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ABSTRACT

Small temperate planets are prime targets for exoplanet studies due to their possible similarities with the rocky planets in the Solar
system. M dwarfs are promising hosts since the planetary signals are within our current detection capabilities. Gliese 12b is a
Venus-sized temperate planet orbiting a quiet M dwarf. We present here the first precise mass measurement of this small exoplanet.
We performed a detailed analysis using HARPS-N (High Accuracy Radial velocity Planet Searcher for the Northern Hemisphere),
ESPRESSO (Echelle Spectrograph for Rocky Exoplanets and Stable Spectroscopic Observations), and CARMENES (Calar Alto
high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spectrographs) radial velocities,
along with new and archival TESS (Transiting Exoplanet Survey Satellite), CHEOPS (CHaracterising ExOPlanet Satellite),
and MuSCAT?2/3 (Multicolor Simultaneous Camera for studying Atmospheres of Transiting exoplanets) photometry data. From
fitting the available data, we find that the planet has a radius of R, = 0.93 £ 0.06 R and a mass of M, = 0.95703) Mg (a 3.20
measurement of the semi-amplitude K = 0.67 + 0.21 ms~"), and is on an orbit with a period of 12.761418™0-000052 d. A variety
of techniques were utilized to attenuate stellar activity signals. Gliese 12 b has an equilibrium temperature of Toq = 317 &= 8 K,
assuming an albedo of zero, and a density consistent with that of Earth and Venus (p, = 6.4 & 2.4gcm‘3). We find that
Gliese 12b has a predominantly rocky interior and simulations indicate that it is unlikely to have retained any of its primordial
gaseous envelope. The bulk properties of Gliese 12 b place it in an extremely sparsely populated region of both mass—radius and
density—T,, parameter space, making it a prime target for follow-up observations, including Lyman-« studies.

Key words: techniques: radial velocities —planets and satellites: detection—planets and satellites: individual: Gliese 12b—
planets and satellites: interiors — planets and satellites: terrestrial planets —stars: individual: Gliese 12.

small Solar system planets, in size, mass, composition, and potential
habitability. M dwarfs have emerged as especially promising targets,
One of the principal motivators in the field of exoplanetary science as their relatively low masses and radii facilitate the detection of small
is the desire to find planets that are analogous to Earth or other planets. Their habitable zones also lie closer in, meaning potentially
habitable planets are on more detectable orbits. While there could
be drawbacks with habitability for planets hosted by M dwarfs [e.g.
lower ultraviolet (UV) flux, tidal locking], the possibility of life is
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not ruled out for these planets (see A. L. Shields, S. Ballard & J. A.
Johnson 2016, for a review).

Significant progress has been made in identifying small planets,
primarily through large surveys. Since the first light of pioneering
telescopes such as CoRoT (COnvection, ROtation and planetary
Transits; A. Baglin 2003) and Kepler (W. J. Borucki et al. 2010),
the detection of exoplanets has undergone a revolution, resulting in
a dramatic increase in the rate of discoveries. These missions have
demonstrated that small planets (here loosely defined as any planet
with a radius smaller than 2 Rgy) are abundant, particularly around
M dwarfs (e.g. C. D. Dressing & D. Charbonneau 2015; S. Sabotta
et al. 2021).

As of 2025 May, around 6000 exoplanets had been detected'
(J. L. Christiansen et al. 2025), with thousands of other targets
identified as exoplanetary candidates, evidencing the vital part that
space-based surveys play in establishing a selection of targets for
follow-up. However, while these missions have revealed many small
planets, the understanding of this population is incomplete without
measurements of their masses.

Obtaining precise planetary mass measurements remains chal-
lenging and time consuming. This is especially true for planets with
radial velocity (RV) semi-amplitudes of less than 1ms~' (e.g. F.
Pepe et al. 2011; T. G. Wilson et al. 2022; M. Stalport et al. 2025), a
regime characteristic of Earth-mass planets around M dwarfs (e.g. O.
D. S. Demangeon et al. 2021; A. S. Bonomo et al. 2023; F. Murgas
et al. 2023; R. Basant et al. 2025). Such signals are further obscured
by stellar activity, a considerable source of noise that is typically
pronounced for faint M dwarfs such as Gliese 12. To achieve the
precision necessary to characterize Earth-mass planets, data from
high-resolution spectrographs, such as HARPS-N (High Accuracy
Radial velocity Planet Searcher for the Northern Hemisphere; R.
Cosentino et al. 2012), ESPRESSO (Echelle Spectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations; F. Pepe et al.
2014, 2021), and CARMENES (Calar Alto high-Resolution search
for M dwarfs with Exoearths with Near-infrared and optical Echelle
Spectrographs; A. Quirrenbach et al. 2014, 2018), are required.

Currently, very few Earth-sized planets have both precise mass
and radius measurements. This small sample of planets acts as a
critical benchmark to understand planet composition, formation,
evolution, and habitability. With measurements of both radius and
mass, the bulk density of a planet can be calculated, allowing for an
understanding of its approximate interior structure and composition.
We can furthermore use the mass and radius to simulate scenarios
for the atmospheric evolution of a planet and infer its prospects for
atmospheric characterization with, e.g. James Webb Space Telescope
(JWST) or Hubble Space Telescope (HST). Accurate atmospheric
parameters can only be obtained if the mass of the planet is known
to a sufficient precision. With no measurement of a planet’s mass,
only tenuous approximations can be made, as the solutions for the
envelope composition are degenerate (N. E. Batalha et al. 2019).
Therefore, with more planetary information available, a planet’s
similarity to Solar system planets can more easily be gauged.

The transit of Gliese 12b was discovered by TESS (Transiting
Exoplanet Survey Satellite, TOI-6251), and using separate validation
data, S. Dholakia et al. (2024) and M. Kuzuhara et al. (2024)
announced the validation of this planet. Gliese 12b is a planet with
a radius close to 1 Rgy, putting it firmly in the Earth-like regime. It
orbits its host star every ~12.76 d. Since Gliese 12 is an M dwarf,

Thttps://exoplanetarchive.ipac.caltech.edu
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this makes Gliese 12 b a temperate planet just outside the habitable
zone as defined by R. K. Kopparapu et al. (2014).

While S. Dholakia et al. (2024) and M. Kuzuhara et al. (2024)
did use RV measurements to validate the planet, its mass remained
unmeasured due to an insufficient amount of data. This lack of data
left key aspects unconstrained, such as its density, composition, and
potential for life. In this study, we present the first mass measurement
of Gliese 12 b using extremely precise RVs from three spectrographs:
HARPS-N, ESPRESSO, and CARMENES.

In Section 2, we describe the data sets used in this work. This
includes both photometry and spectroscopy. The host star and its
properties are described in Section 3. We performed an individual
photometry fit, an RV fit informed by the photometry fit, and a joint
fit, all of which are described in Sections 4, 5, and 6, respectively.
Finally, we discuss the implications of this new mass measurement
in Section 7 and conclude in Section 8.

2 DATA

2.1 Photometry

Gliese 12 has been observed extensively, as described by S. Dholakia
et al. (2024) and M. Kuzuhara et al. (2024). In this work, we
use transit data from TESS, CHEOPS (CHaracterising ExOPlanet
Satellite), MuSCAT2 (Multicolor Simultaneous Camera for study-
ing Atmospheres of Transiting exoplanets), MuSCAT3, and long-
term photometry from ASAS-SN (All-Sky Automated Survey for
Supernovae), LCOGT (Las Cumbres Observatory Global Telescope),
TJO (Telescopi Joan Or6), and E-EYE (Entre Encinas y Estrellas).

2.1.1 TESS

The TESS (G. R. Ricker et al. 2015; G. Ricker 2021) has observed
Gliese 12 in a total of five sectors, each being approximately 27 d
long. Four of these sectors were previously presented by S. Dholakia
et al. (2024) and M. Kuzuhara et al. (2024), totalling around 135 d of
coverage. The orbital period of Gliese 12 b was initially ambiguous,
as the first few sectors of TESS data were consistent with periods of
12.76 or 25.52 d. Ultimately, in sectors 42, 43, 57, and 70, a total of
five transits were identified, leading to the confirmation of a planetary
orbital period of ~12.76 d.

Gliese 12 was observed again in TESS sector 84, the first sector
of Cycle 7, between 2024 October 01 and 26 (BJD 2460584.50—
BJD 2460609.50). These data were released after the publication
of S. Dholakia et al. (2024) and M. Kuzuhara et al. (2024), and two
additional transits events were captured. These data were taken using
CCD 3 on camera 1. In all, the data span approximately 105d. We
used the PDCSAP (Pre-search Data Conditioning Simple Aperture
Photometry) data, downloaded from the MAST portal.?

2.1.2 CHEOPS

The CHEOPS (W. Benz et al. 2021) is a follow-up mission launched
in 2019 with the goal to derive radii of planets more precisely. S.
Dholakia et al. (2024) presented five CHEOPS visits of the transits of
Gliese 12 b that were obtained in the CHEOPS AO-4 guest observers
programmes with the IDs; ID:07 (PI: Palethorpe) and ID:12 (PI:
Venner). Since then an additional visit has been obtained within the

Zhttps://mast.stsci.edu/
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Table 1. Summary of the CHEOPS observations of Gliese 12 and the used detrending vectors.

Visit Start date Duration Data points File key Efficiency Exp time  Detrending vectors
(UTC) (h) (no.) (per cent) (s)

1 2023-09-24T00:03:43 11.41 513 CH_PR240007_-TG000101 74.9 60 1 x, y?

2 2023-10-06T18:19:43 12.76 481 CH_PR240007_TG000102 62.8 60 -

3 2023-10-19T16:32:43 6.80 222 CH_PR240012_TG000701 54.3 60 -

4 2023-11-14T06:29:42 6.92 241 CH_PR240012_TG000702 57.9 60 -

5 2023-11-26T21:38:42 7.44 248 CH_PR240012_TG000101 55.5 60 X, t, cos(2¢)

6 2024-08-20T23:26:43 6.47 279 CH_PR240012_TG000801 71.7 60 smear, contam

ID:12 programme and a transit observed. The six available CHEOPS
visits are summarized in Table 1.

As Gliese 12 is a rather faint target to be observed by CHEOPS,
we re-extracted the photometry using the PSF Imagette Photometric
Extraction (PIPE; A. Brandeker, J. A. Patel & B. M. Morris 2024)
instead of the aperture photometry produced by CHEOPS® Data
Reduction Pipeline (DRP; S. Hoyer et al. 2020). We analysed each
visit individually using PYCHEOPS (P. F. L. Maxted et al. 2022)
and JULIET (N. Espinoza, D. Kossakowski & R. Brahm 2019),
a planet modelling tool using nested sampling and implementing
BATMAN (L. Kreidberg 2015) to model the transits. We obtained the
detrending vectors for each CHEOPS visit in PYCHEOPS via Bayes
factor assessments of simultaneously fitting subsets of the detrending
vectors with a transit model. We subsequently detrended the visits
against the instrumental vectors using linear regressors in JULIET
to accurately probe the detrending parameter space with the nested
sampling algorithm provided in JULIET. The detrended vectors for
each visit are reported in Table 1. We also applied a 3o -clipping to
the data, removing outliers that were more than 3¢ away from the
mean of the data. As the transit is shallow, no in-transit points were
removed by this sigma clipping.

We note that there are an additional four opportunistic CHEOPS
visits available from 2020 September 22 to 2021 September 19.
However, since these do not cover any transits, we did not include
these in any further analysis.

2.1.3 MuSCAT

As presented by M. Kuzuhara et al. (2024), two transits of Gliese 12 b
have been observed with MuSCAT?2 (N. Narita et al. 2019) and two
transits with MuSCAT3 (N. Narita et al. 2020). Directly following
the method of M. Kuzuhara et al. (2024), we detrended the data
using a Gaussian process (GP) regression with a Matérn 3/2 kernel.
Similar to our approach with the CHEOPS data, we performed this
detrending for each visit separately.

2.1.4 ASAS-SN

We retrieved all available data from the ASAS-SN (B. J. Shappee
etal. 2014; C. S. Kochanek et al. 2017). Photometry was recomputed
via the ASAS-SN web portal, accounting for the proper motion of
the star. After excluding poor-quality measurements, the data set
contains 1019 V-band observations spanning 2012 January 20 to
2018 November 29 and 3678 g’-band measurements spanning 2017
September 21 to 2025 August 26. Outliers were removed using a
5-median absolute deviation clipping.

2.1.5 LCOGT

We obtained photometric observations with the LCOGT (T. M.
Brown et al. 2013). The target star was observed using the 0.4 and

Table 2. Summary of the RV observations.

Instrument Number of RVs  Average error Standard deviation
(ms~1) (ms™")
HARPS-N 76 (74) 1.43 (1.43) 2.88 (2.90)
ESPRESSO 35(34) 0.35(0.35) 1.90 (1.92)
CARMENES 93 (91) 1.77 (1.77) 3.38 (2.47)

Note. Values enclosed in brackets are calculated from data after outliers are
excluded. For HARPS-N and ESPRESSO, the S-BART values were used.

1.0m telescopes in the V and B bands, respectively. For the B-
band observations, we used an exposure time of 30 s and collected
a total of 570 images between 2023 December 14 and 2025 January
16. For the V band, the exposure time was 300 s, and we collected
241 images between 2024 August 24 and 2024 December 26. The
images were calibrated using the standard LCOGT BANZAI pipeline
(C. McCully et al. 2018), and differential photometry was extracted
with ASTROIMAGEJ (K. A. Collins et al. 2017).

2.1.6 TJO

A long-term photometric campaign of Gliese 12 was carried out using
the 0.8 m TJO (J. Colomé et al. 2010) at the Montsec Observatory in
Lleida, Spain. We obtained a total of 1106 R-band images between
2023 May 23 and 2025 January 09. The raw science images were
calibrated using the ICAT pipeline (J. Colome & I. Ribas 2006).

2.1.7 E-EYE

We collected data with e-EYE,? a 16-inch Optimised Dall-Kirkhams
reflector located at Fregenal de la Sierra in Badajoz, Spain. A total of
351 images were obtained: 175 in the V band and 176 in the R band.
The observations span the period from 2023 December 14 to 2025
February 25. Image reduction and differential aperture photometry
of the target and several reference stars were performed using the
LESVEPHOTOMETRY package.*

2.2 Spectroscopy

In this work, we used three different spectroscopic data sets, taken
by HARPS-N, ESPRESSO, and CARMENES. There is also the
publicly available data from IRD used by M. Kuzuhara et al. (2024).
We decided not to use the latter due to the difference in scatter as
compared to the more stabilized data used in this work. Outliers
within each used data set were removed (post-re-extraction in the
case of HARPS-N and ESPRESSO) via identifying data points
with uncertainties more than 30 from the median uncertainty on
an instrument-by-instrument basis. Summary statistics on the RVs

3https://www.e-eye.es/
“http://www.dppobservatory.net/
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Figure 1. Gliese 12 RVs with offsets removed; HARPS-N, ESPRESSO, and CARMENES data are plotted as blue circles, green squares, and purple triangles,
respectively. Uncertainties on the ESPRESSO RVs are smaller than the marker points. Outliers are indicated by the black, solid markers.

are mentioned in Table 2, and the full set of RVs used in our analyses
are shown in Fig. 1.

2.2.1 HARPS-N

We obtained 87 observations with the HARPS-N spectrograph
(R. Cosentino et al. 2012), a small subset of which was already
published by S. Dholakia et al. (2024). HARPS-N is a high-precision,
high-resolution echelle spectrograph installed on the Telescopio
Nazionale Galileo (TNG) in La Palma, Spain. The instrument covers
a wavelength range of 383-693 nm and has an average resolving
power of R = 115 000. Observations were taken over four semesters,
from 2023 August 09 to 2025 January 28 (BJD 2460165.66—
BJD 2460704.35), spanning just under a year and a half. Thirteen
observations were obtained via the Guaranteed Time Observation
programme, with the remaining 63 data points collected as part of
the HARPS-N Collaboration under programme A48TAC_59 (PI: L.
Malavolta).

The target was observed with the second fibre pointed at the
sky, with observations having an average exposure time of 1800s.
The data were processed with the standard HARPS-N DRS (Data
Reduction Software version 3.0.1-X. Dumusque et al. 2021), with
an M5 V mask used to obtain the cross-correlation functions (CCFs).
Additionally, the DRS calculated several spectral activity indicators,
including the S-index and Ho metric from the spectra. The median
signal-to-noise ratio (S/N) in order 50 is 24.

To ensure homogeneity across all instruments, and accounting
for the specific CCF shape of M dwarfs, activity indicators were
re-extracted from the CCFs following M. Lafarga et al. (2020). An
inverted Gaussian was fit to the CCF, from which the contrast, full
width at half maximum (FWHM), and bisector inverse slope (BIS)
were calculated. To obtain the BIS values, we followed the method
outlined by D. Queloz et al. (2001), where the top and bottom regions
of the CCF are defined as the sections between 60 and 90 per cent,
and 10 and 40 per cent, respectively.

As Gliese 12 is an M dwarf, obtaining RVs using the CCF
method is challenging due to the large number of spectral lines
and their blending. Hence, we re-extracted the RVs using the Semi-
Bayesian Approach for RVs with Template-matching’ (S-BART; A.
M. Silva et al. 2022), which is shown to be especially successful

Shttps://github.com/iastro-pt/sBART
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in its application to M dwarfs. Within this process, we re-extracted
RVs for different quality checks including all combinations of RV
steps (0.1,0.5,and 1.0 m s~1), RV limits (200, 500, and 1000 ms™!),
minimum order S/N (1.5, 5, and 10), airmasses (1.5, 2.0, 2.2, and
2.6), and RV errors (5, 6,7, and 10 ms™!), as well as the classical and
Laplacian method S-BART applies (see A. M. Silva et al. 2022, for
more detail). We selected the re-extracted RVs producing the lowest
median error in S-BART. These are for an RV step of 0.1 ms~!, RV
limit of 500 ms~!, minimum order S/N of 1.5, airmass of 1.5, RV
errors of 5ms~!, and by using the Laplacian method. We note that
the classical method provided very similar results but with slightly
higher errors. This removed 11 data points whose spectra did not
fulfil S-BART’s quality checks and left 76 HARPS-N RVs. The
median error of the RVs in S-BART was reduced to 1.43ms™! as
compared to 2.98 ms~! from the DRS. The standard deviation of the
RVs became 2.88 ms~! from S-BART compared to 5.10ms~' from
the DRS.

2.2.2 ESPRESSO

Gliese 12 was observed with ESPRESSO (F. Pepe et al. 2014, 2021),
a high-resolution echelle spectrograph installed at the incoherent
combined coudé facility of the Very Large Telescope at the Paranal
Observatory, Chile. ESPRESSO is ultrastable, covers a wavelength
range of 380-788 nm, and has an average resolving power of R =
140000. A total of 35 observations were taken between 2024 June
06 to 2024 September 23 (BJD 2460467.90-BJD 2460576.75) as
part of a Cycle P113 programme with ID:113.26RH (PI: Wilson).
With an exposure time of 1200s, we obtained a median S/N at
~550nm of 29.50. The data were processed through the standard
ESPRESSO DRS (version 3.3.1) with an M5 V mask. Similar to the
HARPS-N data, this produced CCFs as well as spectral activity
indicators.

We again reprocessed the RVs using S-BART for all the com-
binations of quality checks stated above. We also selected the
quality check combination producing RVs with the lowest median
error of 0.35ms~! compared to a median error of 0.70ms~!
from the DRS. This resulted in a standard deviation of 1.90ms™!
for S-BART and 2.14ms~! for the DRS. For ESPRESSO, this
is the case for an RV step of 0.1 ms~!, RV limit of 200ms~!,
minimum order S/N of 1.5, airmass of 1.5, and RV error of
7ms~!, as well as applying the Laplacian method in S-BART.
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This method kept in all 35 RV observations taken by ESPRESSO.
The RVs utilized in our analyses were those extracted using
S-BART.

2.2.3 CARMENES

Gliese 12 was observed with the CARMENES spectrograph installed
at the 3.5m telescope of Calar Alto Observatory in Almeria,
Spain. CARMENES has two channels, one operating at visible
wavelengths (VIS, spectral range 0.52—-0.96 um) and one operating at
near-infrared wavelengths (NIR, spectral range 0.96-1.71 um). The
average spectral resolution of the VIS channel is R = 94 600 and the
resolution of the NIR channel is R = 80400 (A. Quirrenbach et al.
2014, 2018).

A total of 93 RV measurements were collected from 2023 June
28 to 2025 January 15 (BJD 2460123.59-BJD 2460691.34), and
part of the data collected in 2023 was presented by M. Kuzuhara
et al. (2024). The spectra were acquired with an exposure time of
1800 s. Data reduction was performed using the CARACAL pipeline
(J. A. Caballero et al. 2016), which applies standard corrections for
bias, flat field, and cosmic rays, and extracts spectra using the FOX
optimal extraction algorithm (M. Zechmeister, G. Anglada-Escudé &
A. Reiners 2014). Wavelength calibration was carried out following
the procedure described by F. F. Bauer, M. Zechmeister & A.
Reiners (2015). RV measurements were obtained with the template-
matching algorithm SERVAL® (M. Zechmeister et al. 2018). The RV
measurements were corrected for other effects such as barycentric
motion, secular acceleration, instrumental drifts, and nightly zero-
points (e.g. L. Tal-Or et al. 2018; T. Trifonov et al. 2018).

The 93 spectra have a median S/N of 90 measured at the spectral
order centred at 746 nm (minimum S/N = 27 and maximum S/N =
118) in the VIS channel. The median value of the RV uncertainties are
1.76 ms~! for the VIS channel, and 6.24 ms~! for the NIR channel.
In this work, we used only the VIS channel RVs, as they present
significantly lower scatter than the NIR velocities.

3 HOST STAR CHARACTERIZATION

Gliese 12 is a nearby M dwarf with subsolar metallicity, likely
belonging to the Galactic thin disc; see M. Cortés-Contreras et al.
(2024) and S. Dholakia et al. (2024) for a discussion of the
kinematics.

3.1 Stellar parameters

It was previously characterized by S. Dholakia et al. (2024) and M.
Kuzuhara et al. (2024). Using the CARMENES data, we determined
the stellar atmospheric parameters, namely T, log g, and [Fe/H], on
the CARMENES template spectrum corrected for telluric absorption
(E. Nagel et al. 2023) with the code STEPARSYN’ (H. M. Tabernero
et al. 2022) using the line list and model grid described by E. Marfil
et al. (2021). We set the total line broadening to account for both
the macroturbulence and the projected rotational velocity of the
star (Vproad, See H. M. Tabernero et al. 2022) to 2kms~!. This is
supported by a model-independent determination using the projected
rotational velocity (v sini) of A. Reiners et al. (2018). The luminosity
was derived from the integration of the spectral energy distribution
following C. Cifuentes et al. (2020) with updated photometry from

Shttps://github.com/mzechmeister/serval
7https://github.com/hmtabernero/SteParSyn/
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Table 3. Gliese 12 stellar parameters used in this work.

Parameter Unit Value Source
To (K) 3328 £ 78 (a)
M, Mp) 0.255 +0.013 (a)
R, Ro) 0.265 + 0.012 (a)
Pa (gem™) 19.3434 (a)
logg (dex) 5.25 4 0.09 (a)
Age (Gyr) 7.07%8 (b)
Distance (pc) 12.161675 005 (c)
[m/H] (dex) —0.18 £ 0.05 (a)
[Fe/H] (dex) —0.24 £ 0.09 (a)
[O/H] (dex) —0.16 +0.05 (a)
[Na/H] (dex) —0.20 £ 0.09 (a)
[Mg/H] (dex) —0.41 +0.06 (a)
[Si/H] (dex) —0.1440.16 (a)
[K/H] (dex) —0.25 4+ 0.09 (a)
[Ca/H] (dex) —0.25 £ 0.09 (a)
[Ti/H] (dex) —0.33 4+ 0.08 (a)
[Cr/H] (dex) —0.20 + 0.05 (a)
[Mn/H] (dex) —0.16 4 0.08 (a)
Prot (d) ~ 85 (a), (d)
(log Ry - —5.62+019 (@)

Note. (a) This work, (b) S. Dholakia et al. (2024), (c) C. A. L. Bailer-Jones
et al. (2021), and (d) M. Kuzuhara et al. (2024).

B to W4 and Gaia DR3 parallax (Gaia Collaboration 2023). The
stellar radius follows the Stefan—Boltzmann law and the stellar mass
from the linear mass—radius relation given by A. Schweitzer et al.
(2019). Table 3 summarizes our derived parameters based on the
CARMENES data, which are easily consistent with the errors of the
two previous characterizations.

The stellar elemental abundances for Gliese 12 were derived
following the methodology of N. Gromek (2025), based on the work
of N. Hejazi et al. (2023), and are also summarized in Table 3.
We performed a spectral synthesis analysis using the 1D telluric-
corrected CARMENES template spectrum. Synthetic spectra were
generated with MARCS (Model Atmospheres with a Radiative
and Convective Scheme) stellar atmosphere models (B. Gustafsson
et al. 2008) and the TURBOSPECTRUM radiative transfer code (R.
Alvarez & B. Plez 1998; B. Plez 2012), implemented via modified
ISPEC routines (S. Blanco-Cuaresma et al. 2014; S. Blanco-Cuaresma
2019) using solar abundances from M. Asplund et al. (2009). The
stellar parameters adopted to generate the model spectra were Toir =
3328 £ 78K, log g = 5.00 £ 0.05dex, [m/H] = —0.30 £ 0.11 dex,
Umac = 5.0 £ 1.0kms™!, and vy = 0.5+ 0.5kms™!. Of these pa-
rameters, T, and [m/H] were taken directly from the results of the
STEPARSYN analysis, with log g calculated using the new mass and
radius values. The macroturbulence and microturbulence velocities
were determined by performing a y2-minimization over molecular
OH lines, which are especially sensitive to these broadening pa-
rameters (D. Souto et al. 2017; N. Hejazi et al. 2023). Candidate
absorption lines were selected from the normalized spectrum and
cross-referenced with atomic and molecular features in the VALD
(Vienna Atomic Line Database) line list (F. Kupka, M. L. Dubernet &
VAMDC Collaboration 2011). The line list was further refined via
visual inspection to exclude blended or contaminated features. The
oxygen abundance was calculated using OH molecular features in
place of O1 lines.

For each spectral line, we generated a grid of synthetic spectra
by varying the elemental abundance, [X/H], between —0.75 and
+0.75 dex in steps of 0.25 dex, followed by interpolating the model
spectra to a finer grid with 0.015 dex resolution. Best-fitting abun-
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dances were determined for each line via x2-minimization between
the model and observed spectrum within a fitting window. The
final abundances for each element are calculated via a weighted
average of the individual abundances for each spectral line, with
the weighting for each line equal to the root mean square error
between the best-fitting model and the observed line in each line
region, divided by the line depth. The uncertainties due to scatter
(orms) Were calculated as the standard deviation of the line-by-line
abundance distribution divided by VN , where N is the number of
lines used per element. Systematic uncertainties due to T., [m/H],
log g, Umac, and vpie were estimated by independently resampling
each stellar parameter from its Gaussian uncertainty distribution and
repeating the full analysis over 15 iterations (N. Hejazi et al. 2023).
The total uncertainty for each elemental abundance was computed
by summing the random and systematic components in quadrature.
Using the final abundances, we recomputed the global metallicity
and a-enhancement of Gliese 12 following the prescription of N. R.
Hinkel, P. A. Young & C. H. Wheeler (2022). By adding the number
ratios of the available metals (O, Na, Mg, Si, K, Ca, Ti, Cr, Mn, and
Fe), we find an overall metallicity of [m/H] = —0.18 £ 0.05 dex,
consistent with the metallicity reported by E. R. Newton et al. (2014),
who determined an [Fe/H] of —0.17 £ 0.13 dex.

3.2 Stellar variability

Gliese 12 is overall a very quiet star as evidenced by its low (log Ri;)
value, a low X-ray flux, and low variability in the photometry.
We recalculated the (log Rjx) from the HARPS-N spectra and
following the expressions of N. Astudillo-Defru et al. (2017). We
found that over the timespan of the data, (log Rj;x) = —5.62. Using
the estimated relation between (log Rj;x) and the rotation period
from N. Astudillo-Defru et al. (2017), the median rotation period is
predicted to be ~75d.

We attempted to determine the stellar rotation period of Gliese
12 using long-term, ground-based photometric data from ASAS-
SN, LCOGT, TJO, and E-EYE (see Fig. Al). Each data set was
analysed independently — except for the E-EYE data, which included
simultaneous V and R observations on the same nights — to assess
whether they yielded consistent estimates of P,,. To model the
photometric time-series, we fitted a linear function to account for
long-term trends, alongside a sinusoidal function:

. [ 2mt
f(t)=z+mt+A51n( —|—¢>. €))
rot

Here, ¢ denotes the epoch of the photometric measurements. The
free parameters include z and m, the coefficients of the linear trend,
and the sinusoidal components: amplitude A, rotation period Py,
and phase ¢. To account for correlated noise present in the data, we
employed GPs (e.g. C. Rasmussen & C. Williams 2010; N. P. Gibson
et al. 2012), specifically using an exponential kernel implemented in
CELERITE® (D. Foreman-Mackey et al. 2017). We ran PYDE’ to find
optimal initial solutions, followed by a Markov chain Monte Carlo
analysis with EMCEE (D. Foreman-Mackey et al. 2013) to determine
posterior distributions (50 chains, 2 x 10* iterations with a thin factor
of 100). Final parameter values were derived from these, using the
median and 1o percentiles.

The derived P, values are listed in Table 4. Our results indicate
a relatively long stellar rotation period, with most estimates falling

8https://celerite.readthedocs.io/en/stable/
“https://github.com/hpparvi/PyDE
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Table 4. Stellar rotation estimates from long-term photometry.

Facility Photometric band Value

ASAS-SN v Proy = 80.3750d
ASAS-SN g Prot = 849703 d
LCOGT B Prot = 927758 d
LCOGT 14 Proy = 86.67223d
TJIO R Pt =77.0719d
E-EYE V, R Pt =81.8733d
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Figure 2. BGLS periodogram of the ASAS-SN V-band (top) and g’-band
(bottom) data of Gliese 12, of the full data and per season. The red vertical
line indicates the planet period.

in the 80-90 d range. The most precise determination comes from
the ASAS-SN ¢’ data, yielding P; = 84.9704 d, consistent with the
rotation period obtained by M. Kuzuhara et al. (2024) with ASAS-
SN data. Rotation periods derived from V- band photometry are
considerably less well determined.

Applying a Bayesian Generalised Lomb-Scargle (BGLS) pe-
riodogram (A. Mortier et al. 2015) to the ASAS-SN data and
splitting the data into the different observing seasons, we found
that, unsurprisingly, the variability is season-dependent with several
years showing no variability around 80 d across both photometric
bands. The periodogram is shown in Fig. 2. It confirms that this star
is relatively quiet and that the variability pattern is not clear-cut. We
caution that this may contribute to having the rotation periods better
or less well determined above as it will partly depend on the seasons
when the photometry was taken.

Finally, we looked at the discrete correlation function (DCF)
between Ho and RVs. Since these are measured from the same
spectra and available for all our spectroscopic data sets, they could
be used in a multidimensional GP regression fit. We applied the
algorithm from R. A. Edelson & J. H. Krolik (1988) to compute
the DCE. The resulting analysis shows that He and RVs are mildly
anticorrelated and that there is a small timeshift of about 10d. This
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can again point to a rotation period of 80d where any time-shift
expresses itself at about one-eighth of the rotation period (A. Collier
Cameron et al. 2019; A. Mortier 2022). Perhaps more intriguingly,
the data become mildly correlated after 50-70d (depending on the
direction of the time shift). This points to a rotational correlation
time-scale between Ha and RV of 120d. While this is unlikely to
be the rotational period considering the alternative measurements,
it appears to be the time-scale manifested in the data that we have.
As seen later in Section 5, several values are identified for the GP
rotational periodicity parameter when applying a wide GP prior,
including 80 and 120 d. The mass of the planet is not affected by this
choice.

4 PHOTOMETRY MODELLING

We fit the available photometry from TESS, CHEOPS, and MuS-
CAT?2/3 jointly in JULIET (N. Espinoza et al. 2019). We used the
six detrended CHEOPS visits that contain a transit of Gliese 12b
as well as the five TESS sectors, and four detrended MuSCAT?2/3
observations across r, i, and z bands. In order to detrend the
TESS data, we included a GP with the approximate Matérn kernel
implemented into JULIET with CELERITE (D. Foreman-Mackey et al.
2017; fitting for the amplitude of the GP, GP,, and the time-scale of
the GP, GP,). We fit for:

the period, P;

the time-of-transit centre, Tj;

the planet-to-star radius ratio, Ryi/R,;

the impact parameter, b;

the stellar density, p;

the limb darkening coefficients parametrized following D. M.
Kipping (2013), for TESS, CHEOPS, and MuSCAT?2/3 r, i, and z
bands, respectively;

the jitter, for TESS, CHEOPS, and MuSCAT?2/3 r, i, and z bands,
respectively;

the offset relative flux, for TESS, CHEOPS, and MuSCAT2/3 r,
i, and z bands, respectively.

Due to the isolated field, we fixed the dilution factor for TESS,
CHEOPS, and MuSCAT?2/3 r, i, and z bands to 1. We used the values
for the period and time-of-transit centre derived from M. Kuzuhara
et al. (2024) as priors in a normal distribution but inflated the width
to be 0.1. We also set a normal distribution for the stellar density
with the stellar values obtained from M. Kuzuhara et al. (2024). We
let the other parameters vary uniformly. All the prior distributions
are listed in Tables C1 and C2.

Finally, we performed two different fits, one assuming a circular
orbit and one with free eccentricity and argument of periastron. Both
fits resulted in higher precisions on the period and time-of-transit
centre as compared to S. Dholakia et al. (2024) and M. Kuzuhara
et al. (2024). Furthermore, the additional TESS sector and CHEOPS
visit as well as the re-extraction of the CHEOPS data, and joint fitting
with the MuSCAT?2/3 photometry allows us to derive the planet radius
from the fit more precisely. From the circular fit, we found a radius
of 0.96 £ 0.03Rq, while the eccentric solution gave a radius of
0.90 + 0.04 Rgy with an eccentricity of 0.39(].

We adopted the eccentric fit as our final result. We show the phase-
folded transits with the best-fitting model from JULIET in Fig. 3. Final
extracted values for the orbital and planetary parameters are listed
in Table 5 and the stellar and instrumental parameters are listed in
Table C3.
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5 RV MODELLING

We fitted the RVs (HARPS-N S-BART, ESPRESSO S-BART, and
CARMENES SERVAL) using the PYANETI package,'® presented by
0. Barragan, D. Gandolfi & G. Antoniciello (2019); and O. Barragan
et al. (2022). Within a periodogram of the RV data (see Fig. B1), the
signal of the planet is not apparent to any significance. However, since
the orbital period and time of transit are known from photometric
modelling, we used these results to inform the corresponding priors
for this RV fit. Despite the small value of log Rj;x, as shown in
Table 3, there are also signs in the periodogram of possibly stellar-
related signals in the data that manifest as peaks in the long-period
regime (see Fig. B1).

We used PYANETI as it is one of few packages that can model
the RVs with a single GP, but it can also do multidimensional GP
fitting, where multiple data sets are comodelled with one common
GP (V. Rajpaul et al. 2015; O. Barragén et al. 2022). We used both
functionalities when modelling the RVs, and also tried fitting without
any GP at all. In all cases where a GP was used, we employed the
quasi-periodic kernel and fit for the GP amplitudes (A for the single
GP and adding in A; and A, for the multi-GP), the activity decay
time-scale (A.), the inverse harmonic complexity (1), and the stellar
rotation period (Pror,p); see V. Rajpaul et al. (2015) and O. Barragan
et al. (2022) for a more detailed description of the kernel.

In all fits, the eccentricity, e, and argument of periastron, w, were
reparametrized as /e sinw and /e cosw, as in J. Eastman, B. S.
Gaudi & E. Agol (2013). As aforementioned, the orbital period,
P, and transit time, 7y, were fit with Gaussian priors, informed by
the results of the photometry-only fit; the prior on Ty was adjusted
(accounting for the uncertainty in P) to ensure that it fell near the
midpoint of the RV data. Finally, offsets and jitter corresponding to
the individual instruments were also fitted as free parameters in the
models.

A multitude of runs were performed, including circular and
eccentric models; no GP, single GP, and multidimensional GPs. For
the latter, various combinations of parameters (i.e. FWHM, BIS,
and Ho) were utilized in combination with the RVs. The rotation
period prior was varied, allowing for a wide prior, a prior centred
around 80 d motivated by the photometry, and a prior centred around
120 d motivated by the results of the wide prior and the coherence
time-scale between the RVs and the Ho indicator from the DCF
analysis. All results constrain the planet parameters similarly and
they are all consistent within less than 0.50. Several results are
virtually indistinguishable for the planet parameters, but the BIC
values show preference for the model with a GP applied to the RVs
with ABIC = 77.9 compared to the next-best model (no GP). We
decided to adopt the results achieved from the model using a standard
GP applied solely to the RV data, as the BIC values show preference
for this model. All prior distributions of the adopted fit can be found
in Tables C1 and C2.

We measured an RV semi-amplitude of K = 0.70ms™ with a
3.60 significance. The phase-folded model and data are presented in
Fig. 4. We thus found that Gliese 12 b has a mass of 0.98703 Mg,
and an eccentricity of 0.24%013 constrained only at the 20 level.
With the current data set, we were not able to more-precisely
constrain the eccentricity. Upon checking all the individual results,
high consistency on the planet parameters was found between runs
where parameters agreed well within 0.50. For some runs, this is
shown in Fig. 5.

1

10https://github.com/oscaribv/pyaneti
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Figure 3. Detrended and phase-folded transits of Gliese 12 b with the best-fitted model from JULIET overlaid in blue as well as the residuals on the bottom. Top
left: TESS; top right: CHEOPS, middle: MuSCAT?2; and bottom: MuSCAT3.
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Table 5. Gliese 12b orbital and planetary parameters for the three different fitting procedures. The fitted parameters are above the horizontal line and the

derived parameters below. Exceptions are mentioned in the notes below the table.

Parameter Unit Photometry-only Informed RV fit Joint fit
P 6)) 12.76141775:000047 12.761421 + 0.000047 12.76141875:900060
To (BID) 2459497.185510-0020 2460492.574510-0043 2460033.1635110-00057
0.00084 0.0015

Rp/Rs - 0.03080 25 60073 - 0.0323 50014
b - 0.517012 - 0.751:92
s (gem™3) 19.2117}153 - 19.51872512

—1 +0.19 +0.21
K (ms™) - 0.70% 50 0.67757;
JVesinw - - —0.1217538 -0.097033
JVecosw - - 0.357923 0.357072
e - 0.39;82;;{ 0.24751 i; 0.53) 0.247013 (+§80.46)
w (deg) 14323 —18%¢1 —16768
a/Re - 54940 - 550123
i (deg) 89.47 £0.13 - 89.2510:08
M, Mg) - 0.9875% 0.9555%
R, Rg) 0.90*5.3 - 0.93*56
Pp (gem™) 7.0723 6.4+ 2.4

Note. For the photometric fit, e and w are fitted directly; in the informed RV and the joint fit, they are derived. Numbers in brackets indicate the 2o upper limit

for the value.

101
HARPS-N
ESPRESSO
CARMENES ¢
51 '}
i)
E
z 01
<
_5-

~0.50-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
Orbital Phase

Figure 4. Phase-folded RVs from the best-fitted informed RV model with
GPs removed. Binned data shown by the large, purple points (10 bins). Phase-
folded on the period of the planet (12.761421 d).

It is recognized that the period of the GP does not always converge
at the value of the rotational period that was identified via photometry
(85d). Additionally, constraining the GP period of around 85d
resulted in a poorer fit in comparison to a wider prior. Given that
(log Ryx) = —5.62, it is suspected that Gliese 12 is too quiet to
confidently ascertain the rotational period using RV data alone. GP-
free, multi-Keplerian fits were also run as discussed in Section 7.5.

6 JOINT PHOTOMETRY AND RV MODELLING

We used PYORBIT'! (L. Malavolta et al. 2016, 2018) to perform a
joint fit of the space-based transit observations, RVs, and the spec-
troscopic activity index Ha. We deliberately excluded the ground-
based MuSCAT?2 and MuSCAT3 photometry from the analysis, as
incorporating them significantly increases the computational cost
of the fit. More importantly, ground-based light curves are often
affected by systematics, such as atmospheric effects, airmass trends,

https://github.com/LucaMalavolta/PyORBIT
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Figure 5. A summary of the variety of models fitted to the RV data. The large
purple point highlights the adopted fit. Here, ¢/ (wide) indicates wide uniform
priors for the GP period (as in Table C2), and U/(value) indicates uniform
priors defined with 15 d either side of the specified value. The dashed, black
line indicates the weighted mean of all the mass values.

and instrumental noise. These systematic effects can introduce biases
in the determination of transit depths, particularly for shallow transits
like this one. In contrast, space-based observations offer higher
photometric stability and precision, making them more reliable
for this kind of analysis. Transit modelling was carried out using
PYTRANSIT'? (H. Parviainen 2015), and the red noise in each light
curve was accounted for using GPs with a Matérn 3/2 kernel.

The RV systematics were also modelled using GPs, with selected
hyperparameters shared with those used for the Ha spectroscopic
activity index in order to account for stellar activity. We selected

2https://github.com/hpparvi/PyTransit
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Ho as the preferred activity indicator because its GLS periodogram
(M. Zechmeister & M. Kiirster 2009) showed a prominent peak near
the stellar rotation period derived from ground-based photometry.
We adopted a quasi-periodic with cosine (QPC) kernel (M. Perger
et al. 2021), where the characteristic period (P,), the active-region
decay time-scale (1), and the coherence scale (w) were modelled
as common (and free) hyperparameters across both the RV and Ho
data sets. Although we possessed an independent estimate of the
stellar rotation period based on long-term photometric monitoring,
we imposed a uniform prior on P, in the range [60 d, 200 d] in order
to assess whether the GP model could recover the photometric value
without direct constraint and due to the seasonal variability found in
the photometry.

To speed up the analysis, we limited the TESS data to 12-
h time windows centred on the predicted mid-transit times. For
both the TESS and CHEOPS transit light curves, the following
parameters were fitted: the central time of transit (7j), orbital period
(P), eccentricity (e), and argument of periastron (w), using the
parametrization from J. Eastman et al. (2013) (4/e sinw, /e cos ).
We also fitted the quadratic limb-darkening coefficients (u,, u,)
independently for each instrument, constrained by normal priors
based on predicted values from LDTK'3 (T. O. Husser et al. 2013; H.
Parviainen & S. Aigrain 2015), as well as the impact parameter (b)
and the planet-to-star radius ratio (R,/R,). We also fitted the stellar
density (p,) using a normal prior based on the stellar parameters
presented by M. Kuzuhara et al. (2024). Each light curve included a
white noise term as an additional free parameter.

For the RV data, we included instrument-specific offsets and jitter
terms as free parameters in the model. In addition to these offsets,
we fitted for P, e (using the parametrization /e sin w, /e cos w),
and K. As described above, several GP hyperparameters were
shared between the RV and Ha time-series. Specifically, the kernel
amplitude (H) and the amplitude of the cosine component (C) were
fitted independently for each time-series, while Py, A, and w were
treated as common parameters and fitted jointly.

The joint fit was performed in two stages. First, we applied global
optimization of the parameters using PYDE. Starting from the optimal
solution, the parameter space was subsequently explored using EM-
CEE, running for 2.5 x 109 iterations to meet the convergence criteria
of PYORBIT. The final fitted orbital and planetary parameters and
corresponding priors are listed in Table 5 and Table C1, respectively.
Similarly, the stellar and instrumental priors and resulting values are
listed in Tables C2 and C3.

Our joint fit yields results for Gliese 12b that are consistent
with those obtained from the photometry-only and informed RV
analyses. The simultaneous modelling of the RVs and the Ho
activity index using the QPC kernel produced a rotation period of
Pt = 172.07}3 d. This value is close to twice the rotation period
inferred from long-term photometry (P, ~ 85 d). We note that P,y
here refers to the characteristic period recovered by the GP model and
is not necessarily the stellar rotation period itself. The QPC kernel, as
described by M. Perger et al. (2021), is designed to account for quasi-
periodic signals at both Py, and its first harmonic (P;/2), which
commonly arise due to spot configurations that produce symmetric
signals that repeat every half rotation. In this context, the fitted period
of ~172d probably corresponds to the harmonic of a true rotation
period near 85d. Tests using the QPC kernel on the RV and Ho
data sets separately confirm that the kernel can recover the 85-d
period when a uniform prior in the range [60 d, 100 d] is adopted for

Bhttps://github.com/hpparvi/ldtk
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Figure 6. Mass—radius diagram of all small planets (R, < 2Rg) in the
PlanetS database (small, grey), Earth and Venus (labelled, black), and Gliese
12b (large, purple). The 100 per cent Fe and rocky compositional lines are
taken from L. Zeng et al. (2019), and the rocky + 1 percent feqy line is from
H. Chen & L. A. Rogers (2016).

P,y A stellar rotation period significantly longer than 100 d appears
unlikely, as such long periods are rare among M dwarfs (see E. R.
Newton et al. 2016; Y. Shan et al. 2024). We therefore consider a
rotation period close to 85 d as the more physically plausible scenario
for Gliese 12.

7 DISCUSSION

All the orbital and planetary parameters are consistent across the
different fits. For the upcoming discussion of Gliese 12 b, we adopted
as final parameters the values from the joint fit. Thanks to our
extensive RV campaign, we now have the first definitive mass for
Gliese 12b. Having both a precise radius and mass allows for
an in-depth study of a planet that is not possible without a mass
measurement, see N. E. Batalha et al. (2019); and J. A. Egger
et al. (2024). A bulk density can be obtained, which in turn can
say something about the type of planet Gliese 12b is and how that
compares with other currently known exoplanets. We can also go one
step further and infer the possible interior composition of Gliese 12 b
as well as the possibility of it having an atmosphere. We investigate
all of this in the upcoming sections. Finally, we examine the data for
evidence of additional, detectable planets in the system.

7.1 Gliese 12 b as an exo-Venus

Gliese 12b occupies a unique region of parameter space due to its
distinctive physical properties. For comparison reasons, we used the
well-curated PlanetS database (L. Parc et al. 2024) maintained on the
DACE platform.'* We further limited it to all planets with a radius
less than 2 Rgy. Fig. 6 shows the mass—radius diagram of this sample
of small planets. It is directly obvious that Gliese 12b lies in the
same part of parameter space as Earth and Venus with a radius closer
to Venus. Its density makes it marginally denser than our rocky Solar
system planets.

The orbital period of Gliese 12b is much smaller than those
of Earth and Venus. However, since the host star is an M dwarf,
Gliese 12b is actually a temperate planet, too. We have calculated

4https://dace.unige.ch/exoplanets/
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Figure 7. Planetary density versus equilibrium temperature for the same
sample of planets as in Fig. 6. For Gliese 12 b, different Bond albedo values
were used: A = 0, Earth’s albedo (A = 0.31), and Venus’ albedo (A = 0.77).
The small, unlabelled planets in grey are those from the PlanetS database,
with the TRAPPIST-1 planets lying in a similar region to Gliese 12b.

Ty following N. B. Cowan & E. Agol (2011). As the albedo is
unknown, we have to make an assumption. We calculated T three
times, using a Bond albedo of 0, as well as both Earth’s and Venus’
albedo (0.31 and 0.77 respectively). We found that the T, of Gliese
12b is between 317 and 219 K. When using Venus’ albedo, the T,
of Gliese 12b is extremely close to that of Venus itself. Combined
with the more Venus-like radius, we could conclude that this planet
is possibly Venus-like.

Fig. 7 shows the different positions of Gliese 12b on a planet
density versus equilibrium temperature diagram. We caveat that
different albedos may have been used for the PlanetS database. In
any case, whichever the true T4, Gliese 12b occupies a sparsely
populated area in this parameter space, making it a truly remark-
able characterized exoplanet. The only well-characterized (O‘RP <
8 percent; oy, < 25 percent) planets that also occupy a similar
region in parameter space are LHS 1140b (C. Cadieux et al. 2024),
a super-Earth characterized by ESPRESSO, and the TRAPPIST-1
(Transiting Planets and Planetesimals Small Telescope) planets (M.
Gillon et al. 2017; E. Agol et al. 2021) where mass measurements
come from transit timing variations.

As its host star is also one of the closest known planet host stars,
there are plenty of opportunities for continued follow up of this
exo-Venus. Additional information on atmospheric properties, and
further and deeper characterization of the system will reveal how
similar (or discrepant) Gliese 12 b is from Venus itself.

7.2 Interior composition modelling

Having a planetary mass and radius for Gliese 12 b, we calculated
a mean bulk density of 6.4 & 2.4 gcm™, suggesting it is ever so
slightly denser than Earth and Venus. We can also model the possible
interior compositions for this small planet. For this purpose, we
used the publicly available interior modelling code PLANETIC' (J. A.
Egger et al. 2024). This framework utilizes a neural network that was
trained on the BICEPS forward model (J. Haldemann et al. 2024),
combined with a full grid accept-reject sampling scheme. PLANETIC

Bhttps://github.com/joannegger/plaNETic
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has been shown to be fast as well as reliable when characterizing the
possible interior compositions of small planets.

Within PLANETIC, a planet can have up to three layers: an inner
core made of iron (Fe) and sulphur (S), a rocky mantle composed of
oxidized silicon (Si), magnesium (Mg), and Fe, and a volatile layer
uniformly mixed between water and pure hydrogen—helium. It thus
does not have a separate water layer.

We assumed in the model that the planet formed outside the ice
line since a H/He envelope as expected from a formation within
the ice line would not be stable against evaporation as shown in
Section 7.3 and all water was thus accreted in the form of ice (see
J. A. Egger et al. 2024, for more detail). Although we cannot rule
out the possibility of an in-situ formation, we model the interior of
Gliese 12 b based on the above assumption as a demonstration. Since
Gliese 12 b is either a bare core planet or has a high mean molecular
weight envelope, we model this planet with the water-rich prior in
PLANETIC.

Different compositional priors can further be set based on the host
star. There are preliminary studies showing possible links between
host star and planet composition (e.g. A. Thiabaud et al. 2015;
A. Mortier et al. 2020; V. Adibekyan et al. 2021). However, the
exact link is still unknown, which is why PLANETIC allows for the
different priors. The relevant priors relate to the Si/Mg/Fe ratios.
They can be sampled uniformly, have a prior where the planet ratios
are assumed to be equal to the star’s (A. Thiabaud et al. 2015),
or have a prior assuming the planet is iron-enriched compared to
the star as described by equation (S5) of V. Adibekyan et al. (2021).
Within PLANETIC, abundances are recorded in the form 10X/Fel in the
posteriors, allowing us to compare the abundance priors, which are
0.88 £ 0.25 and 0.30*)7] for X=Si, and 0.79 £ 0.19 and 0.27* (]
for X=Mg for the equal and iron-enriched prior respectively. We
used the stellar abundances derived in Section 3 as priors, where we
used Ti as a reliable proxy for Si. The quality of silicon lines for stars
with temperatures similar to that of Gliese 12 becomes degraded in
comparison to the quality in hotter stars, in which case, the silicon
value may be erroneous. The use of Ti as a proxy is justifiable due to
it being an alpha element, as is Si; both elements form via the same
process during stellar nucleosynthesis, and should therefore follow
similar trends in abundances. We selected Ti in particular as there
are many resolvable lines, amenable to analysis.

The resulting mass fractions of the different layers are shown in
Fig. 8. As expected for this planet, the volatile mass fraction is small
and consistent with 0. The core mass fraction is loosely constrained
with median values between 20 and 30 per cent, depending on the
prior. This is in line with the known core mass fraction of Venus
(32 per cent).

7.3 Atmospheric mass loss

Gliese 12 b is also an intriguing target for transmission spectroscopy
in the Lyman-a line. Lyman-o observations can reveal escaping
hydrogen gas during exoplanet transits (A. Vidal-Madjar et al. 2003),
but interstellar absorption and geocoronal emission often obscure
the line core, leaving observations to be sensitive only in the high-
velocity line wings (e.g. D. Ehrenreich et al. 2015). Nearby systems
with high systemic RVs offer both higher flux and weaker interstellar
absorption, and offset the interstellar absorption line core from the
stellar emission line core. This allows to reveal information content
at lower velocities and these targets are thus ideal for these studies.
At a distance of 12.2 pc and a systemic velocity of 51.2kms™",
the Gliese 12 system satisfies both of these criteria. Using the
serendipitous detection of X-ray emission from Gliese 12 by XMM—
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Figure 8. Posterior distributions (solid lines) of the interior structure of Gliese 12 b, showing, from left to right, the mass fractions of the inner core, mantle,
and volatile components. The different colours represent the three different priors for the planetary Si/Mg/Fe ratios: stellar (purple, A1), iron-enriched (blue,
A2), and uniform (green, A3). Dotted lines indicate the priors and vertical dashed lines show the median of each posterior distribution.

Newton (Fx = 6.8 £2.4 x 1071 erg cm~2 s7!; N. A. Webb et al.
2020) and the J. L. Linsky, K. France & T. Ayres (2013) relation
between Lyman-o and X-ray flux, we expected Gliese 12 to have
an intrinsic Lyman-o flux of 1.1 x 10~'3 erg cm™2 s~!. Based on
the modest column density of neutral hydrogen predicted by the
Colorado Local Interstellar Medium (LISM) model (S. Redfield &
J. L. Linsky 2000) of Ny = 1.1 x 10'® cm~? and the high systemic
RV, we expected Gliese 12b to be a suitable target for Lyman-o
transmission spectroscopy. It will soon be observed for this purpose
by HST GO 17 600 (PI: Vissapragada).

We additionally simulated the past evaporation history of Gliese
12b in order to determine whether an H/He-rich envelope would
have survived to the present day under X-ray irradiation from its host
star. To do so, we adopted the PHOTOEVOLVER code (J. Ferndndez
Fernandez, P. J. Wheatley & G. W. King 2023), which combines
three components to simulate the evaporation history of close-in
exoplanets; these are (1) a model of the X-ray emission history of
the host star, (2) an envelope structure model that links the mass
fraction of the H/He atmosphere to its thickness, and (3) a model for
the atmospheric escape rate. Therefore, on each time-step, PHOTOE-
VOLVER computes the X-ray emission at the current simulation age
using the X-ray emission model. Then, the corresponding incident
X-ray flux of the planet is fed into the mass-loss model to obtain
a mass-loss rate. The amount of mass lost during the time-step is
then removed from the planet’s gaseous atmosphere; and, finally,
the envelope thickness is recalculated using the envelope structure
model.

Regarding the X-ray emission history model, in Fig. 9 we
compared the XMM-Newton detection of Gliese 12 with the X-ray
luminosity—age relations by C. P. Johnstone et al. (2021), which were
based on a rotational evolution model fitted to open clusters, and by
S. G. Engle (2024), which were based on empirical fits to populations
of M dwarfs.

At the age of Gliese 12 (see Tab. 3), the model by S. G. Engle
(2024) predicted an X-ray luminosity of 3.01% x 10 ergs~" (en-
ergy range 0.1-2.5 keV), whilst the model by C. P. Johnstone et al.
(2021) predicted 6.6%50 x 10®°ergs~! in the same energy range.
Additionally, M. Kuzuhara et al. (2024) presented XMM-Newton
measurements of Gliese 12 and reported an X-ray luminosity of
6.0+ 1.3 x 10® ergs™! (range 0.124-2.5 ke V), which corresponds
t0 6.2 & 1.3 x 10% ergs~! when extrapolated to the energy range of
0.1-2.5keV used by the models above (using the WebPIMMS tool'6).

16https://heasarc.gsfc.nasa.gov/Tools/w3pimms_help.html

MNRAS 545, 1-25 (2026)

X-ray - age relations
1030 4 —— Johnstone+21 Q  XMM-Newton
—— Engle+24 -O- From P,,: (Dholakia+24)
== Engle+24 scaled to XMM
v 10% 4
<
2
i
5 1028 4
(=}
£
£
3 1027 4
>
o
3
1026 4
1025 4
0 2000 4000 6000 8000 10000

Age [Myr]

Figure 9. Comparison of several X-ray luminosity—age relations with the
XMM-Newton observation of Gliese 12 (green circle). The plotted X-ray
age relations are: C. P. Johnstone, M. Bartel & M. Giidel (2021, solid blue
line), S. G. Engle (2024, solid red line), and the same model scaled down
to fit the XMM-Newton measurement from M. Kuzuhara et al. (2024). The
shaded regions correspond to the 1o uncertainties in the models. The X-ray
luminosity determined from the spin period measured by S. Dholakia et al.
(2024) and the rotation-activity relation by S. G. Engle & E. F. Guinan (2023)
is also shown (black circle) and is in very good agreement with the measured
X-ray emission.

Overall, we found the model by S. G. Engle (2024) more consistent
with the XMM-Newton X-ray luminosity presented by M. Kuzuhara
et al. (2024), within a factor of 5, and thus we favoured it over the
model by C. P. Johnstone et al. (2021), which is 11 times brighter.
We additionally considered an alternative X-ray emission history for
Gliese 12 where we scaled down the model by S. G. Engle (2024) to
fit the XMM—-Newton measurement presented by M. Kuzuhara et al.
(2024).

We also considered the contribution from the stellar extreme
ultraviolet (EUV) emission, which can have a significant impact
on atmospheric escape on longer time-scales than X-ray alone (J. E.
Owen & A. P. Jackson 2012; G. W. King et al. 2018; J. Sanz-Forcada
et al. 2025). We adopted the X-ray—EUV relations by G. W. King
et al. (2018) to compute the EUV emission history (13.6-100eV)
from the X-ray emission history models (0.1-2.5keV) described
above. In our simulations, we then considered the contribution from
both the X-ray and EUV irradiation when computing the mass-loss
history of the planet.

Regarding the envelope structure model, we adopted the models
presented by H. Chen & L. A. Rogers (2016). They adapted the
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MESA code (B. Paxton et al. 2011) to build mass—radius relations for
gaseous atmospheres on planets from Earth-mass to Jupiter-mass. In
this work, we adopted the polynomial fit that they performed to their
simulation results (H. Chen & L. A. Rogers 2016, equation 5), valid
for envelope mass fractions of 0.01-20 per cent and planet masses of
1-20Mg.

Finally, regarding the mass-loss model, we adopted the models
presented by D. Kubyshkina et al. (2018), which accounts for both
core-powered mass loss as well as energy-limited and recombination-
limited escape from both X-ray and EUV photons, and is based on hy-
drodynamic simulations. In this work, we adopted the pre-computed
grid of planet parameters and interpolation routine presented by D. I.
Kubyshkina & L. Fossati (2021), valid for planet masses of 1-39 Mg
and planet radii of 1-10R¢.

Motivated by its high density, we assumed that Gliese 12b has
no significant gaseous envelope at present. We then considered a
number of initial envelopes on the planet, with mass fractions of
1 per cent, 2 per cent, and 5 per cent. We did not consider larger initial
atmospheres as these would have been stripped off and truncated by
boil-off processes shortly after dispersal of the protoplanetary disc
(J. G. Rogers, J. E. Owen & H. E. Schlichting 2024).

We thus simulated the past evaporation history of Gliese 12b in
each scenario. Our PHOTOEVOLVER calculations adopted the fourth-
order Runge—Kutta integration method with a maximum time-step
of 1 Myr, in the interval between 10 Myr and 1 Gyr. Additionally,
we considered the gaseous envelope to be fully stripped when it
reaches a mass fraction below 0.01 percent, which corresponds to
the minimum value the envelope structure model by H. Chen & L.
A. Rogers (2016) is rated for.

In Fig. 10, we show the results from our simulations, from 10 Myr
to 10 Gyr. On the top panel, we show atmospheric evolution under
the X-ray emission history predicted by S. G. Engle (2024, and
its corresponding EUV emission history from the relations by G. W.
King et al. 2018), and on the bottom panel, the atmospheric evolution
under the same emission history, but scaled down by a factor of 5 to
match the XMM—-Newton observation of Gliese 12 as we do not know
the true X-ray history of the star. We found that all H/He envelopes are
fully stripped from Gliese 12 b within 150 Myr, with none surviving
to the present day. Even with the faintest X-irradiation model, the
envelope lifetime is only extended to the age of 200 Myr.

In our simulations, we neglected the contribution to atmospheric
escape from additional mechanisms, such as stellar flares, coronal
mass ejections, and magnetic interactions (e.g. A. A. Vidotto et al.
2013; D. Atri & S. R. C. Mogan 2021; G. Hazra et al. 2025).
These mechanisms would only strengthen mass-loss rates, causing
the planet’s envelope to be lost even earlier in its life.

7.4 Prospects for atmospheric characterization

Given its high mean density and the intense XUV irradiation from
its host star, Gliese 12b is unlikely to have retained a primordial
or secondary atmosphere rich in Hp/He (see Section 7.3). None the
less, owing to the brightness of its host star, Gliese 12b stands as
one of the top rocky targets for atmospheric follow-up with JWST.
Following E. M. R. Kempton et al. (2018), we used the planetary
mass and radius, stellar radius, equilibrium temperature, and the
apparent stellar magnitude in the J band to calculate a Transmission
Spectroscopy Metric of 14J_r1, similar to that of TRAPPIST-1e, f, g,
and h.

We conducted simulations of transmission and emission spectra
for realistic atmospheric scenarios, as they would be observed with
various JWST instrument configurations (Fig. 11). In particular, we
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Figure 10. Top panel: evolution of the total radius (core + mantle + en-
velope) of Gliese 12 b under atmospheric escape using the X-ray irradiation
history predicted by S. G. Engle (2024), with a range of initial atmospheres
with mass fractions of 1 per cent (blue line), 2 per cent (red line), and 5 per cent
(yellow line). The shaded regions correspond to possible evaporation histories
taking into account the 1o uncertainties in the planet’s radius, mass, and X-
ray irradiation history. The present-day total radius and age of Gliese 12b is
plotted as a red circle, and the size of its core and mantle as a dashed grey
line. Bottom panel: evolution of the total radius (core + mantle + envelope)
of Gliese 12 b under atmospheric escape, following the top panel, using the
X-ray irradiation history predicted by S. G. Engle (2024) scaled down by a
factor of 5 to match the XMM-Newton observation.

modelled a Venus-like atmosphere consisting of 100 per cent CO;,
motivated by the planet’s physical parameters resembling those of
Venus (see Section 7.1); a steam H,O envelope representing a water-
world scenario; and a lighter steam CH, envelope featuring a reduced
environment. We used TAUREX3 for radiative transfer modelling (1. P.
Waldmann et al. 2015a, b; A. F. Al-Refaie et al. 2021), employing a
temperature—pressure profile similar to that of Venus for the CO,
atmosphere and profiles adapted from E. M. R. Kempton et al.
(2023) for the H,O and CH4 compositions. The absorption cross
sections for H,O, CO,, and CH4 were obtained from the ExoMol
database (K. L. Chubb et al. 2021), which utilized line lists by O.
L. Polyansky et al. (2018), L. S. Rothman et al. (2010), and S.
N. Yurchenko et al. (2017), respectively. The corresponding JWST
spectra were generated using ExoTETHy'S (G. Morello et al. 2021)
for the NIRSpec G140H (0.97-1.83 um), G235H (1.66-3.07 um),
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Figure 11. Top panel: modelled transmission spectra of Gliese 12b, as-
suming an atmospheric composition of 100 per cent CO, (red), 100 per cent
H,O (blue), and 100 per cent CHy4 (green). Points with error bars show the
simulated spectrum for the CH4 composition, combining 15 transits with
each of the NIRSpec G140H, G235H, G395H, and MIRI LRS slitless modes.
Bottom panel: analogous emission spectra. Points with error bars show the
simulated spectrum for the CO, composition, combining 10 eclipses with
each of the NIRSpec G140H, G235H, G395H, and MIRI LRS slitless modes.

and G395H (2.88-5.18 um) modes, as well as the Mid-Infrared
Instrument (MIRI) LRS Slitless (5-10 pm) mode, based on updated
instrument response files. We included an additional 30 per cent noise
contribution in the final error bars. The popular Near-Infrared Im-
ager and Slitless Spectrograph Single Object Slitless Spectroscopy
(NIRISS SOSS) mode was excluded due to detector saturation
after the first group. We adopted spectroscopic binning with a
resolving power of R ~ 100 for the NIRSpec modes, following
the recommendations of A. L. Carter et al. (2024) and J. J. Davey
et al. (2025), and a constant bin size of 0.25 um for the MIRI LRS,
as suggested by D. Powell et al. (2024). The predicted error bars
for a single transit observation are 32—-54 ppm (mean error 37 ppm)
for NIRSpec G140H, 32-52 ppm (mean error 38 ppm) for NIRSpec
G235H, 36-68 ppm (mean error 46 ppm) for NIRSpec G395H, and
40-61 ppm (mean error 48 ppm) for MIRI LRS. These uncertainties
are comparable to or smaller than the expected spectral features
in transmission, which reach <50 ppm in the most favourable CHy-
dominated scenario. The emission spectra are generally flat across the
wavelength range covered by our instrumental simulations, except
for a ~90 ppm CO, feature in the Venus-like scenario.

Another possibility is to measure planetary emission at longer
wavelengths. In fact, Gliese 12b is a target under consideration for
the Rocky World DDT program (S. Redfield et al. 2024), potentially
aiming to observe multiple secondary eclipses using a MIRI filter
centred at 15 pum. In all cases, multiple visits are required to robustly
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detect atmospheric features, with the optimal strategy, transmission
or emission spectroscopy, depending on the actual atmospheric
composition of Gliese 12 b.

7.5 Possibility of extra planets in the system

The possibility of there being more planets within the system still
remains, and further investigation is needed to reveal any previously
undetected signals. We have performed additional RV fits using
two eccentric Keplerian models to explore any potential multiplanet
configurations of small planets with periods below 50 d (based of the
periodogram information). While a solution was found with a second
Keplerian close to 34d, the parameters were poorly constrained
and the single-Keplerian model with a GP applied to the RVs
was preferred using the BIC. We obtained BIC = —1774.7 versus
BIC = —1846.5 for the two-Keplerian model and the adopted model,
respectively.

Ultimately, more data are required to constrain any existing
secondary signals, and authenticate the system architecture. More
RV data will further allow for the resolution of current degeneracies
that exist between eccentricity, stellar activity, and any undetected
planetary companions and make the mass measurement of Gliese
12 b more robust. Obtaining more RVs with the precision of those
within this study could reveal planets hidden below the current
precision floor of the data set.

8 CONCLUSIONS

In this paper, we present new analyses of the transiting exo-Venus,
Gliese 12b. We performed a photometry-only fit with JULIET, an
informed RV fit with PYANETI, and a joint fit using both data sets
simultaneously with PYORBIT. All orbital and planetary parameters
are consistent across fits and modelling software.

With new TESS and CHEOPS observations, we report refined
orbital period (12.76 d) and planetary radius measurements (0.93 £
0.06 Rgy). Our updated radius value is consistent with the values
reported in previous studies (S. Dholakia et al. 2024; M. Kuzuhara
et al. 2024).

Using nearly 200 high-precision RV observations from HARPS-
N, ESPRESSO, and CARMENES, we report the first definitive mass
measurement of Gliese 12b. Owing to the extremely small RV
semi-amplitude of Gliese 12b, we adopted a variety of modelling
approaches dealing with the stellar signals in different ways. We
detect an RV semi-amplitude of 0.67 £ 0.21 ms~! (3.20), yielding
a mass measurement of 0.95793 Mg. This measurement is among
the smallest semi-amplitudes ever measured for a transiting planet
and is pushing the boundaries of our current capabilities.

A thorough investigation was conducted into the activity signal
of Gliese 12. Analysis of long-term photometric monitoring from
ASAS-SN, LCOGT, TJO, and E-EYE — as well as a DCF analysis
of the RV and Ho data — provided further evidence towards a
stellar rotation period of approximately 85d (see Fig. Al). This
work highlights the importance of the rigorous treatment of stellar
variability when searching for the smallest exoplanets in RV data.

Gliese 12b stands out with its physical and orbital properties.
We investigated the nature of Gliese 12b, by studying its interior
structure, atmospheric mass-loss history, and future atmospheric
prospects. Interior structure modelling revealed that Gliese 12b is
likely to be similar to Venus in composition (predominantly rocky
make-up). The bulk properties of this planet place it in a unique region
of parameter space, distinguishing it from other exoplanets with
similar properties (see Figs 6 and 7). Furthermore, we demonstrated
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that the planet is unlikely to have retained a primordial gaseous
envelope, due to the X-ray emission history of its host star. Given its
intriguing properties, Gliese 12b presents a promising opportunity
for Lyman-o spectroscopic follow-up studies, and is already being
observed with HST for this reason. It is also a fantastic target for the
Rocky Worlds DDT programme on JWST.
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APPENDIX A: LONG-TERM PHOTOMETRY

Fig. Al shows the long-term photometry used in Section 3.2 to
determine the stellar rotation period.
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Figure Al. Gliese 12 long-term ground-based photometry and GLS periodograms of the time-series. The vertical red line marks the rotation period Pyo; = 85d
presented by M. Kuzuhara et al. (2024), and the horizontal lines represent the 10 per cent (blue dotted) and 1 per cent (orange dashed) false alarm probability

levels.
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small sample of the RV data used in both the informed RV fit and the

APPENDIX B: RV PERIODOGRAMS AND DATA joint fit

Fig. B1 shows the periodograms for the RV and Ha time-series
for HARPS-N, ESPRESSO, and CARMENES. Table B1 contains a

Table B1. A sample of the RV data used in the informed RV fit and the joint fit. The full table is available on Vizier.

BID RV ORV Ha OHa Instrument
@ (ms™") (ms™)

2560165.657371 51335.99 1.42 —0.00392 0.00044 HARPS-N
2560171.600859 51336.51 1.69 0.02884 0.00069 HARPS-N
2560172.701740 51330.45 1.39 —0.00319 0.00052 HARPS-N
2560173.618065 51334.65 1.26 0.01949 0.00057 HARPS-N
2560174.667788 51332.18 1.28 0.00530 0.00056 HARPS-N
2560467.902064 51413.63 0.30 —0.00608 0.00014 ESPRESSO
2560473.887225 51410.06 0.33 —0.00361 0.00017 ESPRESSO
2560478.903217 51409.70 0.46 —0.01765 0.00026 ESPRESSO
2560479.905718 51408.93 0.29 —0.00962 0.00015 ESPRESSO
2560486.883796 51409.36 0.50 0.02229 0.00030 ESPRESSO
2560123.593106 -0.27 2.01 0.00678 0.00331 CARMENES
2560124.593296 1.74 2.83 0.01442 0.00443 CARMENES
2560125.643064 —0.69 1.41 —0.00233 0.00222 CARMENES
2560127.644050 —0.52 1.68 0.01458 0.00207 CARMENES
2560133.611007 —1.22 2.61 0.00517 0.00304 CARMENES

Ha

Ha

0.6/ CARMENES RV | I{CARMENES

1 10 100 1 10 100
Period [days] Period [days]
Figure B1. GLS periodograms for the RV and Hx data from all three instruments. The vertical lines in the plot are the orbital period of Gliese 12 b (light blue

dashed line, P = 12.7614 d), and Py, = 85d (grey dotted line). The horizontal lines are the false alarm probabilities (FAP) = 10 per cent (black dotted line)
and 1 percent (orange dashed line).
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APPENDIX C: PRIORS AND FITTED
PARAMETERS

Tables C1 and C2 show the prior distributions used during the
different fitting procedures. Table C3 has the final fitted values related

Table C1. Priors for the planetary parameters.

to the star as well as the various instruments. The results of the joint
fit are presented in Fig. C1, which shows the posteriors of the fitted
parameters in a corner plot.

Parameter Unit Photometry-only fit Informed RV fit Joint fit

P (d) N(12.761408, 0.1) N(12.761422, 0.000047) U(12.46, 13.06)
To (BJD) N(2459497.1865, 0.1) N(2460492.5747, 0.0044) U(2460032.86, 2460033.46)
Ry/R, - Uuo, 1) - (0.0, 0.5)

b - Uuo, 1) - Uu(o, 1)

Px (gem™3) N (18.9879198, 15.950938) - N(19.317, 1.409)
K (ms~1 - U(0,2.5) U(0, 50)
Jesinw - - U-1,1) Uu-1,1)
Jecosw - - Uu-1,1 Uu-1,1

e - U(0,0.9) - (0.0, 0.95)

[3) (deg) U(0, 360) - U(0, 360)
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Table C2. Stellar and instrumental priors. We note that the coherence GP parameter is different for both fits due to a different functional form of the same
kernel.

Parameter Unit Photometry-only fit Informed RV fit Joint fit

Prot,GP (d) - U(25,200) U(60, 200)

Coherence - - Ap € U(0.01, 10) w € U(0.001, 3.0)

Evolution (d) - Ae € U(S, 1000) A € U(120.0, 1000.0)

Amplitude (ms™h) - Ay € U(0, 10) H,C e U(,50)

Jitter HN (ms™1) - U(0, 100) (0, 100)

Jitter CARM (ms™h) - U(0, 100) U(0, 100)

Jitter ESPR (ms™h) - U(0, 100) (0, 100)

Offset HN (ms~h) - U(51230.45, 51446.16) U(51000, 51800)

Offset CARM (ms™1) - U(—106.67, 105.88) U(-50, 50)

Offset ESPR (ms~1) - U(51305.26, 51513.63) U(51000, 51800)

GP, (ppm) £(0.000001, 1000000) - log (U (-6, 6))

GPp (d) £(0.001, 1000) - log;o(U(=3, 3))

LD TESS q1 € U(0, 1.0) - u; € N(0.26,0.07)

LD TESS g2 € U(0, 1.0) - uz € N(0.29,0.14)

LD CHEOPS q1 € U(0, 1.0) - u; € N(0.26,0.04)

LD CHEOPS g2 € U(0, 1.0) - uy € N(0.28,0.09)

LD MuSCAT2 r q1 € U(0, 1.0) - -

LD MuSCAT2 r g2 € U(0, 1.0) - -

LD MuSCAT3 r q1 € U0, 1.0) - -

LD MuSCAT3 r g2 € U(0, 1.0) - -

LD MuSCAT?2 i q1 € U(0, 1.0) - -

LD MuSCAT2 i q2 € U(0, 1.0) - -

LD MuSCAT3 i q1 € U(0, 1.0) - -

LD MuSCAT3 i q2 € U(0, 1.0) - -

LD MuSCAT?2 z q1 € U(0, 1.0) - -

LD MuSCAT2 z q2 € U(0, 1.0) - -

LD MuSCATS3 z q1 € U(0, 1.0) - -

LD MuSCAT3 z q2 € U(0, 1.0) - -

Offset TESS N(0,0.1) - -

Offset CHEOPS N(0,0.1) - -

Offset MuSCAT2 N(0,0.1) - -

r

Offset MuSCAT3 N(0,0.1) - -

r

Offset MuSCAT2 N(0,0.1) - -

i

Offset MuSCAT3 N(0,0.1) - -

i

Offset MuSCAT2 N(©0,0.1) - -

z

Offset MuSCAT3 N(0,0.1) - -

z

Jitter TESS (ppm) £(0.1, 1000.0) - U(0, 119800); L4(0, 117600); L4(0, 118000); L4(0, 117600);
- U(0, 128000); L4(0, 128500); 1£(0, 121600); L4(0, 121100)

Jitter CHEOPS (ppm) £(0.1, 100000.0) - U(0, 69800); L£(0, 62700); L4(0, 67000); L£(0, 63000);
- U(0, 62800); L4(0, 251000)

jitter MuSCAT?2 r (ppm) £(0.1, 100000.0) - -

Jitter MuSCAT3 r (ppm) £(0.1, 100000.0) - -

Jitter MuSCAT?2 i (ppm) £(0.1, 100000.0) - -

Jitter MuSCAT3 i (ppm) £(0.1, 100000.0) - -

Jitter MuSCAT?2 z (ppm) £(0.1, 100000.0) - -

Jitter MuSCAT3 7 (ppm) £(0.1, 100000.0) - -
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Table C3. Stellar and instrumental parameters. We note that the coherence GP parameter is different for both fits due to a different functional form of the same

kernel.
Parameter Unit Photometry-only fit Informed RV fit Joint fit
PGP @ - 1216753 17201}
Coherence - - Ap = 3.1073:53 w = 0.212+0:9%¢
Evolution (d - he = 9.6155523 A =476+3%
Amplitude (ms™!) - Ag =2.047034 Hyn = 2.2470%2; Hearw = 2.52702%; Hpgpr = 0.847018
- - Cun = 078720 Coarm = 1.07745%: Crspr = 22717
Jitter HN (ms~1) - 1377533 170703
Jitter CARM (ms™ - 0.25%0% 0.35703
Jitter ESPR (ms~1) - 0.847013 0.84751%
Offset HN (ms™") - 51337.25 +0.56 51337.18%0:0
Offset CARM (ms™") - 0.4710.3 0.107}-20
Offset ESPR (ms™h) - 51409.56*932 51409.80+1:60
GP, (ppm) 0.000192:606013 - otess = 22732 otpss = 2.1759; orss = 2.3764,
oress = 2.075%
- - oress = 2377 7: otess = 2.2177: otess = 2,073 4:
OTESS = 2-0%:5
- - ocueops = 3.011'¢% ocueops = 33750 ocurops = 2.671)
- - OCHEOPS = 3.2f}%§7; OCHEOPS = 2-41'?}; OCHEOPS = 2-91—}}69
GPp ) 0.6217 507 - _
- - prEss = 257.07502%0: press = 257.07303 %
PTESS = 158-5f?§?jé
- - prEss = 331113107 press = 208.97 %1
PTESS = 204.21'?%:;
- - prEss = 346.77300%: press = 338.87301)
- - pereops = 39.8731%" pcueops = 4.1,
pcheops = 131.87117]
- - peneops = 0.2707: peupops = 154.97137 1
pcuEops = 61.775%°
LD TESS 1= 039595 - u = 0.26+097
LD TESS g2 = 0297078 - 1y = 0301013
LD CHEOPS g1 =0.18%0 13 - uy = 026700
LD CHEOPS 0 =037 - 1y = 0.28H0%
LD MuSCAT?2 r g1 = 0237510 - _
LD MuSCAT2 r g2 = 0427030 _ _

LD MuSCAT3 r
LD MuSCAT3 r
LD MuSCAT?2 i
LD MuSCAT?2 i
LD MuSCAT3 i
LD MuSCAT3 i
LD MuSCAT2 z
LD MuSCAT?2 z
LD MuSCATS3 z
LD MuSCAT3 z
Offset TESS
Offset CHEOPS
Offset MuSCAT2
r

Offset MuSCAT?3
r

Offset MuSCAT2
i

Offset MuSCAT3
i

Offset MuSCAT2
z

Offset MuSCAT?3
z
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g2 = 0.40102
+0.000021
0.000003 %% poey
0.000163p pooy
0.000419*0-000030
+0.000031
0.000017+0:000031
+0.000035
0.000022+§-36003
40.000032
0.000032+§-350032
+0.000043
0.000050+0-300043

+0.000032
0.0000127 ) 600034
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Table C3 - continued
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Parameter Unit Photometry-only fit Informed RV fit Joint fit

Jitter TESS (ppm) LOSEOR! - T4 101 3907 s 1347450,
_ - 1601130: 105792; 99%20: 121710

Jitter CHEOPS (ppm) 06215557 - 38075 434536;; 35 6%%;067@22;
- - 2047105 1607 15

Jitter MuSCAT?2 r (ppm) 784.9173039 - -

Jitter MuSCAT3 r (ppm) 599.73+505 - -

. . +40.25

J%tter MuSCAT2 i (ppm) 1216-67J:7319,1364 - B

Jitter MuSCAT3 i (ppm) 552.047¢, 50 - -

Jitter MuSCAT? 2 (ppm) 1335.90735% - -

Jitter MuSCATS3 (ppm) 405.06 733853 - -
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Figure C1. Corner plot for the fitted parameters of the joint fit.
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