eclipsing 100% of the star,
we obtained a transit depth of 7.0 ppt, which is not compatible
at 832 nm according to Fig. 11. It would be necessary to eclipse
the star by ~120% to reach 8.3 ppt. Similarly, if we assume a
star at 625 nm at the detection limit of 7.2 mag (Sect. 3.2), we
obtain a transit depth of 1.3 ppt, making it necessary to eclipse
the star by more than 600% to reach the observed 8.5 ppt in
Fig. 11. Therefore, the transit is not occurring on the fainter
companion. Finally, Hord et al. (2024) carried out a vetting pro-
cess statistically validating TOI-1135 b using the vespa (Morton
2012, 2015) and TRICERATOPS (Giacalone & Dressing 2020;
Giacalone et al. 2021) software packages, calculating the false
positive probability and classifying TOI-1135b as a validated
planet.

7. Discussion on planet properties
7.1. Planet characterisation

Based on the posterior parameters obtained from the joint
analysis (Sect. 5.4), we determined a planetary radius of
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Fig. 15. Mass—insolation-radius diagram for TOI-1135 b, together with all known exoplanets (grey dots) with a precision better than 8% in radius
(through transit) and 20% in mass (from RV) from the Extrasolar Planets Encyclopaedia. The population of young transiting exoplanets (<900 Myr)
with measured masses is plotted as coloured dots, according to their ages. The uncertainties on TOI-1135 b are shown as coloured shaded regions
with 1, 2, and 30 levels of confidence. In the left panel, the iso-density lines are displayed as dashed grey lines. Saturn, Jupiter, and Neptune are

also depicted for reference.

Rb=9.02+0.23 Rg, (R, =0.84 % 0.02 Ryyp). Furthermore, our best

fit model for a planet provides a mass result of 19.8f}8;8 Mg,

a ~20 detection. Thus, we set an upper limit of Ml’j <51.4 Mg
(Mf)’ <0.16 My,,) at a 30 confidence level. These results imply

an upper limit for the bulk density of 0.41 gcm™. Although,
according to Bayesian log-evidence, the model with a non-
circular orbit is moderately favoured over the solution with a
circular orbit. This model indicates that if the planet eccentric-
ity is non-zero, it is very low (e <0.26 at 207). Since we do not
have a robust detection of the planet in our RV data, we adopt the
solution with a circular orbit that has a smaller number of free
parameters. Considering a range of planetary albedos (Apond)
from 0.6 to 0.0, we estimate an equilibrium temperature (7eq)
in the range of 950-1200 K for TOI-1135b.

7.2. Mass loss rate

The expected mass loss rate in a planet atmosphere can be
estimated if we assume an energy-limited approach and an atmo-
sphere dominated by hydrogen. We need to know the stellar
XUV (X-ray+EUV, 5-920 A) irradiation at the planet’s orbit,
which is normally calculated either using a coronal model or a
scaling law based on the X-ray stellar luminosity. However, no
X-ray flux measurements are available to date for TOI-1135. To
overcome this limitation, we made use of the relation between
the stellar rotation period and the Rossby number and the X-ray
stellar luminosity (Wright et al. 2011). Using the parameters as
listed in Table 1 and the magnitudes V and K, we calculated
log Lx =29.48 for TOI-1135. We made use of the scaling law
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calculated in Sanz-Forcada et al. (2022) to estimate the EUV
(100-920 A) stellar luminosity of log Lgyv u=29.90. We then
calculated the energy-limited mass loss rate of TOI-1135 b
using Eq. (7) of Sanz-Forcada et al. (2011), of 7.4x10'2 gs™!,
or 39 Mg Gyr~'.

The calculated mass loss rate indicates that although this
rate will decrease with time, the planet may lose most of its
atmosphere in a few hundred million years. TOI-1135b is likely
an interesting candidate to search for atmospheric photoevapo-
ration. The He1 10830 triplet is sensitive to atmospheric pho-
toevaporation, and the line formation in the planet atmosphere
is strongly influenced by the stellar He-ionising irradiation in
the XUV range (<504 A). We calculated the EUV flux in the
100-504 A range using the relations in Sanz-Forcada et al.
(2022), log Leyv e =29.62. The XUV flux at the planet’s orbit
is ~43000ergs™' cm™2, which is slightly larger than the flux
reaching the orbit of WASP-69b (Nortmann et al. 2018), where
the triplet was clearly detected. Thus, TOI-1135b is a firm
candidate to search for signatures of photoevaporation in the
He1 10830 triplet. The study of its atmosphere and search for
an extended He I atmosphere will be presented in a future paper
(Orell-Miquel et al., in prep.)

7.3. Mass—insolation—radius diagram

In Fig. 15, we present a mass-insolation-radius diagram of
known transiting exoplanets (gray dots) from the Extrasolar
Planets Encyclopaedia'!, with radius uncertainties better than

" http://exoplanet.eu/
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8% determined through the transit method and mass uncertain-
ties better than 20% from the RV method. Additionally, we have
overplotted in colour known exoplanets younger than 900 Myr
from our own collection. The dots and squares indicate young
exoplanets with orbital periods lower and higher than 10 days,
respectively, while the colour indicates the age. In the left panel
of Fig. 15, the green-shaded regions represent the radius and
mass posterior distribution for TOI-1135b with 1, 2, and 30 sig-
nificance intervals. We did not include the population of planets
whose masses were estimated by TTVs due to several studies,
including Hadden & Lithwick (2017), have shown that the popu-
lation of planets whose masses were estimated by TTVs are less
dense than the population of planets for which the masses were
estimated through RV. In the right panel of the figure, its radius
and period are shown as square error bars with its 10 uncertainty.

The left panel in Fig. 15 shows a clear overdensity of
exoplanets in the upper part (R, >8-10Rg) that corresponds
to giant gas planets, while in the lower part the overdensity
of planets corresponds to “small” planets (R, <4-5Rg). Both
sequences are separated by a region with a lower frequency of
planets. In the mass-radius diagram, TOI-1135b is located in
the lower-left limit of giant gas planets or Jupiter-type plan-
ets, suggesting mostly a gaseous composition of H and He.
In addition, only two young giant planets have mass measure-
ments with an orbital period below 10 days, namely, TOI-1268 b
(M, =102 + 11 Mg, Pop = 8.158 days; gubjak et al. 2022) and
WASP-43b (M, =635 + 25 Mg, Pow, = 0.813 days; Davoudi et al.
2021). Both of these planets seem to fit with the sequence of
field planets and with the planets of our Solar System, as TOI-
1268 b and WASP-43 b are comparable with Saturn and Jupiter,
respectively. However, the mass of TOI-1135b could also be
compatible with a planet with the mass of Neptune or even less,
indicating that it could be a puffed-up Neptune-type planet with
different characteristics than TOI-1268 b and WASP-63 b.

In the insolation-radius panel (right-hand side panel in
Fig. 15), TOI-1135b is in the upper limit of the transition
zone between giant gaseous planets and Neptune-like planets.
While KELT-26b, HAT-P-70b, KELT-20b, and TOI-2046b
clearly belong to the hot Jupiter group, the cases of WASP-
43 b, HIP67522 b, TOI-837 b, TOI-1268 b, or TOI-1135b are not
clear. If we assume a maximum mass of 50 Mg for TOI-1135b
and apply the loss of mass rate of its atmosphere calculated in
Sect. 7.2, we observe that in a few hundred million years, TOI-
1135b will lose most of its atmosphere, decreasing its radius
and mass and aligning with the group of small planets such as
Neptune. The only planets with similar characteristics of mea-
sured mass are TOI-1268 b (100380 Myr; Subjak et al. 2022)
and WASP-43 b (~400 Myr; Davoudi et al. 2021), whose masses
are significantly larger, hence allowing them to retain their atmo-
spheres and belong to the group of gaseous giants. On the other
hand, measuring the masses of HIP67522b (~17 Myr; Rizzuto
et al. 2020) and TOI-837b (~35 Myr; Bouma et al. 2020) is
key to understanding whether these planets are Saturn-like or
Neptune-mass planets with an extended atmosphere that they
could eventually lose, implying a subsequent evolution shifting
the planet to the lower-left region of the mass-radius diagram.

Formation models predict that gaseous giant planets, such
as TOI-1135b, formed beyond the ice line and then migrated
inwards in timescales of less than 10 Myr (Williams & Cieza
2011). This, together with the loss of mass of 39 Mg Gyr~!,
allows us to estimate that TOI-1135b could have originally had
a mass equal to or less than 90 Mg, so giant planets with masses
less than Saturn are susceptible to losing all or most of their

atmosphere in their early stages if they receive enough radiation
from a host star, which might be the case of TOI-1135b.

8. Conclusions

Our study presents the discovery and characterisation of TOI-
1135b, a Saturn-size planet transiting a young solar-type star.
We inferred the stellar parameters and estimated an age between
125-1000 Myr from different activity-age indicators. We also
simultaneously fitted the TESS light curves, the ground-based
transit photometry, and the CARMENES RV data in order
to derive the planetary parameters. We confirm the planetary
nature of TOI-1135b, and we derived an orbital period of
8.027730 £ 0.000003 days for TOI-1135 b, measured a radius of
9.02 +£0.23 Ry, and set an upper limit on the mass of <51.4 Mg
at a 30 confidence level.

We conclude that the internal composition of TOI-1135b is
mostly gaseous. Although it has a radius the size of Saturn, its
mass could be compatible with Neptune, indicating an extended
atmosphere most probably due to strong stellar radiation. The
large mass loss rate of TOI-1135b indicates that the planet will
lose most of its atmosphere in a few hundred million years. The
mass determination and atmospheric study of TOI-1135b and
other younger giant planets will be key to understanding the for-
mation and atmospheric evolution of planets smaller than Saturn
and explaining the lower frequency of planets with sizes between
Neptune and Saturn.

Acknowledgements. M.M., N.L., and V.J.S.B. acknowledge support from the
Agencia Estatal de Investigacion del Ministerio de Ciencia e Innovacién (AEI-
MCINN) under grant PID2019-109522GB-C53. This paper includes data col-
lected by the TESS mission. Funding for the TESS mission is provided by
the NASA Explorer Program. We acknowledge the use of public TOI Release
data from pipelines at the TESS Science Office and at the TESS Science Pro-
cessing Operations Center. Resources supporting this work were provided by
the NASA High-End Computing (HEC) Program through the NASA Advanced
Supercomputing (NAS) Division at Ames Research Center for the production of
the SPOC data products. This research has made use of the Exoplanet Follow-up
Observation Program website, which is operated by the California Institute of
Technology, under contract with the National Aeronautics and Space Adminis-
tration under the Exoplanet Exploration Program. This work has made use of
data from the European Space Agency (ESA) mission Gaia (https://www.
cosmos.esa.int/gaia), processed by the Gaia Data Processing and Anal-
ysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/
consortium). Funding for the DPAC has been provided by national institutions,
in particular the institutions participating in the Gaia Multilateral Agreement.
CARMENES is an instrument at the Centro Astronémico Hispano en Andalucia
(CAHA) at Calar Alto (Almeria, Spain), operated jointly by the Junta de
Andalucia and the Instituto de Astrofisica de Andalucia (CSIC). CARMENES
was funded by the Max-Planck-Gesellschaft (MPG), the Consejo Superior de
Investigaciones Cientificas (CSIC), the Ministerio de Economia y Competi-
tividad (MINECO) and the European Regional Development Fund (ERDF)
through projects FICTS-2011-02, ICTS-2017-07-CAHA-4, and CAHA16-CE-
3978, and the members of the CARMENES Consortium (Max-Planck-Institut fiir
Astronomie, Instituto de Astrofisica de Andalucia, Landessternwarte Konigstuhl,
Institut de Ciéncies de I’Espai, Institut fiir Astrophysik Gottingen, Universidad
Complutense de Madrid, Thiiringer Landessternwarte Tautenburg, Instituto de
Astrofisica de Canarias, Hamburger Sternwarte, Centro de Astrobiologia and
Centro Astrondmico Hispano-Alemdn), with additional contributions by the
MINECO, the Deutsche Forschungsgemeinschaft through the Major Research
Instrumentation Programme and Research Unit FOR2544 ”Blue Planets around
Red Stars”, the Klaus Tschira Stiftung, the states of Baden-Wiirttemberg and
Niedersachsen, and by the Junta de Andalucia. Some of the observations in the
paper made use of the NN-EXPLORE Exoplanet and Stellar Speckle Imager
(NESSI). NESSI was funded by the NASA Exoplanet Exploration Program and
the NASA Ames Research Center. NESSI was built at the Ames Research Center
by Steve B. Howell, Nic Scott, Elliott P. Horch, and Emmett Quigley. J.d.W. and
M.LT. gratefully acknowledge financial support from the Heising-Simons Foun-
dation, Dr. and Mrs. Colin Masson and Dr. Peter A. Gilman for Artemis, the first
telescope of the SPECULOOS network situated in Tenerife, Spain. The ULiege’s

A90, page 15 of 18



Mallorquin, M., et al.: A&A, 685, A90 (2024)

contribution to SPECULOOS has received funding from the European Research
Council under the European Union’s Seventh Framework Programme (FP/2007—
2013) (grant Agreement n° 336480/SPECULOOS), from the Balzan Prize and
Francqui Foundations, from the Belgian Scientific Research Foundation (F.R.S.-
FNRS; grant n° T.0109.20), from the University of Liege, and from the ARC
grant for Concerted Research Actions financed by the Wallonia-Brussels Feder-
ation. M.G. is F.R.S.-FNRS Research Director’. L.G.M. and P.A.R. acknowledge
support from NSF grant no. 1952545. The postdoctoral fellowship of KB is
funded by F.R.S.-FNRS grant T.0109.20 and by the Francqui Foundation. This
article includes observations made at the Two-Meter Twin Telescope (TTT) that
Light Bridges operates in the Teide Observatory of the Instituto de Astrofisica
de Canarias (IAC, Tenerife, Spain). The Observing Time Rights (DTO) used for
this research have been funded by IAC.

References

Aigrain, S., Pont, F., & Zucker, S. 2012, MNRAS, 419, 3147

Alarcon, M. R., Licandro, J., Serra-Ricart, M., et al. 2023, PASP, 135, 055001

Aller, A., Lillo-Box, J., Jones, D., Miranda, L. F., & Barcel6 Forteza, S. 2020,
A&A, 635, A128

Anderson, D. R., Collier Cameron, A., Hellier, C., et al. 2011, ApJ, 726, L19

Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42

Barnes, S. A., Weingrill, J., Granzer, T., Spada, F., & Strassmeier, K. G. 2015,
A&A, 583, A73

Barragdn, O., Aigrain, S., Kubyshkina, D., et al. 2019, MNRAS, 490, 698

Barragén, O., Armstrong, D. J., Gandolfi, D., et al. 2022, MNRAS, 514, 1606

Barros, S. C. C., Demangeon, O., Diaz, R. F.,, et al. 2020, A&A, 634, A75

Batygin, K., Bodenheimer, P. H., & Laughlin, G. P. 2016, ApJ, 829, 114

Bayo, A., Rodrigo, C., Barrado Y Navascués, D., et al. 2008, A&A, 492, 277

Bianchi, L., Shiao, B., & Thilker, D. 2017, ApJ, 230, 24

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977

Bouma, L. G., Hartman, J. D., Brahm, R., et al. 2020, AJ, 160, 239

Bouma, L. G., Curtis, J. L., Masuda, K., et al. 2022, AJ, 163, 121

Bouvier, J., Barrado, D., Moraux, E., et al. 2018, A&A, 613, A63

Burdanov, A. Y., de Wit, J., Gillon, M., et al. 2022, PASP, 134, 105001

Caballero, J. A., Guardia, J., Lépez del Fresno, M., et al. 2016, SPIE Conf. Ser.,
9910, 99100E

Cale, B. L., Reefe, M., Plavchan, P., et al. 2021, AJ, 162, 295

Cenarro, A. J., Moles, M., Cristébal-Hornillos, D, et al. 2019, A&A, 622, A176

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, arXiv e-prints
[arXiv:1612.05560]

Collins, K. A., Kielkopf, J. F., Stassun, K. G., & Hessman, F. V. 2017, AJ, 153,
77

Cummings, J. D., Deliyannis, C. P.,, Maderak, R. M., & Steinhauer, A. 2017, AJ,
153, 128

Curtis, J. L., Agiieros, M. A., Douglas, S. T., & Meibom, S. 2019, ApJ, 879, 49

Dai, F., Masuda, K., Beard, C., et al. 2023, AJ, 165, 33

da Silva, L., Torres, C. A. O., de La Reza, R., et al. 2009, A&A, 508, 833

David, T. J., Crossfield, I. J. M., Benneke, B., et al. 2018, AJ, 155, 222

David, T. J., Petigura, E. A., Luger, R., et al. 2019, ApJ, 885, L12

Davoudi, F., Bastiirk, 0., Yal¢inkaya, S., Esmer, E. M., & Safari, H. 2021, AJ,
162, 210

Dawson, R. 1., & Johnson, J. A. 2018, ARA&A, 56, 175

Delrez, L., Gillon, M., Queloz, D., et al. 2018, Proc SPIE, 10700, 1070011

Demory, B. O., Pozuelos, F. J., Gomez Maqueo Chew, Y., et al. 2020, A&A,
642, A49

Diaz, R. F.,, Ségransan, D., Udry, S., et al. 2016, A&A, 585, A134

Donati, J. F., Cristofari, P. L., Finociety, B., et al. 2023, MNRAS, 525, 455

Douglas, S. T., Agiieros, M. A., Covey, K. R., & Kraus, A. 2017, ApJ, 842, 83

Douglas, S. T., Curtis, J. L., Agiieros, M. A, et al. 2019, ApJ, 879, 100

Ducati, J. R. 2002, CDS/ADC Collection of Electronic Catalogues, 2237, 0

Dupke, R. A., Irwin, J., Bonoli, S., et al. 2019, in Am. Astron. Soc. Meeting
Abstracts, 233, 383.01

Eker, Z., Bakis, V., Bilir, S., et al. 2018, MNRAS, 479, 5491

Findeisen, K., Hillenbrand, L., & Soderblom, D. 2011, AJ, 142, 23

Finociety, B., Donati, J. F., Cristofari, P. I, et al. 2023, MNRAS, 526, 4627

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Foreman-Mackey, D., Agol, E., Ambikasaran, S., & Angus, R. 2017, Astro-
physics Source Code Library [record ascl:1709.008]

Fulton, B. J., Petigura, E. A., Blunt, S., & Sinukoff, E. 2018, PASP, 130, 044504

Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, A1l

Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, Al

Gallet, F., & Bouvier, J. 2013, A&A, 556, A36

Gallet, F., & Bouvier, J. 2015, A&A, 577, A98

Garcia, L. J., Timmermans, M., Pozuelos, F. J., et al. 2022, MNRAS, 509, 4817

Gaudi, B. S., & Winn, J. N. 2007, ApJ, 655, 550

A90, page 16 of 18

Giacalone, S., & Dressing, C. D. 2020, Astrophysics Source Code Library
[record ascl:2002.004]

Giacalone, S., Dressing, C. D., Jensen, E. L. N., et al. 2021, AJ, 161, 24

Goodman, J., & Weare, J. 2010, Commun. Appl. Math. Comput. Sci., 5, 65

Gustafsson, B., Edvardsson, B., Eriksson, K., et al. 2008, A&A, 486, 951

Hadden, S., & Lithwick, Y. 2017, AJ, 154, 5

Hartman, J. D., & Bakos, G. A. 2016, Astron. Comput., 17, 1

Heiter, U., Lind, K., Bergemann, M., et al. 2021, A&A, 645, A106

Heitzmann, A., Zhou, G., Quinn, S. N., et al. 2023, AJ, 165, 121

Hgg, E., Fabricius, C., Makarov, V. V., et al. 2000, A&A, 355, A27

Hord, B. J., Kempton, E. M.-R., Evans-Soma, T. M., et al. 2024, AJ, 167, 233

Howell, S. B., Everett, M. E., Sherry, W., Horch, E., & Ciardi, D. R. 2011, AJ,
142, 19

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398

Jehin, E., Gillon, M., Queloz, D., et al. 2018, The Messenger, 174, 2

Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, Proc. SPIE, 9913,
99133E

Johnson, D. R. H., & Soderblom, D. R. 1987, AJ, 93, 864

Kabdth, P., Chaturvedi, P., MacQueen, P. J., et al. 2022, MNRAS, 513, 5955

Kaminski, A., Trifonov, T., Caballero, J. A., et al. 2018, A&A, 618, A115

Kipping, D. M. 2013, MNRAS, 435, 2152

Klein, B., Donati, J.-F., Moutou, C., et al. 2021, MNRAS, 502, 188

Klein, B., Zicher, N., Kavanagh, R. D., et al. 2022, MNRAS, 512, 5067

Koévacs, G., Zucker, S., & Mazeh, T. 2002, A&A, 391, 369

Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature, 380, 606

Mallorquin, M., Béjar, V. J. S., Lodieu, N., et al. 2023a, A&A, 671, A163

Mallorquin, M., Goffo, E., Pallé, E., et al. 2023b, A&A, 680, A76

Mann, A. W., Newton, E. R., Rizzuto, A. C., et al. 2016, AJ, 152, 61

Mann, A. W., Johnson, M. C., Vanderburg, A., et al. 2020, AJ, 160, 179

Mann, A. W., Wood, M. L., Schmidt, S. P., et al. 2022, AJ, 163, 156

Martioli, E., Hébrard, G., Correia, A. C. M., Laskar, J., & Lecavelier des Etangs,
A. 2021, A&A, 649, A177

McLaughlin, D. B. 1924, ApJ, 60, 22

Montes, D., Lépez-Santiago, J., Gilvez, M. C., et al. 2001, MNRAS, 328, 45

Morton, T. D. 2012, ApJ, 761, 6

Morton, T. D. 2015, Astrophysics
ascl:1503.011]

Nagel, E., Czesla, S., Kaminski, A., et al. 2023, A&A, 680, A73

Nardiello, D., Malavolta, L., Desidera, S., et al. 2022, A&A, 664, A163

Nassau, J. J., & Seyfert, C. K. 1946, ApJ, 103, 117

Newton, E. R., Mann, A. W., Tofflemire, B. M., et al. 2019, ApJ, 880, L17

Newton, E. R., Mann, A. W., Kraus, A. L., et al. 2021, AJ, 161, 65

Nortmann, L., Pallé, E., Salz, M., et al. 2018, Science, 362, 1388

Olivares, J., Sarro, L. M., Moraux, E., et al. 2018, VizieR On-line Data Catalog:
J/A+A/617/A1

Parviainen, H. 2015, MNRAS, 450, 3233

Parviainen, H., & Aigrain, S. 2015, MNRAS, 453, 3821

Perger, M., Anglada-Escudé, G., Ribas, I, et al. 2021, A&A, 645, A58

Perryman, M. A. C., Lindegren, L., Kovalevsky, J., et al. 1997, A&A, 323, L49

Plavchan, P, Barclay, T., Gagné, J., et al. 2020, Nature, 582, 497

Plez, B. 2012, Astrophysics Source Code Library [record ascl:1205.004]

Quirrenbach, A., Amado, P. J., Caballero, J. A., et al. 2014, Proc. SPIE, 9147,
91471F

Quirrenbach, A., Amado, P. J., Ribas, 1., et al. 2018, SPIE Conf. Ser., 10702,
107020W

Rajpaul, V., Aigrain, S., Osborne, M. A., Reece, S., & Roberts, S. 2015, MNRAS,
452,2269

Rasmussen, C. E., & Williams, C. 2006, Gaussian Processes for Machine
Learning (The MIT Press)

Rebull, L. M., Stauffer, J. R., Bouvier, J., et al. 2016, AJ, 152, 113

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2014, SPIE Conf. Ser., 9143,
914320

Rizzuto, A. C., Newton, E. R., Mann, A. W, et al. 2020, AJ, 160, 33

Rodriguez, D. R., Bessell, M. S., Zuckerman, B., & Kastner, J. H. 2011, AJ, 727,
10

Roser, S., Schilbach, E., & Goldman, B. 2019, A&A, 621, 5

Rossiter, R. A. 1924, ApJ, 60, 15

Safonov, B. S., Lysenko, P. A., & Dodin, A. V. 2017, Astron. Lett., 43, 344

Sanchis-Ojeda, R., Winn, J. N., Marcy, G. W., et al. 2013, ApJ, 775, 54

Sanz-Forcada, J., Micela, G., Ribas, 1., et al. 2011, A&A, 532, A6

Sanz-Forcada, J., Lépez-Puertas, M., Nortmann, L., & Lamp6n, M. 2022, in 21st
Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun online at
https://coolstars2l.github.io/, 138

Scott, N. J., Howell, S. B., Horch, E. P., & Everett, M. E. 2018, PASP, 130, 054502

Sebastian, D., Gillon, M., Ducrot, E., et al. 2021, A&A, 645, A100

Shkolnik, E. L., Liu, M. C., Reid, I. N., Dupuy, T., & Weinberger, A. J. 2011, AJ,
727, 12

Sikora, J., Rowe, J., Barat, S., et al. 2023, AJ, 165, 250

Source Code Library [record



Mallorquin, M., et al.: A&A, 685, A90 (2024)

Skilling, J. 2004, in AIP Conf. Ser., 735, Bayesian Inference and Maximum
Entropy Methods in Science and Engineering: 24th International Work-
shop on Bayesian Inference and Maximum Entropy Methods in Science and
Engineering, eds. R. Fischer, R. Preuss, & U. V. Toussaint, 395

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Speagle, J. S. 2020, MNRAS, 493, 3132

Stassun, K. G., Oelkers, R. J., Paegert, M., et al. 2019, AJ, 158, 138

Sudrez Mascarefio, A., Damasso, M., Lodieu, N., et al. 2021, Nat. Astron., 6, 232

§ubjak, J., Endl, M., Chaturvedi, P., et al. 2022, A&A, 662, A107

Sun, L., Ioannidis, P., Gu, S., et al. 2019, A&A, 624, A15

Tabernero, H. M., Marfil, E., Montes, D., & Gonzélez Herndndez, J. 1. 2022,
A&A, 657, A66

Tofflemire, B. M., Rizzuto, A. C., Newton, E. R., et al. 2021, AJ, 161, 171

Trifonov, T., Kiirster, M., Zechmeister, M., et al. 2018, A&A, 609, A117

Trotta, R. 2008, Contemp. Phys., 49, 71

Vanderburg, A., Huang, C. X., Rodriguez, J. E., et al. 2019, ApJ, 881, L19

Von Storch, H. 1999, in Analysis of Climate Variability (Springer Berlin
Heidelberg), 11

Whitmore, B. C., Allam, S. S., Budaviri, T., et al. 2016, AJ, 151, 134

Williams, J. P., & Cieza, L. A. 2011, ARA&A, 49, 67

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Wright, N. J., Drake, J. J., Mamajek, E. E., & Henry, G. W. 2011, ApJ, 743, 48

Wright, J. T., Marcy, G. W., Howard, A. W,, et al. 2012, ApJ, 753, 160

York, D. G., Adelman, J., Anderson, John E., J., et al. 2000, AJ, 120, 1579

Zechmeister, M., & Kiirster, M. 2009, A&A, 496, 577

Zechmeister, M., Reiners, A., Amado, P. J., et al. 2018, A&A, 609, A12

Zhou, G., Quinn, S. N., Irwin, J., et al. 2021, AJ, 161, 2

Zicher, N., Barragan, O., Klein, B., et al. 2022, MNRAS, 512, 3060

A90, page 17 of 18



Mallorquin, M., et al.: A&A, 685, A90 (2024)

Appendix A: Radial velocity data

Table A.1. RV data from CARMENES VIS.

Time RV o

[BID] [ms~!'] [ms™!]
2460006.3790  35.77  13.89
2460007.5006  —16.33 7.95
2460012.3759 323  12.24
2460014.5590  46.87 9.66
2460015.3914 18.53 21.17
2460015.6567 —47.27 8.36
2460017.5293 11.85  20.24
2460018.3498  —19.02 7.20
2460018.6504 —14.03 8.51
2460019.3924  20.69 7.92
2460019.6711 29.07 8.09
2460032.5227 -12.12 6.37
2460032.6619  —30.89 7.38
2460033.3370  —6.38 11.58
2460033.6327 —34.56 9.22
24600343737  20.50  14.07
2460034.4860  41.73  19.46
2460037.4218 -7.16 9.06
2460037.6459  —10.21 12.13
2460038.4763 532 10.88
2460039.3565 458  10.77
2460039.5013  23.43 9.28
2460040.4316  22.81 9.96
2460040.7013 18.40 17.98
2460041.3808 —-13.57  10.36
2460041.6684  —21.87 6.46
2460042.4554 2.82 8.32
2460043.3321  —41.87 6.58
2460043.5805 —32.62 7.29
2460044.6568  22.36 7.76
2460057.5692  15.96 8.58
2460057.6671 11.65 9.64
2460059.5226  —1.91 7.28
2460059.6341 9.26 7.38
2460060.3661 17.46 8.37
2460060.6057  —11.09 9.10
2460061.4180  -21.36 8.23
2460061.6363  —13.90 11.18
2460064.4286  —5.43  10.44
2460064.6368 2233 2795
2460066.3732 —15.57 6.40
2460066.5390  —9.42 6.42
24600683532  -1.62  10.82
2460068.5929  —37.66 7.24
2460069.3531 -16.35  10.64
2460069.6030  27.32 8.17
2460070.5362  19.23 8.31
2460072.3630 9.14 7.64
2460072.6310 37.14 7.48
2460073.3480 0.00 1150
2460073.6349 -16.35 7.65
2460080.3539  35.12 17.33
2460080.5841  22.70 8.87
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