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A B S T R A C T 
We report on the disco v ery of Gliese 12 b, the nearest transiting temperate, Earth-sized planet found to date. Gliese 12 is a 
bright ( V = 12.6 mag, K = 7.8 mag) metal-poor M4V star only 12.162 ± 0.005 pc away from the Solar system with one of the 
lowest stellar activity levels known for M-dwarfs. A planet candidate was detected by TESS based on only 3 transits in sectors 
42, 43, and 57, with an ambiguity in the orbital period due to observational gaps. We performed follow-up transit observations 
with CHEOPS and ground-based photometry with MINERVA-Australis, SPECULOOS, and Purple Mountain Observatory, 
as well as further TESS observations in sector 70. We statistically validate Gliese 12 b as a planet with an orbital period of 
12.76144 ± 0.00006 d and a radius of 1.0 ± 0.1 R ⊕, resulting in an equilibrium temperature of ∼315 K. Gliese 12 b has excellent 
future prospects for precise mass measurement, which may inform how planetary internal structure is affected by the stellar 
compositional environment. Gliese 12 b also represents one of the best targets to study whether Earth-like planets orbiting cool 
stars can retain their atmospheres, a crucial step to advance our understanding of habitability on Earth and across the galaxy. 
Key words: planets and satellites: detection – planets and satellites: terrestrial planets – techniques: photometric – stars: indi- 
vidual: Gliese 12 – planets and satellites: individual: Gliese 12 b. 

1  I N T RO D U C T I O N  
Our knowledge of terrestrial planets akin to Earth around stars 
beyond our own has progressed vastly since the beginning of the 
2010s. The Kepler mission revealed that these small planets are 
abundant around low-mass M-dwarf stars (Dressing & Charbonneau 
2015 ; Muirhead et al. 2015 ). This disco v ery has opened the doors to 
a wealth of study on small planets orbiting M-dwarfs throughout the 
last decade. M-dwarfs are especially well-suited for transiting planet 
detection and characterization due to their frequency in our galaxy, 
small size, and low luminosities. These properties of M-dwarfs result 
in advantages in detection efficiency due to nearer transiting systems, 
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deeper transits, and higher a priori geometric transit probability for 
temperate planets due to their closer orbital separations. 

A key uncertainty in our current knowledge of these planets 
is whether they can retain their atmospheres, a pre-requisite for 
their habitability (Seager & Deming 2010 ). The recently launched 
JWST (Gardner et al. 2006 ) is capable of detecting atmospheric 
features of such planets with transmission and emission spectroscopy, 
should the y e xist (Rieke et al. 2015 ). Ho we ver, JWST has so far 
observed featureless spectra for these planets (Lim et al. 2023 ; 
Lustig-Yaeger et al. 2023 ; May et al. 2023 ; Zieba et al. 2023 ). 
Though these null detections may intriguingly suggest that these 
planets lack atmospheres, their interpretation is complicated by 
signal-to-noise limitations and higher than anticipated effects of 
stellar contamination. Expanding the catalogue of terrestrial planets 
orbiting bright, nearby M-dwarfs will be crucial for resolving this 
uncertainty. 

The N ASA T ransiting Exoplanet Surv e y Satellite ( TESS ; Ricker 
et al. 2014 ) is performing an ongoing surv e y for transiting exoplanets 
across much of the sky. In contrast to the long-duration, deep- 
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and-narrow observing strategy of Kepler , TESS observes a much 
larger 2300 deg 2 area of the sky using its four refractive 10 cm 
CCD cameras, with sk y co v erage divided in time into ‘sectors’ with 
durations of 27.4 d. This means that TESS is sensitive to short-period 
planets orbiting bright stars. Furthermore, the red-optimized 600–
1000 nm TESS bandpass increases its photometric sensitivity for 
cool stars such as M-dwarfs (Ricker et al. 2014 ). 

TESS has disco v ered a significant number of small e xoplanets 
orbiting M-dwarfs throughout both its two-year prime mission and 
subsequent extended mission (e.g. G ̈unther et al. 2019 ; Kostov 
et al. 2019 ; Luque et al. 2019 ; Vanderspek et al. 2019 ; Win- 
ters et al. 2019 ; Cloutier et al. 2020 ; Gan et al. 2020 ; Gilbert 
et al. 2020 ; Shporer et al. 2020 ; Burt et al. 2021 ; Cloutier et al. 
2021 ; Trifonov et al. 2021 ; Silverstein et al. 2022 ; Gilbert et al. 
2023 ). TESS detections have demonstrated that terrestrial planets 
are common around the nearest M-dwarfs (Ment & Charbon- 
neau 2023 ), though the number of these planets detected around 
mid-late M-dwarfs ( < 0.3 R #) is lower than anticipated (Brady & 
Bean 2022 ). Now in its sixth year of operations, TESS contin- 
ues to extend its observational baseline as it re-observes much 
of the sky. This enables the discovery of new exoplanets with 
longer orbital periods and, hence, lower equilibrium tempera- 
tures. 

The CHaracterizing ExOPlanets Satellite ( CHEOPS ; Benz et al. 
2021 ) has found great success in taking precise transit photometry 
and determining accurate planetary parameters of TESS disco v eries 
that enables further characterization by JWST and other instruments 
(Lacedelli et al. 2022 ; Wilson et al. 2022 ; Tuson et al. 2023 ; 
F airnington et al. 2024 ; P alethorpe et al. 2024 ). CHEOPS utilizes 
a 30 cm telescope to perform high-precision, targeted photometry 
in order to refine transit ephemerides, ascertain orbital periods, and 
impro v e on the radius precision of planets detected by TESS and 
other transit surv e ys (Benz et al. 2021 ), as well disco v ering new 
planets. The larger aperture of CHEOPS compared to TESS also 
provides high-signal-to-noise transits that may be challenging or 
impossible to obtain from the ground. Due to TESS ’s scanning 
strategy, transits of longer period exoplanets are often missed, 
rendering the orbital period ambiguous. Follow-up observations 
by CHEOPS can ascertain the orbital periods of these planets. 
A network of ground-based photometers and spectrographs also 
complements CHEOPS in targeting TESS Objects of Interest (TOIs) 
in order to confirm, validate, and refine the characteristics of the 
systems. 

In this work, we present the disco v ery of a temperate (F 
= 1.6 ± 0.2 S ⊕) Earth-sized ( R b = 1.0 ± 0.1 R ⊕) planet orbiting the 
M-dwarf Gliese 12 found and validated through TESS and CHEOPS 
observations. Gliese 12 is bright ( V = 12.6 mag, K = 7.8 mag), nearby 
(12.162 ± 0.005 pc), and is characterized by low-magnetic activity; 
these factors establish Gliese 12 b as a prime target for further 
characterization, such as mass measurement via RV observations 
and atmospheric study through transmission spectroscopy. 

We organize this work as follows: In Section 2 , we de- 
tail the space- and ground-based photometry , spectroscopy , and 
imaging data for this target. In Section 3 , we compile and de- 
rive the properties of Gliese 12. Section 4 enumerates and pre- 
cludes the possible scenarios of a false-positive exoplanet detec- 
tion with the av ailable data, v alidating Gliese 12 b as a gen- 
uine exoplanet. We then describe our approach to modelling 
the transits of Gliese 12 b from the available data in Sec- 
tion 5 . In Section 6 , we comment on Gliese 12 b’s prospects 
for further study, including future mass measurement, atmospheric 
characterization, and this target’s utility to exoplanet demog- 

raphy . Finally , in Section 7 , we summarize and conclude the 
work. 
2  OBSERVATI ONS  
2.1 Photometry 
2.1.1 TESS 
Gliese 12 (TIC 52005579, TOI-6251) was first observed by TESS 
during ecliptic plane observations in sectors 42 and 43 of year 4 in 
its first extended mission (Ricker et al. 2014 ; Ricker 2021 ), between 
2021 August 21 and 2021 October 11 (BJD 2459447.19 – BJD 
2459498.39). It was then re-observed during sector 57 of year 5 in 
the second TESS extended mission between 2022 September 30 and 
2022 October 29 (BJD 2459852.85 – BJD 2459881.62). Over a total 
of 82.2 d, TESS observations of Gliese 12 were combined into 20 s 
cadence target pixel frames. 1 The data observed in sector 42 were 
taken on CCD 2 of camera 2, whilst the data observed in sectors 43 
and 57 were taken on CCD 3 of camera 1. 

The data were processed in the TESS Science Processing Op- 
erations Centre (SPOC; Jenkins et al. ( 2016 )) pipeline at NASA 
Ames Research Centre. The SPOC conducted a transit search of 
the TESS data upto sector 57 on 2023 February 04 with an adaptive, 
noise-compensating matched filter (Jenkins 2002 ; Jenkins et al. 2010 , 
2020 ). The search identified a Threshold Crossing Event (TCE) with 
12.76148 d period. The TCE was reported with a Multiple Event 
Statistic (MES) S/N statistic of 8.0, abo v e the lower limit of 7.1 
required for a TCE to undergo further vetting. An initial limb- 
darkened transit model was fitted (Li et al. 2019 ) and a suite of 
diagnostic tests were conducted to help assess the planetary nature 
of the signal (Twicken et al. 2018 ). The transit depth associated 
with the TCE was 1180 ± 173 ppm. Inspection of the SPOC Data 
Validation (DV) report reveals two possible periods for the transit 
signal, either 12.76 d or a factor of two larger (25.52 d), due to gaps 
in the photometry coincident with alternating transits. 

TESS photometry in sectors 42 and 43 was strongly affected 
by crossings of the Earth and Moon in the field-of-view (Faus- 
naugh et al. 2021a , b ). As a result observations of Gliese 12 in 
both sectors contain large mid-sector gaps, 7.6 d between BJD 
2459453.64 – BJD 2459461.24 in sector 42 and 5.1 d between 
BJD 2459482.11 – BJD 2459487.19 in sector 43 (Fig. 1 ), and 
there is likewise a large observing gap between the two sec- 
tors. The phasing of these gaps means that only one transit 
of the Gliese 12 planet candidate (BJD 2459497.18) was ob- 
served, with up to 3 transits falling outside of active observa- 
tion. During sector 57 TESS entered safe mode for 3.13 d be- 
tween BJD 2459863.28 – BJD 2459866.41; there are also three 
smaller gaps for data downlinks between BJD 2459860.58 –
BJD 2459860.80, BJD 2459867.25 – BJD 2459867.47, and BJD 
2459874.61 – BJD 2459874.82, spanning a total of 0.63 d (Faus- 
naugh et al. 2022 ). Two transits were successfully observed towards 
the beginning and end of sector 57 (BJD 2459854.51 and BJD 
2459880.03), ho we ver the location of a possible transit at BJD 
2459867.27 falls into the data gap caused by the second data 
downlink. 
1 This star has been observed by TESS as part of Guest Investigator pro- 
grammes G04033 (PI: Winters), G04148 (PI: Robertson), G04191 (PI: Burt), 
G04211 (PI: Marocco), and G04214 (PI: Cloutier) in year 4; programmes 
G05087 (PI: Winters), G05109 (PI: Marocco), and G05152 (PI: Cloutier) in 
year 5; and programme G06131 (PI: Shporer) in year 6. 
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Figure 1. TESS photometry of Gliese 12. Figure shows the 20 s cadence PDCSAP light curve for sectors 42, 43, and 57 and the 120 s cadence PDCSAP light 
curve for sector 70, where systematic errors have been remo v ed, but the resulting light curve has not been corrected for low-frequency variations such as stellar 
activity. Overplotted are the possible periods of the transiting planet, where the red solid line shows the transit centre, the orange dashed-dotted lines shows 
times consistent with a 12.76 and 25.52 d period, and the solid orange line shows times consistent with only a 12.76 d period. 

The incidence of these data gaps, visualized in Fig. 1 , caused 
the initial ambiguity in the orbital period between 12.76 and 
25.52 d. Despite this uncertainty, the TCE passed an initial triage 
with the TESS -ExoClass (TEC) classification algorithm 2 and was 
subsequently vetted by the TESS team. The TCE was then duly 
promoted to TOI (Guerrero et al. ( 2021 )) planet candidate status 
and alerted as TOI-6251.01 on 2023 April 03. The TOI was alerted 
with the 25.52 d period, but a note was included on the factor-of-two 
orbital period ambiguity. 

TESS observed Gliese 12 again in sector 70, during its second 
ecliptic plane surv e y in year 6. Observations were captured with a 
120 s cadence on CCD 3 of camera 2 between 2023 September 20 
and 2023 October 16 (BJD 2460208.79 – BJD 2460232.97). The 
TESS sector 70 photometry co v ers two consecutive transits of TOI- 
6251.01 (also known as Gliese 12 b) separated by 12.76 d, confirming 
the short-period orbital solution. 

For the photometric analysis, we download the TESS photometry 
from the Mikulski Archive for Space Telescopes (MASTs) 3 and 
use the Pre-search Data Conditioning Simple Aperture Photometry 
(PDCSAP; Smith et al. ( 2012 ); Stumpe et al. ( 2012 , 2014 )) light- 
curve reduced by the SPOC. We use the quality flags provided by the 
SPOC pipeline to filter out poor-quality data. 
2.1.2 CHEOPS 
To confirm and characterize the planet in the Gliese 12 system we 
obtained five visits covering transits of planet b with the CHEOPS 
spacecraft (Benz et al. 2021 ) through the CHEOPS AO-4 guest 
observers programmes with ID:07 (PI: Palethorpe) and ID:12 (PI: 
Venner). The observation log for our CHEOPS observations is 
presented in Table 1 . 
2 https:// github.com/ christopherburke/ TESS-ExoClass 
3 https:// archive.stsci.edu/ tess 

The data were processed using the CHEOPS Data Reduction 
Pipeline (DRP 14.1.3; Hoyer et al. 2020 ) that conducts frame 
calibration, instrumental and environmental correction, and aperture 
photometry using a pre-defined range of radii ( R = 15–40 ′′ ). For 
all visits of Gliese 12 we selected the DEFAULT aperture, which 
has a radius of 25 pixels. The DRP produced flux contamination 
(see Hoyer et al. 2020 and Wilson et al. 2022 for computation 
and usage) that was subtracted from the light curves. We retrieved 
the data and corresponding instrumental bases vectors, assessed the 
quality using the pycheops PYTHON package (Maxted et al. 2022 ), 
and decorrelated with the parameters suggested by this package, 
which can be found in Table 1 . Outliers were also trimmed from the 
light curves, with points that were 4 σ away from the median value 
remo v ed. We then used these detrended data for further analysis. 
Table 3 shows which of the possible periods the various CHEOPS 
transits co v er, whilst three of the transits observ ed occurred when 
both a 12.76 and 25.5 d period were possible, a further two transits 
were observed when only a 12.76 d period was possible, confirming 
this as the orbital period of Gliese 12 b. 
2.1.3 MINERVA-Australis 
We used three telescopes of the MINERVA-Australis array (Addison 
et al. 2019 ) in clear bands to simultaneously observe a full transit of 
Gliese 12 b on the night of 2023 September 11. Telescopes 1 and 2 
are both equipped with ZWO1600 CMOS cameras, each with a field 
of view of 27’ × 18’, and plate scale of 0.67 arcsec pixel –1 . Telescope 
3 is equipped with ZWO295 CMOS camera, with a field-of-view of 
21’ × 14’, and a plate scale of 0.3 arcsec pix el –1 . We used e xposure 
durations of 30 s for Telescope 1 and 2 and 60 s for telescope 3. 
We used astroImageJ (Collins et al. 2017 ) to extract the light 
curves. The aperture radii are ∼8.7” for all three telescopes. The 
observation of telescope 3 was interrupted during the transit event, 
therefore did not achieve the necessary precision for the independent 
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Table 1. Log of CHEOPS Observations of Gliese 12 b. The column T exp gives the exposure time in terms of the integration time per image multiplied 
by the number of images stacked onboard prior to download. N obs is the number of frames. Effic. is the proportion of the time in which unobstructed 
observations of the target occurred. R ap is the aperture radius used for the photometric extraction. RMS is the standard deviation of the residuals from the 
best fit after the DRP has been applied. The variables in the final column are as follows: time, t; spacecraft roll angle, φ, PSF centroid position, (x, y); 
smear correction, smear ; aperture contamination, contam ; image background level, bg . 
Start date Duration T exp N obs Effic. File key APER R ap RMS Decorrelation 
(UTC) (h) (s) (per cent) (pixels) (ppm) 
2023 Sep 24, T00:04 11.41 60 513 74.9 CH PR240007 DEFAULT 25 801 sin( φ), cos( φ), 

TG000101 V0300 contam, smear, bg 
2023 Oct 06, T18:20 12.76 60 481 62.8 CH PR240007 DEFAULT 25 846 t, t 2 , x, x 2 , y, y 2 , sin( φ), 

TG000102 V0300 sin(2 φ), cos( φ), cos(2 φ), 
contam, smear, bg 

2023 Oct 19, T16:33 6.80 60 222 54.3 CH PR240012 DEFAULT 25 752 t 2 , contam, smear, bg 
TG000701 V0300 

2023 Nov 14, T06:30 6.92 60 241 57.9 CH PR240012 DEFAULT 25 910 t, x, y, sin( φ), cos( φ), bg 
TG000702 V0300 

2023 Nov 27, T18:35 7.44 60 248 55.5 CH PR240012 DEFAULT 25 1114 t, x, y, sin( φ), cos( φ), bg 
TG000101 V0300 

detection of the transit. Thus, we do not include data from telescope 
3 for our global analysis. We detrend using the x- and y-positions, 
airmass, and quadratic time-series terms. A log of these observations 
and decorrelations can be found in Table 2 , and the possible period 
of the transiting planet co v ered by these observations can be found 
in Table 3 . 
2.1.4 SPECULOOS 
We observed two transits of Gliese 12 b with the SPECULOOS 
Southern Observatory (SSO; Delrez et al. 2018 ; Gillon 2018 ; Jehin 
et al. 2018 ; Murray et al. 2020 ; Sebastian et al. 2021 ). SSO is 
composed of four 1 m-class telescopes named after the Galilean 
moons (Io, Europa, Ganymede, and Callisto), it is located at ESO 
Cerro Paranal Observatory in Chile. The telescopes are identical, 
each equipped with a 2K ×2K Andor CCD camera with a pixel scale 
of 0.35 ′′ pixel –1 , resulting in a field-of-view of 12 ′ × 12 ′ . We obtained 
a transit of Gliese 12 b on 2023 September 23 with Europa with 
10 s exposures in the Sloan-r’ filter, totalling 1213 measurements. 
A second transit was obtained simultaneously with Io, Europa and 
Ganymede on the 2023 November 26, also with 10 s exposures in 
the Sloan-r’ filter. These observations represent 754, 741, and 751 
measurements, respectively. All the data analysis was done using 
a custom pipeline built with the prose 4 package (Garcia et al. 
2021 , 2022 ). We performed differential photometry and the optimum 
apertures were 3.26 ′′ , 3.45 ′′ , 3.23 ′′ , and 3.17 ′′ , respectively for the 
Europa observation on the night of the 2023 September 23, and the Io, 
Europa, and Ganymede observations on the night of 2023 No v ember 
26. A log of these observations and their decorrelation parameters 
can be found in Table 2 , and the possible period of the transiting 
planet co v ered by these observations can be found in Table 3 . 
2.1.5 Purple Mountain Observatory 
We observed one transit with Purple Mountain Observatory (PMO) 
on the night of 2023 September 01. The telescope is an 80 cm 
azimuthal-mounting high-precision telescope at PMO Yaoan Station 
in Yunnan Province, in the south-west of China. The telescope’s 
field of view is 11.8 arcmin. It is a Ritchey–Chretien telescope 
4 https:// github.com/ lgrcia/ prose 

with a 2048 ×2048 pixel PI CCD camera. The spatial resolution 
for each axis is 0.347 arcsec pixel –1 . We used the Ic broad-band filter 
for the observation. The cadence of the observations was 55 s and 
the exposure time was 50 s. A log of these observations and their 
decorrelation parameters can be found in Table 2 , and the possible 
period of the transiting planet co v ered by these observations can be 
found in Table 3 . 
2.2 Spectroscopy 
2.2.1 TRES 
We obtained an additional 4 observations of Gliese 12 via the 
Tillinghast Reflector Echelle Spectrograph (TRES; F ̋ur ́esz, Szentgy- 
orgyi & Meibom ( 2008 )) on the 1.5 m reflector at the Fred Lawrence 
Whipple Observatory in Arizona, USA. TRES is a fibre-fed echelle 
spectrograph with a spectral resolution of 44 000 o v er the wav elength 
range of 390–910 nm. The observations were taken between 2016 
October 13 and 2021 September 11 as part of the M-dwarf surv e y 
of Winters et al. ( 2021 ), using the standard observing procedure 
of obtaining a set of three science observations surrounded by 
ThAr calibration spectra. The science spectra were then combined 
to remo v e cosmic rays and wav elength calibrated using the ThAr 
spectra, with the extraction technique following procedures outlined 
in Buchhave et al. ( 2010 ). The spectra had signal-to-noise ratios 
(SNRs) in the range 20–24 (average SNR = 21) at ∼716 nm and are 
presented in Appendix Table A1 . 
2.2.2 HARPS-N 
We obtained 13 spectra for Gliese 12 with the HARPS-N spec- 
trograph ( R = 115 000) (Cosentino et al. 2012 ) installed on the 
3.6 m Telescopio Nazionale Galileo (TNG) at the Observatorio de 
los Muchachos in La Palma, Spain. These observations were taken 
between 2023 August 09 and 2023 October 01 (BJD 2460165.66 
– BJD 2460218.56) as part of the HARPS-N Collaboration’s Guar- 
anteed Time Observations (GTOs) programme. The observational 
strategy consisted of exposure times of 1800 s per observation. We 
obtained spectra with SNR in the range 12–35 (average SNR = 25) 
at 550 nm. 

The spectra were reduced with two different methods. The first 
used version 2.3.5 of the HARPS-N Data Reduction Software (DRS) 
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Table 2. Log of ground-based photometric observations of Gliese 12 b. The column T exp gives the exposure time in terms of the integration time per image 
multiplied by the number of images stacked onboard prior to download. N obs is the number of frames. The variables in the final column are as follows: time, 
t; position of the target star on the CCD (x, y), and the full width at half-maximum (FWHM) of the PSF. 
Start date Duration T exp N obs Observatory/Telescope Decorrelation 
(UTC) (h) (s) 
2023 Sep 11, T11:39 3.852 30.0 197 MINERVA T1 t, x, y, airmass 
2023 Sep 11, T11:39 3.852 60.0 266 MINERVA T2 t, x, y, airmass 
2023 Sep 24, T01:30 7.019 10.0 1207 SPECULOOS Europa t 2 , x 2 
2023 Nov 01, T13:01 3.000 55.0 210 PMO x, y, FWHM 
2023 Nov 27, T00:01 4.251 10.0 754 SPECULOOS Io airmass, FWHM 
2023 Nov 27, T00:02 4.234 10.0 741 SPECULOOS Europa t 
2023 Nov 27, T00:02 4.239 10.0 751 SPECULOOS Ganymede t 

Table 3. Log of photometric observations of Gliese 12 b relative to the 
possible period of the transiting planet. The Period column relates to the 
period ambiguity surrounding Gliese 12 b, where T 0 refers to the transit 
centre time of BJD 2459497.185, P 1 refers to the possible 12.76 d period, and 
P 2 refers to the possible 25.5 d period. 

Date Observatory/Telescope Period 
(UTC) 
2023 Sep 11 MINERVA (T1, T2) T 0 + 55 P 1 
2023 Sep 24 CHEOPS T 0 + 56 P 1 or T 0 + 28 P 2 
2023 Sep 24 SPECULOOS (Europa) T 0 + 56 P 1 or T 0 + 28 P 2 
2023 Oct 06 CHEOPS T 0 + 57 P 1 
2023 Oct 19 CHEOPS T 0 + 58 P 1 or T 0 + 29 P 2 
2023 Nov 01 PMO T 0 + 59 P 1 
2023 Nov 14 CHEOPS T 0 + 60 P 1 or T 0 + 30 P 2 
2023 Nov 27 CHEOPS T 0 + 61 P 1 
2023 Nov 27 SPECULOOS (Europa, T 0 + 61 P 1 

Ganymede, Io) 
(Dumusque et al. 2021 ), with a M4 mask used in the cross-correlation 
function (CCF), resulting in an RV RMS of 2.60 ms –1 and RV 
precision of 2.95 ms –1 . The second method used was the line-by- 
line (LBL) method (Artigau et al. 2022 ). The LBL code 5 performs a 
simple telluric correction by fitting a TAPAS model (Bertaux et al. 
2014 ), and has been shown to significantly impro v e the RV precision 
of M-dwarfs observed with optical RV spectrographs (Cloutier et al. 
2024 ). The LBL method resulted in an average RV RMS of 2.69 ms –1 , 
which is similar to that of the CCF method, ho we v er the av erage RV 
precision significantly impro v ed to 1.15 ms –1 . 

The HARPS-N data are presented in Appendix Table A2 , which 
includes the radial velocities as well as the activity indicators: FWHM 
of the CCF, the line Bisector Inverse Slope (BIS), H α, and the 
log R ′ HK converted from the S-index following Su ́arez Mascare ̃ no 
et al. ( 2015 ). RV observations with HARPS-N are still currently 
ongoing with the GTO programme and will be presented in a mass 
determination paper at a later date. 
2.3 High resolution imaging 
As part of our standard process for validating transiting exoplanets to 
assess the possible contamination of bound or unbound companions 
on the derived planetary radii (Ciardi et al. 2015 ), we observed 
Gliese 12 with high-resolution near-infrared adaptive optics (AO) 
imaging at Keck Observatory and with optical speckle observations at 
WIYN. 
5 https:// github.com/ njcuk9999/ lbl , version 0.61.0. 

2.3.1 Optical speckle at WIYN 
We observed Gliese 12 on 2018 No v ember 21 using the NN- 
EXPLORE Exoplanet Stellar Speckle Imager (NESSI; Scott et al. 
( 2018 )) at the WIYN 3.5 m telescope on Kitt Peak. NESSI is a dual- 
channel instrument and obtains a simultaneous speckle measurement 
in two filters. In this case, we used filters with central wavelengths 
of λc = 562 and 832 nm. The speckle data consisted of 5 sets of 
1000 40 ms exposures in each filter, centred on Gliese 12. These 
exposures were limited to a 256 × 256 pixel read-out section in each 
camera, resulting in a 4.6 × 4.6 arcsec field-of-view. Our speckle 
measurements, ho we ver, are further confined to an outer radius of 
1.2 arcsec from the target star due the fact that speckle patterns lose 
sufficient correlation at wider separation. To calibrate the shape of 
the PSF, similar speckle data were obtained of a nearby single star 
immediately prior to the observation of Gliese 12. 

We reduced the speckle data using a pipeline described by Howell 
et al. ( 2011 ). Among the pipeline products is a reconstructed image of 
the field around Gliese 12 in each filter. The reconstructed images are 
the basis of the contrast curves that set detection limits on additional 
point sources that may lie in close proximity to Gliese 12. These 
contrast curves are measured based on fluctuations in the noise-like 
background level as a function of separation from the target star. 
The data, including reconstructed images, were inspected to find any 
detected companion stars to Gliese 12, but none were found. We 
present the reconstructed images and contrast limits in Fig. 2 . 
2.3.2 Near-infrared AO at Keck 
The observations were made with the NIRC2 instrument on Keck-II 
behind the natural guide star AO system (Wizinowich et al. 2000 ) 
on 2023 August 05 in the standard 3-point dither pattern that is 
used with NIRC2 to a v oid the left lower quadrant of the detector 
which is typically noisier than the other three quadrants. The dither 
pattern step size was 3 ′′ and was repeated twice, with each dither 
offset from the previous dither by 0.5 ′′ . NIRC2 was used in the 
narrow-angle mode with a full field-of-view of ∼10 ′′ and a pixel 
scale of approximately 0.0099442 ′′ pixel –1 . The Keck observations 
were made in the Kcont filter ( λo = 2.2706; &λ = 0.0296 µm) with 
an integration time in each filter of 1 s for a total of 9 s. Flat fields 
were generated from a median average of dark subtracted dome flats. 
Sky frames were generated from the median average of the 9 dithered 
science frames; each science image was then sky-subtracted and flat- 
fielded. The reduced science frames were combined into a single 
combined image using a intrapixel interpolation that conserves flux, 
shifts the individual dithered frames by the appropriate fractional 
pixels; the final resolution of the combined dithers was determined 
from the FWHM of the point-spread function; 0.049 ′′ . To within the 
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Figure 2. The 5 σ contrast curves of WIYN/NESSI speckle high-resolution 
images at 562 nm (blue) and 832 nm (red), with insets showing the central 
region of the images centred on Gliese 12. 

Figure 3. Companion sensitivity for the near-infrared AOs imaging. The 
black points represent the 5 σ limits and are separated in steps of 1 FWHM; the 
purple represents the azimuthal dispersion (1 σ ) of the contrast determinations 
(see text). The inset image is of the primary target showing no additional 
close-in companions. 
limits of the AO observations, no stellar companions were detected. 
The final 5 σ limit at each separation was determined from the average 
of all of the determined limits at that separation and the uncertainty 
on the limit was set by the rms dispersion of the azimuthal slices at 
a given radial distance (Fig. 3 ). 
3  STELLAR  PROPERTIES  
Here, we present our determinations of the stellar properties of Gliese 
12. Our adopted parameters are summarized in Table 4 . 
3.1 Stellar parameters 
We estimate the mass and radius of Gliese 12 using the empirical 
relations of Mann et al. ( 2015 , 2019 ). To begin, we used the 
K s -band apparent magnitude from 2MASS (7.807 ± 0.020 mag; 

Skrutskie et al. 2006 ) and the stellar distance from the Gaia DR3 
parallax (12.162 ± 0.005 pc; Gaia Collaboration et al. 2023 ), to 
derive the corresponding absolute K s -band magnitude of M Ks = 
7.382 ± 0.020 mag. Using Mann et al. ( 2019 , equation 2 and tables 
6 & 7) we convert this into a stellar mass M = 0.241 ± 0.006 M #
(2.4 per cent uncertainty), and with Mann et al. ( 2015 , table 1 and 
equation 4) we determine R = 0.269 ± 0.008 R # (3.0 per cent 
uncertainty). From these values for the mass and radius we derive 
the stellar density ρ = 17 . 55 + 1 . 60 

−1 . 42 g cm −3 (9 per cent uncertainty) and 
surface gravity log g = 4.96 ± 0.03 cm s −2 . 

Our stellar mass and radius agree well with the values adopted 
in the TESS Input Catalogue (TIC; M = 0.242 ± 0.020 M #, R = 
0.269 ± 0.008 R #; Stassun et al. 2019 ), which is unsurprising as the 
TIC Cool Dwarf list uses the Mann et al. ( 2015 , 2019 ) M Ks relations 
to calculate these parameters (Stassun et al. 2019 ). Ho we ver, our 
estimate for the stellar density has a larger uncertainty than the TIC 
value (17.46 ± 0.12 g cm −3 ). The constraint on this parameter (0.7 
per cent uncertainty) appears implausibly precise considering the 
mass and radius uncertainties, so we prefer our characterization of 
the stellar density precision. As we use priors on the stellar density 
in our transit fits this bears significance for our global models (on 
which see Section 5 ). 

To further constrain the fundamental parameters of Gliese 12, we 
perform a fit to the stellar spectral energy distribution (SED). We use 
the astroARIADNE PYTHON package (Vines & Jenkins 2022 ) to 
fit the broad-band photometry of Gliese 12 to the following stellar 
atmosphere models: BTSettl-AGSS2009 (Allard, Homeier & Freytag 
2011 ), K urucz (K urucz 1992 ), and Castelli & K urucz ( ATLAS9 ) 
(Castelli & Kurucz 2003 ). This algorithm uses a Bayesian Model 
Averaging method to derive best fit stellar parameters from the 
weighted average of each model’s output. This is to mitigate the 
biases present in an individual model that correlate with the star’s 
spectral type. Additionally, mass and age are estimated via MIST 
isochrones (Choi et al. 2016 ). We assign a broad Gaussian prior 
of 3376 ± 157 K on T eff from the TIC (Stassun et al. 2019 ), and 
a prior of [Fe/H] = −0.29 ± 0.09 from Maldonado et al. ( 2020 ). 
From this analysis, we find values of T eff = 3253 ± 55 K and L = 
0.0074 ± 0.008 L # for Gliese 12, which we adopt in Table 4 . 
3.2 Kinematics 
We calculate the space velocities of Gliese 12 relative to the sun 
following Johnson & Soderblom ( 1987 ), adopting stellar positions 
and velocities as in Table 4 . We find ( U , V , W ) = ( −51.11 ± 0.02, 
+ 27.31 ± 0.03, −31.62 ± 0.04) km s −1 , where U is defined as 
positive in the direction of the galactic centre, V is positive towards 
the galactic rotation, and W is positive in the direction of the north- 
galactic pole. Assuming values for the solar space velocities from 
Sch ̈onrich, Binney & Dehnen ( 2010 ), we then find space motions 
relative to the local standard of rest of ( U LSR , V LSR , W LSR ) = 
( −40.0 ± 0.8, + 39.5 ± 0.5, −24.3 ± 0.4) km s −1 . Following the 
membership probabilities established by Bensby, Feltzing & Lund- 
str ̈om ( 2003 ) these kinematics, in particular the strongly positive 
value of V LSR , are consistent only with thin-disc membership for 
Gliese 12. Ho we ver, its kinematics are comparati vely hot for a thin- 
disc star; its V tot ≡ √ 

U 2 LSR + V 2 LSR + W 2 LSR ≈ 61 km s −1 belongs to 
the upper end of values found among nearby M-dwarfs (Newton 
et al. 2016 ; Medina et al. 2022 ). This suggests a relatively old age 
for Gliese 12. 

We may extend this further by employing quantitative UVW –age 
relationships, such as that of Almeida-Fernandes & Rocha-Pinto 
( 2018 ) or Veyette & Muirhead ( 2018 ). These two relations are 
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Table 4. Stellar parameters of Gliese 12. 
Parameter Value Reference 
Gliese 12 Gliese ( 1956 , 1969 ) 
Giclas (G) 32–5 Giclas, Slaughter & Burnham ( 1959 ); Giclas, Burnham & Thomas ( 1971 ) 
LHS 1050 Luyten ( 1976 ) 
2MASS 00154919 + 1333218 Skrutskie et al. ( 2006 ) 
Gaia DR3 2 768 048 564 768 256 512 Gaia DR3 
TIC 52 005 579 Stassun et al. ( 2019 ) 
TOI 6251 Guerrero et al. ( 2021 ) 
R.A. 00:15:49.24 Gaia DR3 
Dec. + 13:33:22.32 Gaia DR3 
( (mas) 82.194 ± 0.032 Gaia DR3 
Distance (pc) 12.162 ± 0.005 Derived 
µα (mas yr −1 ) + 618.065 ± 0.039 Gaia DR3 
µδ (mas yr −1 ) + 329.446 ± 0.034 Gaia DR3 
RV (km s −1 ) + 51.213 ± 0.0036 Soubiran et al. ( 2018 ) 
U (km s −1 ) −51.11 ± 0.02 This work 
V (km s −1 ) + 27.31 ± 0.03 This work 
W (km s −1 ) −31.62 ± 0.04 This work 
Spectral type M3.5V L ́epine et al. ( 2013 ) 

M4V Newton et al. ( 2014 ) 
G (mag) 11.399 ± 0.003 Gaia DR3 
BP (mag) 12.831 ± 0.003 Gaia DR3 
RP (mag) 10.227 ± 0.004 Gaia DR3 
B (mag) 14.265 ± 0.038 Stassun et al. ( 2019 ) 
V (mag) 12.600 ± 0.042 Stassun et al. ( 2019 ) 
T (mag) 10.177 ± 0.007 Stassun et al. ( 2019 ) 
J (mag) 8.619 ± 0.002 Skrutskie et al. ( 2006 ) 
H (mag) 8.068 ± 0.026 Skrutskie et al. ( 2006 ) 
K s (mag) 7.807 ± 0.020 Skrutskie et al. ( 2006 ) 
M ( M #) 0.241 ± 0.006 This work 
R ( R #) 0.269 ± 0.008 This work 
ρ (g cm −3 ) 17 . 55 + 1 . 60 

−1 . 42 This work 
log g (cm s −2 ) 4.96 ± 0.03 This work 
T eff ( K) 3253 ± 55 This work 
L ( L #) 0.0074 ± 0.0008 This work 
[Fe/H] (dex) −0.29 ± 0.09 Maldonado et al. ( 2020 ) 
Age (Gyr) 7 . 0 + 2 . 8 −2 . 2 This work 
log R ′ HK −5.68 ± 0.12 This work 

calibrated to the UVW velocity dispersion-versus-isochrone age for 
the sun-like stars from the Gene v a–Copenhagen surv e y (Nordstr ̈om 
et al. 2004 ; Casagrande et al. 2011 ). For the measured UVW space 
velocities of Gliese 12, these relations return kinematic ages of 
6 . 3 + 4 . 1 

−3 . 1 Gyr (Almeida-Fernandes & Rocha-Pinto 2018 ) or 7 . 0 + 2 . 8 
−2 . 2 Gyr 

(Veyette & Muirhead 2018 ). These estimates are consistent with an 
older, most likely super-solar age for Gliese 12. We adopt the age 
from the Veyette & Muirhead ( 2018 ) relation for this star. 
3.3 Stellar activity 
We measured the S-index of Gliese 12 from the 13 HARPS-N spectra 
(Appendix Table A2 ) and, following the method outlined in Su ́arez 
Mascare ̃ no et al. ( 2015 ), used them to compute the values of log R ′ HK . 
During the observation span of Gliese 12, we find an average log R ′ HK 
of −5.68 ± 0.12. In comparison with the M-dwarf sample studied 
by Mignon et al. ( 2023 ), Gliese 12 lies far towards the lower end 
of the observed distribution in log R ′ HK . The S-index and associated 
log R ′ HK are traditionally seen as an excellent indicator for a star’s 
magnetic cycle and overall activity level, implying a low-level of 
stellar activity for Gliese 12. 

We also use the average value of log R ′ HK to estimate the expected 
rotational period of Gliese 12. Using the log R ′ HK − P rot relation 
for M3.5–M6 dwarfs from Su ́arez Mascare ̃ no et al. ( 2018 ), we find 
an estimated rotational period of 132 + 37 

−25 d. We point out that this 
estimate comes from a calibration relation and that the true rotation 
period may thus be outside these bounds. The rotational period of 
Gliese 12 has previously been measured from MEarth photometry 
as 78.5 d (Irwin et al. 2011 ) or 81.2 d (Newton et al. 2016 ). There 
are various possibilities for the discrepancies between the Su ́arez 
Mascare ̃ no et al. ( 2018 ) prediction and measured values, for example, 
the manifestation of the rotation period in the data may not be the 
same as the physical rotation period (Nava et al. 2020 ). Alternatively, 
the log R ′ HK of Gliese 12 varies o v er time due to a magnetic cycle 
(Mignon et al. 2023 ), therefore if it has been presently observed at a 
lo w v alue, then the predicted rotational period could be brought into 
agreement with the observed one. 

Finally, we performed a Bayesian Generalized Lomb–Scargle 
(BGLS) analysis (Boisse et al. 2011 ; Mortier et al. 2015 ) on the TESS 
SAP and PDCSAP photometry to search for any stellar variability, 
but did not detect any significant modulation. Ho we ver, this analysis 
is adversely affected by the short ∼27 d baseline of the TESS sectors. 
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Figure 4. Historical images of the field surrounding Gliese 12. Left: 2MASS 
J band image from 1998 (Skrutskie et al. 2006 ) Right: DSS image from 1949 
(Lasker et al. 1990 ). The blue circle indicate the location of Gliese 12 when 
it was observed by TESS . The blue cross indicates the location of Gliese 12 
when it was observed by 2MASS. Blue dots indicate all the other stars in 
the field-of-view within & T Mag 7.5 of Gliese 12. A background eclipsing 
binary that can mimic the 1.1 ppt transit signal needs to be within & T Mag 
7.5 of Gliese 12. These images can be used to rule out the existence of such 
stars when TESS is observing Gliese 12. 
Visual inspection of the TESS light-curves also shows no significant 
evidence for flares, which is expected for inactive M-dwarfs in TESS 
(Medina et al. 2020 ) and consistent with a lo w-magnetic acti vity le vel 
for Gliese 12. This is consistent with the picture of an old stellar age 
(Medina et al. 2022 ). 
4  PL A N ET  VA LIDATION  
To ascertain the planetary nature of Gliese 12 b, we enumerate below 
se veral false-positi ve scenarios that we can rule out from the available 
evidence: 

(i) The disco v ery transit ev ent is not an artefact of TESS instrument 
systematics: We can rule this out from five independent CHEOPS 
visits and three ground-based observations that successfully detect a 
transit. 

(ii) Gliese 12 b is not a stellar companion: The radial velocities 
from the TRES spectra, presented in Appendix Table A1 , vary by 
only 50 ms –1 , largely ruling out a stellar companion and moti v ating 
further observations with HARPS-N. From our HARPS-N radial- 
velocity measurements outlined in subsection 2.2.2 and presented 
in Appendix Table A2 , we find that the data has an rms of only 
2.60 ms –1 . From the peak-to-peak scatter in the RV observations, we 
can place an upper limit on the companion mass of < 10 M ⊕, well 
below the substellar limit. We also use TRICERATOPS (Giacalone 
et al. 2021 ) to estimate the False Positive Probability (FPP) for Gliese 
12 b. From TRICERATOPS we obtain a very low FPP of < 5 × 10 −4 . 

(iii) The transit event is not caused by a background eclipsing 
binary: We can preclude this scenario from archi v al imaging and high 
proper motion of Gliese 12. In archi v al images of Gliese 12 taken by 
DSS and 2MASS, we see no resolved sources in the TESS epoch sky 
position of Gliese 12 within & T < 7.6 mag out to 25 arcsec (Fig. 4 ). 
This is the minimum brightness difference required of an eclipsing 
binary to generate an eclipse that can be diluted to our observed transit 
depth of 1.1 ppt. We note that no sources exist in the Gaia Archive 
(Gaia Collaboration et al. 2023 ) within 25 arcsec down to G mag 20. 
Any resolvable sources within this radius would be too faint to cause 
significant contamination in the transit photometry. In addition, our 
high-resolution AO (subsection 2.3 ) reveals no companion sources 
within & K mag of 6.5 farther than 0.5 arcsec from Gliese 12. The 
SPOC DV difference image centroid offset (Twicken et al. 2018 ) 

locates the source of the transit signal within 9.9 ± 8.5 arcsec of 
Gliese 12 and excludes all TIC objects within & T mag of 7.6 as 
potential transit sources. 

(iv) Gliese 12 b does not host a widely separated companion that is 
an eclipsing binary: If the flux from Gliese 12 were diluted by a bound 
hierarchical companion, the spectra in subsection 2.2.2 would reveal 
its presence unless it were smaller than Gliese 12. Our FPP estimate 
with TRICERATOPS incorporates a computation of the probability 
of this scenario (PEB and PEB ×2P) from the shape of the transit 
model. Our low FPP from TRICERATOPS therefore constrains this 
scenario as well. Furthermore, our high-resolution AOs and speckle 
imaging in subsection 2.3 reveal no companion sources down to K 
mag = 13.8 at 0.2 arcsec. We can therefore confidently rule this 
scenario out. 
5  PLANET  M O D E L L I N G  
We model the transits of Gliese 12 b using the available photometry 
from TESS , CHEOPS , MINERVA, and SPECULOOS. We first 
obtain our prior on the stellar density ρ from Table 4 to apply to 
our transit model. 

Using the ensemble MCMC implemented in EMCEE (Foreman- 
Mackey et al. 2013 ), we simultaneously model the transit and 
apply least-squares detrending for the CHEOPS , MINERVA, and 
SPECULOOS data. We use the transit model from Mandel & Agol 
( 2002 ), implemented by Kreidberg ( 2015 ) in the BATMAN package, 
supersampling by a factor of 2 for the TESS 20 s cadence data, by a 
factor of 12 for the TESS 120 s cadence data, and by a factor of 4 for 
all CHEOPS and ground-based data. We sample different quadratic 
limb darkening coefficients for the different bandpasses of the 
TESS , CHEOPS , MINERVA, SPECULOOS, and PMO photometry, 
respectively. We obtain Gaussian prior means and standard deviations 
on limb darkening coefficients from Claret ( 2017 , 2021 ), using values 
from Table 4 for T eff , log g , and metallicity. For the TESS , CHEOPS , 
MINERVA, SPECULOOS, and PMO data we adopt TESS , CHEOPS , 
full optical, and Sloan r’ filter bandpasses, respectively in order to 
generate our prior. 

We additionally used dynamic nested sampling through the 
PyORBIT 6 package (Mala v olta et al. 2016 , 2018 ), which uses 
dynesty (Speagle 2020 ) to model planetary and stellar activity 
signals and obtain best fit activity and planet parameters. PyORBIT 
makes use of the BATMAN PYTHON package for fitting the transit to 
the photometric data, where we assumed a quadratic stellar intensity 
profile for fitting the limb darkening coefficients, and an exposure 
time of 20.0 s for the TESS observations in sectors 42, 43, and 57, 
120.0 s for TESS sector 70, 30.0 s for the CHEOPS observations, 
30.0 and 60.0 s for the MINERVA telescopes 1 and 2 observations, 
respectively, 10.0 s for the Europa, Ganymede, and Io SPECULOOS 
observations, and 55.0 s for the PMO observations, as inputs to 
the light-curve model. The priors placed on the limb-darkening 
coefficients were calculated using interpolation from Claret ( 2017 , 
table 25) for the TESS light curves from Claret ( 2021 , table 8) for 
the CHEOPS light curv es. F or the EMCEE fit we apply Gaussian 
priors on limb darkening, while for the dynesty fit we apply 
these as uniform priors. This is because recent empirical constraints 
have been in conflict with standard theoretical estimates of limb 
darkening for cool stars (Patel & Espinoza 2022 ). We therefore use 
the PyORBIT model as confirmation that these potential problems 
do not significantly impact our posterior estimates. 
6 https:// github.com/ LucaMala v olta/PyORBIT , version 8. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/1/1276/7679807 by U
niversity of C

olorado user on 18 April 2025

https://github.com/LucaMalavolta/PyORBIT


1284 S. Dholakia et al. 

MNRAS 531, 1276–1293 (2024) 

Table 5. Planetary properties calculated from the combined transit fit. All limb darkening priors are normal for EMCEE and uniform for dynesty. We adopt 
the EMCEE values due to the more conservative parameter uncertainty on R p . 
Parameter EMCEE dynesty Source 
Fitted parameters 
T 0 (BJD) 2459497.184 ± 0.003 2459497 . 182 + 0 . 003 

−0 . 002 Measured (uniform prior) 
P (days) 12.76144 ± 0.00006 2 . 76142 + 0 . 00005 

−0 . 00006 Measured (uniform prior) 
R p / R ∗ 0.034 ± 0.002 0.031 ± 0.001 Measured (uniform prior) 
b 0.80 ± 0.07 0 . 67 + 0 . 04 

−0 . 05 Measured (uniform prior) 
ρ∗ (g cm –3 ) 17.4 ± 0.6 7 . 4 + 1 . 3 −1 . 4 Measured (normal prior from Table 4 ) 
a / R ∗ 53.1 ± 0.6 53 . 4 + 1 . 5 −1 . 6 Measured (uniform prior) 
Derived properties 
R p (R ⊕) 1.03 ± 0.11 0.91 ± 0.04 Derived 
i (degrees) 89.12 ± 0.07 89 . 28 + 0 . 06 

−0 . 05 Derived 
a (au) 0.066 ± 0.002 0.067 ± 0.003 Derived 
T eq (K) 315 ± 5 315 ± 10 Derived (assuming A B = 0) 
T eq (K) 287 ± 5 290 ± 9 Derived (assuming A B = A ⊕) 
F (S ⊕) 1.6 ± 0.2 1.6 ± 0.2 Derived 
Limb darkening coefficients 
q1 TESS 0.40 ± 0.20 0 . 60 + 0 . 27 

−0 . 32 Measured (Claret ( 2017 ) prior) 
q2 TESS 0.12 ± 0.07 0 . 32 + 0 . 35 

−0 . 23 Measured (Claret ( 2017 ) prior) 
q1 CHEOPS 0.60 ± 0.10 0 . 35 + 0 . 27 

−0 . 22 Measured (Claret ( 2021 ) prior) 
q2 CHEOPS 0.17 ± 0.06 0 . 64 + 0 . 26 

−0 . 38 Measured (Claret ( 2021 ) prior) 
q1 MINERVA 0.60 ± 0.10 0 . 60 + 0 . 27 

−0 . 35 Measured 
q2 MINERVA 0.21 ± 0.06 0 . 53 + 0 . 32 

−0 . 35 Measured 
q1 SPECULOOS 0.70 ± 0.20 0 . 71 + 0 . 21 

−0 . 33 Measured 
q2 SPECULOOS 0.26 ± 0.07 0 . 61 + 0 . 28 

−0 . 37 Measured 
q1 PMO 0.50 ± 0.20 0 . 53 + 0 . 32 

−0 . 36 Measured 
q2 PMO 0.26 ± 0.07 0 . 51 + 0 . 33 

−0 . 34 Measured 
Inferred planetary parameters from the fit for both EMCEE and 

dynesty are shown in Table 5 , alongside the priors implemented. 
We find that the results of the two methods are consistent to 1 σ
across all planetary parameters. We note that a difference in errors 
for our derived planetary radii is due to differences in our sampling 
techniques’ tendencies to handle deviations from Gaussianity in our 
posterior distributions. We adopt our final parameters from the model 
with the more conserv ati ve parameter uncertainty on R p , which is the 
EMCEE fit. From this, we find Gliese 12 b to be a small, temperate 
(1.0 ± 0.1 R ⊕, 315 ± 5 K) planet with a 12.76144 ± 0.00006 d orbital 
period. Fig. 5 shows the phase-folded light curves for the TESS , 
CHEOPS , MINERVA, SPECULOOS, and PMO data along with the 
best-fitting transit models using EMCEE sampling method. The phase- 
folded light curves and best-fitting transit models obtained from the 
dynesty sampling method for the data can be found in Fig. B1 of 
Appendix B . 
6  DISCUSSION  
6.1 Prospects for mass measurement and interior composition 
We use the results of the global photometric analysis (see Table 5 ) 
to predict the expected planetary mass and radial velocity semi- 
amplitude of the planet. Otegi, Bouchy & Helled ( 2020 ) present a 
mass–radius relation that is dependent on the density of the planet 
( ρb ): 
M b [M ⊕] = (0 . 90 ± 0 . 06) R b (3 . 45 ±0 . 12) if ρb > 3 . 3 gcm −3 . (1) 

The high-density case is applicable when the planet has a rocky 
composition, and assuming this, the planet would have a mass of 
0 . 88 + 0 . 39 

−0 . 26 M ⊕, leading to a semi-amplitude of only 0 . 57 + 0 . 26 
−0 . 17 ms −1 . 

Given the brightness of the star, V (mag) = 12 . 600 ± 0 . 042, and 
following the early observations from HARPS-N, the predicted pre- 
cision on the RV measurements with continued HARPS-N observa- 
tions is 1.15 ms −1 with a 30 min integration time. The planetary signal 
should thus be detectable with sufficient observations taken with a 
high-resolution high-stability spectrograph. Assuming a circular or- 
bit and no correlated noise, we calculate that for a 3 σ mass detection 
approximately 200 HARPS-N RV observations would be needed, 
with 30 min per observation, leading to a total of approximately 
100 h of telescope time. For a 5 σ mass detection, approximately 
600 RV observations would be needed, leading to 300 h of telescope 
time. Whilst these calculations are specific to HARPS-N, there are 
other instruments capable of doing this, including those with better 
stability such as ESPRESSO. 

The abo v e estimates might be slightly optimistic since they 
ignore the possible impact of stellar acti vity. Ho we ver, we highlight 
that thanks to the lo w-acti vity le vel of Gliese 12, the expected 
stellar-induced RV rms should only be 0 . 27 + 0 . 25 

−0 . 14 ms –1 (using an 
extrapolation of the relations in Hojjatpanah et al. ( 2020 )). This 
allows for the small planetary signal to be detectable in the data. 
Additional planets in the system, including non-transiting ones, may 
also be detectable through RV observations as multiplanet systems 
are common for M-dwarfs, and compact multisystems are also more 
common around low-metal stars (Anderson et al. 2021 ), such as 
Gliese 12. 
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Figure 5. Phased transits of Gliese 12 b from fit results obtained with EMCEE . The red lines represent the transit from the best fit MCMC model. The purple 
data points are binned into 10 min intervals for TESS and CHEOPS and 11.5 min intervals for the ground-based data. The top left panel shows five phased TESS 
transits, with the grey points representing the data binned down to 2 min cadence. The top right panel shows five phased CHEOPS transits of this target. The 
bottom left panel shows the MINERVA-Australis data. The bottom-centre panel shows the SPECULOOS data, and the bottom right panel shows the PMO data. 

With a measured mass and thus bulk density, the planet’s interior 
structure can be studied. The density and internal structures of 
Earth-like planets around metal-poor stars, such as Gliese 12 b, 
is important as recent observational studies have found potential 
compositional trends (Chen et al. 2022 ; Wilson et al. 2022 ) that may 
be imprints of planet formation or evolution (Owen & Jackson 2012 ; 
Owen & Murray-Clay 2018 ). Adibekyan et al. ( 2021 ) found that 
planet density is correlated with stellar iron mass fraction for Earth- 
like bodies, which provides evidence that the stellar compositional 
environment affects planetary internal structure. Different interior 
structure compositions due to formation environment variations 
could impact potential habitability (F ole y & Driscoll 2016 ). Planets 
around metal-poor stars may have small metallic cores and larger 
mantles compared to Earth and thus have weaker magnetic fields 
and increased volcanism. Ho we ver, this is not well-understood as in 
the low-metallicity regime this trend is only anchored by two well- 
characterized planets (Mortier et al. 2020 ; Lacedelli et al. 2022 ), with 
none as small or cold as Earth. Therefore, by combining our precise 
radius measurement with an accurately measured mass of Gliese 12 
b, we will be able to potentially verify a fundamental underlying 
process sculpting small planets, including our own Earth, across the 
galaxy. 
6.2 Prospects for atmospheric characterization 
Gliese 12 b is among the most amenable temperate (1.6 ± 0.2 S ⊕), 
terrestrial (1.0 ± 0.1 R ⊕) planets for atmospheric spectroscopy 
disco v ered to date. Its proximity to the Solar system (12 pc), high 
apparent brightness ( K = 7.8 mag), and relati vely lo w-acti vity le vel 
make it an ideal candidate for future transmission spectroscopy with 
JWST . It is also unique in its parameter space for being exceptionally 
bright yet temperate (Fig. 6 ), making it ideal for characterization. 

So far, the TRAPPIST-1 system (Gillon et al. 2017 ) and the TOI- 
700 system (Gilbert et al. 2020 ; Rodriguez et al. 2020 ; Gilbert 
et al. 2023 ) have been the most well-studied exoplanet systems 
harbouring Earth-sized, temperate planets ( ! 500 K, ! 1.6 R ⊕). The 
JWST emission spectrum of TRAPPIST-1c disfa v ours a thick CO 2 - 
dominated atmosphere, although the presence of higher molecular 
weight species cannot be constrained (Zieba et al. 2023 ). Other 
temperate planets in the TRAPPIST-1 system are planned to be 
targeted in JWST transmission and emission spectroscopy. The 
Transmission Spectroscopy Metric (TSM; Kempton et al. ( 2018 )) 
was created as a heuristic to assess the amenability of TESS planets to 
transmission spectroscopy measurements. The TSM value of Gliese 
12 b, using the mass–radius relation presented in equation ( 1 ) is 
approximately 20. In comparison, the TRAPPIST-1 planets d, e, f, g, 
and h present TSM values between 15 and 25. The TOI-700 system, 
ho we ver, has been shown to be just out of the reach of JWST ’s 
capabilities (Suissa et al. 2020 ), with a TSM of less than 5. Gliese 
12 is both closer , brighter , and lower activity than TRAPPIST-1 or 
TOI-700, enabling uniquely constraining observations of its planet’s 
atmosphere. 

Just outside these equilibrium temperature and/or planetary radius 
bounds, JWST transmission spectroscopy has returned mixed results 
for atmospheric detection on different planets around M-dwarfs. LHS 
475 b, though much hotter than Gliese 12 b, has been observed to have 
a featureless spectrum by JWST so far (Lustig-Yaeger et al. 2023 ). 
For the hot super-Earth GJ 486b, the JWST transmission spectrum 
contains tantalizing features that may be interpreted either as a water 
rich atmosphere or contamination from unocculted star-spots (Moran 
et al. 2023 ). 

Contamination from stellar activity represents an important noise 
floor for detections of atmospheres around terrestrial planets, par- 
ticularly for terrestrial planets around M-dwarfs (Rackham, Apai & 
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Figure 6. Gliese 12 is amongst the brightest stars (in K band) hosting a temperate Earth-sized planet. Only planets with radii between 0.7 and 1.6 R ⊕ and 
insolation flux between 0.1 and 10 S ⊕ on the Exoplanet Archive as of 2024 January 03 are shown in the figure. The star represents Gliese 12 b and other notable 
Earth-sized planets are labeled. The TRAPPIST-1 planets in order from left to right are b, c, d, e, f, g, and h. 
Giampapa 2018 ). Most M-dwarfs and many other stars present non- 
uniform stellar photospheres due to the presence of large spots. These 
spots typically introduce photometric variability on a scale greater 
than 1 per cent of the total stellar flux. For these stars, unocculted 
spots introduce positive features in transmission spectra, which 
can mimic signatures due to molecular absorption in the planet’s 
atmosphere (e.g. Moran et al. 2023 ). This problem has been noted 
recently with JWST in efforts to constrain temperate, terrestrial planet 
atmospheres for the TRAPPIST-1 system (Lim et al. 2023 ). Gliese 
12 is well monitored by both ground-based photometry and spec- 
troscopy, sho wing a lo w-acti vity le vel for M-dwarfs and slow rotation 
in comparison to the Mignon et al. ( 2023 ) sample which featured 
only 7 stars with a lower log R ′ HK (subsection 3.3 ). Compared to the 
other similar systems, such as TOI-700 and TRAPPIST-1, the lack 
of visible star-spot variability in the light curves, very low magnetic 
acti vity indicators, and slo w rotation means that contamination in the 
planetary spectra from stellar spots will likely be far lower, making 
any interpretation of spectra features more tractable. 

Whilst no high-molecular weight atmosphere has yet been detected 
on such a planet, the atmospheres of Venus and the Earth in the Solar 
system hint at the possible diversity of such atmospheres elsewhere. 
M-dwarfs are the most numerous stellar type in our galaxy, and 
terrestrial planets around them are commonplace (Dressing & Char- 
bonneau 2015 ). The atmospheric compositions of true solar system 
analogues will be inaccessible for the foreseeable future. Therefore, 
studies of cool, rocky planets around M-dwarfs – similar in insolation 
and mass to Earth and Venus – will provide insight into the formation 
of our Solar system and the diverse atmospheres of the terrestrial 
planets. H 2 O, CO 2 , and CH 4 features in the atmospheres of such 
planets would also be accessible to JWST (Wunderlich et al. 2019 ). 

A key question in the study of the habitability of planets around 
M-dwarfs is these planets’ capacity to retain an atmosphere in the 
face of high-stellar activity. Due to high XUV flux and flares from 

the stars, it has been hypothesized that the planetary atmospheres 
are photoe v aporated ef ficiently, e ven for temperate planets (e.g. 
Zahnle & Catling 2017 ; Lincowski et al. 2018 ). The degree and extent 
to which this occurs is still poorly understood. JWST atmospheric 
studies of Gliese 12 b therefore presents a valuable opportunity to 
make constraining measurements of a temperate, terrestrial planet’s 
atmosphere, towards understanding the requisites of habitability for 
planets around M-dwarfs. 
6.3 Prospects for habitability 
As the closest temperate, Earth-sized transiting planet to the Solar 
system, a key open question is the potential for Gliese 12 b to maintain 
temperatures suitable for liquid water to exist on its surface. With 
an insolation between the Earth and Venus’s (F = 1.6 ± 0.2 S ⊕), 
this planet’s surface temperature would be highly dependant on its 
atmospheric conditions. It is also unknown whether Gliese 12 b 
is tide-locked or exists in a spin-orbit resonance, which may also 
impact the retention of water in the planet’s evolutionary history 
(Pierrehumbert & Hammond 2019 ). Gliese 12 b occurs just inward 
of the habitable zone as defined by Kopparapu et al. ( 2013 ) due to 
the predicted efficiency of water-loss around M-dwarfs. Ho we ver, 
Gliese 12 b may well be within the recent Venus limit of its host star 
(Fig. 7 ) with an insolation flux of F = 1.6 ± 0.2 S ⊕, less than 1 σ away 
from the 1.5 S ⊕ limit calculated from Kopparapu et al. ( 2013 ). This 
limit is regarded in that analysis as an optimistic habitable zone due 
to Venus’s potential for habitability in the past history of the Solar 
system. Thus the available evidence does not rule out that Gliese 12 
b is potentially habitable. 

Due to its proximity to the recent Venus limit, this target may be 
a valuable calibration point for theoretical estimates of water-loss, 
which define the inner edge of the habitable zone. In particular, Gliese 
12 b is well-suited to study the di vergent e volutionary pathways 
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Figure 7. Planetary radius versus distance, insolation, and stellar radius, respectively. Planets were taken from the Extrasolar Planets Encyclopaedia, with those 
orbiting M-dwarfs highlighted as pink squares, and the rest shown as grey circles. Gliese 12 b is highlighted by the white star in the purple square. The orange 
hexagons correspond to the TRAPPIST-1 planets; nearby planets around small stars that are most accessible to characterization by the JWST . The green-shaded 
region in B is the M-dwarf habitable zone, the black-dashed line corresponds to a run-away greenhouse atmosphere, and the dark red-dashed line corresponds to 
recent Venus (Kopparapu et al. 2013 ). We note that this habitable zone is only appropriate for planets orbiting M-dwarfs. The size of each marker is proportional 
to the transit depth and hence observational accessibility. 
of the atmospheres of Earth and Venus. While Earth retained its 
w ater, the runaw ay greenhouse effect on Venus led to w ater escape 
and photodissociation (Ingersoll 1969 ). If a runaway greenhouse 
effect is in progress, signatures may be detectable in the UV-band as 
an extended hydrogen exosphere (Bourrier et al. 2017a , b ). A null 
detection of water could hint that such a process has already occurred, 
as on Venus. Alternatively, a detection of water would imply that the 
water-loss boundary is inward of the estimates by Kopparapu et al. 
( 2013 ). 
7  C O N C L U S I O N S  
In this paper, we have reported on the discovery and validation 
of a temperate Earth-sized planet transiting the nearby M-dwarf 
Gliese 12. During TESS sectors 43, 57, only 3 transits of the 
planet were observed, with no transits observed in sector 42. This 
allowed for a period of 12.76 or 25.5 d, but with the further 
addition of TESS sector 70 and CHEOPS follow-up we were 
able to determine the actual period. Combining these transits with 
further ground-based photometry from MINERVA, SPECULOOS, 
and PMO allowed us to determine precise planetary parameters 
for Gliese 12 b, indicating that Gliese 12 b is a 1.0 ± 0.1 R ⊕
planet with a 12.76144 ± 0.00006 d period, and an ef fecti ve 
temperature lower than that of the majority of known exoplanets 
( ∼315 K). 

Gliese 12 b is therefore a prime target for future detailed charac- 
terization studies. Its prospects for a precise mass measurement are 
reasonable and the star has some of the lowest activity levels amongst 
known M-dwarfs. It is also a unique candidate for both atmospheric 
and stellar study. Further analysis of the Gliese 12 system will allow 
us to understand evolutionary and compositional trends, which is 
important as we try to infer the number of true-Earth analogues on 
our journey to understanding our own place in the universe. 
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Figure B1. Phased transits of Gliese 12 b from fit results obtained with dynesty . Transit fit to the light-curve data from TESS (top left), CHEOPS (top 
right), MINERVA (bottom left), SPECULOOS (bottom), and PMO (bottom right). The short cadence (20 s for TESS sectors 42, 43, and 57, 120 s for TESS 
sector 70, 30 s for CHEOPS , 10 s for all SPECULOOS telescopes, 30 s for MINERVA T1, 60 s for MINERVA T2, and 55 s for PMO) fluxes are plotted in grey, 
the binned fluxes are overplotted in purple (10 min for space-based data and 11.5 min for ground-based data), and the fitted transit is shown by the red solid 
line. 
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