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Abstract

We aim to characterize the nearby (23.78 pc), low-mass planetary system GJ7 (TOI-198), which consists of an M0-type star and a terrestrial planet. Using photometric data from three sectors of the Transiting Exoplanet Survey Satellite (TESS) and a follow-up on the planetary transit observed by the Characterizing ExOPlanets Satellite (CHEOPS), along with 87 precise radial velocities obtained with the Echelle SPectrograph lor Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO) spectrograph, we confidently confirm the planet and infer its properties. Planet GJ7 b has a mass of Mp = 3.17−0.65+0.64 M⊕ and a radius of Rp = 1.36 ± 0.13 R⊕. It orbits at a distance of a = 0.0675−0.0082+0.0067 au from its host star with an orbital period of P = 10.215213−0.000010+0.000011. We impose a 3σ upper limit on the planetary eccentricity of e ≤ 0.15. These parameters imply that GJ7 b has a high density, ρp = 6.89−2.78+4.27 gcm−3, positioning it within the region of the rocky, Earth-like planets on the mass–radius diagram and interior to the inner edge of the habitable zone around its parent star. Additionally, we find that the host star is a slow rotator and is slightly metal-depleted ([Fe/H] = −0.66 ± 0.10 dex), making GJ7 one of the lew planetary systems accurately characterized in the domain of subsolar iron abundances. TESS photometry does not show additional transit-like features attributable to planets with radii greater than ≈90% that of Earth. The high number of radial velocity measurements enables us to determine that possible transiting and non-transiting planet candidates with masses lower than hall the mass of GJ7 b would have eluded detection in our in-depth study. The stellar activity, although moderate, shows a significant radial velocity amplitude of about 4 ms−1 and poses a challenge lor detecting planets with masses lower than Earth around GJ7.
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1 Introduction
Despite the identification of over 6 000 exoplanets known in the Galaxy, less than 2% have been confirmed to be rocky, potentially habitable planets. This stands in stark contrast to the high occurrence rate of planets with radii between 0.5 and 1.5 times that of Earth (R⊕) orbiting within the habitable zones of their FGK host stars, which is measured at [image: equation] based on available space-based photometric observations (Bryson et al. 2021). The confirmation of hundreds to thousands of rocky planets, characterized by weak photometric and spectroscopic signals due to their small radii and low masses, necessitates global efforts and specialized instrumentation with state-of-the-art capabilities. These challenges may be mitigated by focusing observations on small stars. The reduced size and mass of M-type stars allow small planets (R ≤ 2 R⊕) to generate measurable transit depths and Doppler radial velocity (RV) variations using current facilities. The habitable zone is located at shorter orbital periods around M dwarfs compared to solar-type stars, which makes photometric monitoring from both ground and space-based facilities significantly more attainable. Presently, a majority of confirmed rocky, potentially habitable planets orbit cool M dwarfs. One notable example is the TRAPPIST-1 system, which harbors seven Earth-sized planets orbiting the M8-type parent star (Gillon et al. 2017). In recent years, the advent of high-precision spectrographs on large ground-based telescopes, combined with the availability of space-based, high-quality photometric time series featuring excellent cadence, have led to a proliferation in the discovery of temperate terrestrial planets (e.g., Lillo-Box et al. 2020; Demangeon et al. 2021; Ment et al. 2021; Kemmer et al. 2022; Delrez et al. 2022; Dransfield et al. 2024).
However, the current numbers remain insufficient for conducting robust statistical studies that would allow us to uncover the internal structure and atmospheres of the rocky planets along with the processes giving rise to them. In this study, we present a detailed analysis of one nearby (23.78 pc) planetary system, GJ7 (TOI-198), composed of an early-M dwarf host star and a terrestrial planet in a close-in orbit. The atmosphere of the host star is slightly metal-depleted with metallicities determined in the literature ranging between [Fe/H] = −0.36 and −0.90 dex (Gaidos et al. 2014; Kuznetsov et al. 2019). The planet, in a 10.2 d orbit, had been previously validated by Giacalone et al. (2021) and Oddo et al. (2023). Oddo et al. (2023) determined a planetary mass of 4.0 ±1.1 M⊕ and a radius of 1.44 ± 0.08 R⊕. In our study, we improved the precision of the planetary mass derivation by approximately 40%, achieving uncertainties of 21.5% and 9.3% in the planet’s mass and radius, respectively. This improvement allowed us to place the planet accurately on the mass-radius diagram, classifying it as a rocky super-Earth. By doing so, we contribute to expanding the list of known, well-characterized rocky planets within the relatively unexplored low-metallicity regime. This expansion is crucial for establishing connections between planetary properties (e.g., internal structure, composition, and atmospheres), formation and migration mechanisms, the chemistry, and pebble drift occurring in protoplanetary disks (e.g., Santos et al. 2017; Adibekyan et al. 2021; Nielsen et al. 2023; Banzatti et al. 2023).
2 Observations
2.1 Photometry
We used photometric time series obtained with the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) and the Characterizing ExOPlanets Satellite (CHEOPS, Benz et al. 2021). TESS sectors 2 and 29 and CHEOPS data were presented in Oddo et al. (2023). A brief summary is given next.
GJ7 was observed by TESS in sector 2 (during the Primary Mission) between August 22 and September 20, 2018, and in sectors 29 and 69 (Extended Mission) between August 26 and September 22, 2020, and between August 25 and September 20, 2023, respectively (TESS Input Catalog Identifier 12421862). The analysis of sector 69 is presented in this paper. The target pixel file (TPF) of sector 69 around GJ7 is displayed in Fig. 1, where it is shown that no other bright source is included in the TESS photometric aperture. In all three sectors, the photometry was obtained with a two-minute cadence. Raw data were processed by the Science Processing Operations Center (SPOC, Jenkins et al. 2016), and the products of the reduced data included TPFs and calibrated light curves. The former contained the original CCD 21″-pixel observations from which light curves were extracted whereas the latter consisted of the simple aperture photometry (SAP) fluxes and the pre-search data conditioned simple aperture photometry (PDCSAP) fluxes. The SAP data are typically obtained by summing the calibrated pixels within the TESS optimal photometric aperture; the PDCSAP data correspond to the SAP counts nominally corrected for instrumental variations. The TESS detector bandpass covers the wavelength interval 600–1000 nm and is thought to reduce photon-counting noise and increase the sensitivity to small planets transiting cool, red stars (Ricker et al. 2015).
The final TESS-reduced products went through the SPOC’s Transiting Planet Search module and a data validation report was generated for GJ7 (Jenkins et al. 2016). During the analysis of sector 2 data, a planet candidate with a potential planet-to-star radius ratio of Rp/R∗ = 0.0322 was identified at an orbital period of 20.427 d. Two planetary transits were singled out. This finding was immediately announced as a TESS object of interest (TOI) with the name of TOI-198 via the dedicated Massachusetts Institute of Technology TESS data alerts public website1 on October 4, 2018. As explained in Oddo et al. (2023), the SPOC light curve was later reprocessed, during which a third transit event, noisier than the other two, was identified suggesting that the planet candidate orbital period is ≈10.218 d. The TESS observations of sector 29, with only one additional transit signal identified in the PDCSAP fluxes, did not break the ambiguity in the determination of the true orbital period.
Using a Bayesian framework, Giacalone et al. (2021) calculated the probabilities of various transit-producing scenarios using TESS data. For GJ7, they found that the most likely scenario is that of a planet orbiting the target star. Oddo et al. (2023) presented a more detailed study by including high-spatial resolution images to discard the presence of nearby stars at least out to 1.″2 with no companion as faint as 5–8 mag below the star beyond 0.″1 that might be contaminating the TESS light curve. That GJ7 is a single star was earlier confirmed by the surveys of Lester et al. (2021) and Clark et al. (2022) consisting in speckle interferometry observations (speckle imaging) with a spatial resolution of ∼40 milliarcseconds and a magnitude contrast of 4 and 6–8 mag at separations of 0.″1 and 0.″8, respectively. In addition, Oddo et al. (2023) discussed that the Gaia Early data release 3 (EDR3) RUWE2 parameter is consistent with the single star astrometric model. The survey of Feliz et al. (2021), also based on a detailed analysis of thousands of M-dwarfs located within 100 pc observed by TESS in sectors 1–5, failed to detect the planet candidate in GJ7 because of its orbital period being greater than 9 d.
Oddo et al. (2023) validated GJ7 b via follow-up observations to two planetary transit events with CHEOPS on September 2021 and Las Cumbres Observatory Global Telescope (LCOGT, Brown et al. 2013) on September 14, 2022. On both occasions the transit-like signal was recovered successfully, which allowed Oddo et al. (2023) to confirm the 10.218 d alias as the true orbital period. The authors also included precise RV measurements (see section 2.2) leading to a constraint on the planet mass of 4.0 ± 1.1 M⊕.
For our study of the GJ7 system, we downloaded all TESS light curves from the Mikulski Archive for Space Telescopes (MAST), which is a NASA-funded project. We explored both the SAP and the PDCSAP fluxes. We obtained the CHEOPS light curve, already corrected for all instrumental effects as described by Oddo et al. (2023), from the ExoFOP2 database. We decided not to use the LCOGT data because they are noisier and did not improve the determination of the planetary parameters.
	[image: thumbnail]	Fig. 1 TESS TPF of GJ7 (sector 69). The red boxes represent the aperture mask used to extract the photometry. The white cross on top of the largest red circle illustrates the position of GJ7. Other red circles stand for sources of the Gaia DR3 catalog down to 8 magnitudes fainter than our target. This plot was created with the tpfplotter code (Aller et al. 2020).



2.2 Spectroscopy
2.2.1 ESPRESSO
GJ7 was observed with the Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO, Pepe et al. 2021) on 87 different occasions over a total of ≈2.5 yr. In this period, ESPRESSO had two technical interventions: the fiber-link was replaced in June 2019 and the replacement of a calibration lamp occurred immediately after the CoVID-19 startup in mid-December 2020. The former intervention resulted in an increased throughput. We expected the impact to be very small in the RV measurements, particularly for the calibration lamp change. However, for safety, we considered a RV offset between the data taken before and after each intervention. The first ESPRESSO data before the fiber-link upgrade (ESPRESSO18) has five observations between May 21 and June 08, 2019, the second ESPRESSO set of data (ESPRESSO19) between the first and second interventions has 37 observations between July 04, 2019, and January 31, 2020, and the third ESPRESSO group of spectra (ESPRESSO21) has 45 observations between May 14 and December 07, 2021. Out of the total of 87 spectra, 63 are new and were acquired as part of one of the ESPRESSO guaranteed time observations (GTO) subprograms dedicated to the RV follow-up to TESS and Kepler’s second light K2 mission smallsize planetary candidates (<2 R⊕). The other 24 spectra were taken under the European Southern Observatory (ESO) opentime program-id 0103.C-0849 (PI. Astudillo-Defru) and were presented in Fig. 4 by Oddo et al. (2023). When folded in phase with the planetary orbital period, the ESPRESSO data of Oddo et al. (2023) cover less than a quarter of the planetary orbit and are therefore insufficient to determine a robust planetary mass and set a constraint on the orbital ellipticity for GJ7 b.
ESPRESSO is a high-resolution, fiber-fed spectrograph that sends the spectra through two different camera arms, a red and a blue one, onto two distinct detectors covering from 378.2 through 788.2 nm with no gaps in one single shot. It is installed in a temperature and pressure-controlled, vacuum chamber at the Very Large Telescope (VLT) on the Cerro Paranal Observatory (Chile). We used any of the four units of the VLT, the 1″fiber, the high resolution (HR) mode, and a 2×1 binning on the detectors (pixel projection on the sky of 0.″041), all of which yield optical spectra with a resolving power of ≈138 000. The typical exposure time per observing epoch was 900 s or 1200 s, depending on the seeing conditions and observing program. The target was always centered on fiber A while fiber B, which is located at 7″ from fiber A, was used to register the sky background contribution, which was later used during the data reduction process. Given that the faint nature of GJ7 at blue wavelengths, no wavelength calibration source was taken simultaneously on fiber B to avoid any possible photon contamination in the data. This leads to a worse RV precision than the usual ESPRESSO RV accuracy. On average, the S/N of the spectra ranges from 35 to 89 at 550 nm, only the very first observation has a lower S/N of 27 because it was acquired under rather poor conditions of sky transparency. The remaining data were obtained typically with a seeing ≤1.″5 and air masses ≤2.0. The typical seasonal cadence consisted of one RV measurement every few to several days, with occasional nights featuring two measurements. No night binning was applied.
All ESPRESSO raw data were processed with the dedicated pipeline (version 3.0.0 of the data reduction software, DRS) that produces “science-ready” products including (i) wavelength- calibrated spectra corrected for hot pixels, cosmic rays, bias, flat-field, blaze angle, and instrumental response, (ii) the crosscorrelation functions (CCFs) generated by using an M0 spectral type mask, (iii) accurate RVs of the star corrected for the barycentric velocities, and (iv) measurements of various spectral indices that are highly useful to monitor the stellar activity. For a better description of the workflow of the ESPRESSO data reduction pipeline, we refer to Pepe et al. (2021). The CCFs were fit with Gaussian functions to determine the full-width- at-half-maximum (FWHM), the contrast indices, and the RVs (e.g., Baranne et al. 1996). The uncertainties associated with the measured RVs are computed using the algorithms described in Bouchy et al. (2001), which are valid for measurements close to the limit given by photon noise. In this work, we reduced the GTO and Oddo et al. (2023) data in the same manner for consistency. The average error bar of the ESPRESSO individual RVs is 1.13 ms−1 with an associated root mean square (rms) of 0.42 m s−1. This contrasts with the larger dispersion of the RV measurements of 2.87 m s−1. Among the spectral indices, besides the CCF parameters, we also used in this study the bisector velocity span index (BIS, Queloz et al. 2001), the depth of Hα, the depth of sodium doublet (NaD, Díaz et al. 2007), and the Ca II log [image: equation]indices (Noyes et al. 1984; Lovis et al. 2011; Suárez Mascareño et al. 2015). The DRS also provides the chromospheric Ca II S -index (Noyes et al. 1984). However, we checked that it follows after log [image: equation] and thus decided to employ the latter. The whole set of ESPRESSO DRS RVs can be found in Table A.1, while the spectral indices are given in Table A.2 in the Appendix. The considerable gap of about 469 d in the ESPRESSO time series between ESPRESSO19 and ESPRESSO21 coincides with the suspension of science operations at Cerro Paranal Observatory due to the situation caused by the CoVID-19 pandemic and the time needed by the Observatory staff to start up the instrument.
The ESPRESSO DRS RVs were obtained via crosscorrelating the individual spectra against a mask containing the expected position of stellar absorption lines built for the same spectral type as our target (M0) and fitting the resulting CCFs with Gaussian profiles. The mask has different weights for different lines. For M dwarfs, rich in molecular bands, it is also customary to extract the RVs through maximum-likelihood optimization against a high S/N template created by co-adding all available observed spectra of the star (e.g., Howarth et al. 1997), the so-called template-matching technique. A few templatematching implementations are available in the literature (e.g., HARPS-TERRA, Anglada-Escudé & Butler 2012; NAIRA, Astudillo-Defru et al. 2017b; SERVAL, Zechmeister et al. 2018; WOBBLE, Bedell et al. 2019; and SBART, Silva et al. 2022). We used SERVAL to obtain the template-matching RVs of GJ7; the results are given in Table A.1. These measurements have a dispersion of 2.63 ms−1 (only slightly smaller than the ESPRESSO DRS RV dispersion) and a mean error bar of 0.52 ms−1 with an rms of 0.17 ms−1. Because this technique provides RV measurements with associated error bars twice as small as those of the DRS, we employed ESPRESSO SERVAL velocities in what follows.
2.2.2 HARPS
GJ7 was also observed with the High Accuracy Radial Velocity Planets Searcher (HARPS, Mayor et al. 2003) by Astudillo-Defru et al. (2017a) on 11 different occasions over a period of eight days between October 23 and 31, 2007, that is about 12 years before the ESPRESSO campaigns. The HARPS data were used to study the magnetic activity of the star and were not intended to search for planets. Although HARPS RVs were tabulated by Astudillo-Defru et al. (2017a) and Trifonov et al. (2020), we downloaded the HARPS measurements from the Data and Analysis Center for Exoplanets3 database (DACE, Buchschacher et al. 2020), which were obtained from the reduced spectra with the HARPS pipeline version 3.5 and following the crosscorrelation technique. Note that this technique is much more robust for deriving accurate RVs than the template-matching algorithm when the number of available spectra is small. Out of the 11 observations, one was rejected due to a very low quality of the spectrum. The mean error bar of the remaining 10 HARPS RVs in Table A.3 is 4.3 ms−1, about four times larger than that of ESPRESSO (also using the cross-correlation method). The velocity dispersion is 3.8 ms−1, roughly 1 ms−1 higher. It is unclear whether this increased dispersion reflects a more active stellar state in October 2007 or simply results from the larger measurement uncertainties. Due to the limited number of HARPS observations, the large time gap with ESPRESSO data, and their high uncertainties, which give them reduced weight, we excluded the HARPS data from the planetary system analysis in Section 4.
3 Stellar parameters of GJ7 (TOI-198)
3.1 Luminosity, mass, and radius
GJ7 was included in the Radial Velocity Experiment (RAVE, Steinmetz et al. 2020), a magnitude-limited spectroscopic survey of Galactic stars randomly selected in the Southern Hemisphere. However, the reported stellar temperature, surface gravity, and stellar metallicity are strongly discrepant by 3000 K (temperature), a factor of about 1500 (surface gravity), and 0.5 dex (metallicity). This discrepancy is likely due to the fact that our target is near the bright edge of the magnitude range studied in RAVE. GJ7 is actually listed in the catalogs of bright M dwarfs by Lépine & Gaidos (2011) and Frith et al. (2013). We decided to obtain our own stellar parameters using ESPRESSO spectra and all photometry available in the literature.
All ESPRESSO data were combined to produce a high S/N spectrum of GJ7, which was used to derive the stellar parameters (effective temperature – Teff, surface gravity — log g∗, and metallicity – [Fe/H]) of GJ7 by means of the STEPARSyN4 code (Tabernero et al. 2022), a Bayesian spectral synthesis implementation particularly designed to infer the stellar atmospheric parameters of late-type stars following a Markov chain Monte Carlo approach. The complete list of atomic and molecular lines and the grid of model atmospheres employed by STEPARSyN are described in Marfil et al. (2021). We obtained log g∗ = 4.71 ± 0.13 (cms−2), [Fe/H] = −0.66 ± 0.10 dex, and Teff = 3801 ± 32 K. The derived temperature agrees with the expectations for main-sequence M0-type dwarfs (e.g., Rajpurohit et al. 2013). We artificially increased the temperature uncertainty to ±100 K to account for possible systematics because, as described by Marfil et al. (2021), variations of this typical size are seen among the results for the same M-type stars when using different model atmospheres, atomic and molecular data, and radiative transfer code. As an example, we also employed the machine learning tool ODUSSEAS (Antoniadis-Karnavas et al. 2020) based on the measurement of the pseudo equivalent widths of more than 4000 stellar absorption lines to determine the stellar Teff and metallicity, obtaining Teff = 3649 ±94 K and [Fe/H] = −0.43 ± 0.12 dex. Both sets of measurements are compatible at the 2σ level. Interestingly, the atmosphere of GJ7 was also found to be slightly metal-depleted by other groups employing independent data; for example, Kuznetsov et al. (2019) derived [Fe/H] to be between −0.36 and −0.90 dex from HARPS spectra, and Gaidos et al. (2014) measured [Fe/H] = −0.38 dex and Teff = 3735 K from lower resolution spectra. Our adopted stellar parameters are summarized in Table 1.
According to various optical and infrared color–metallicity relations established for a thousand M0–M5 dwarfs by Duque-Arribas et al. (2023), based on Bayesian statistics and Markov chain Monte Carlo techniques, GJ7 has [Fe/H] = −0.64 ± 0.16 dex considering the W1–W2 and the Gaia Bp–Rp colors along the absolute Gaia magnitude. We caution that the Duque-Arribas et al. (2023) work is limited to the interval −0.45 ≤ [Fe/H] ≤ +0.45 dex. The photometric data of GJ7 suggests an iron abundance below the lower limit of this study, which agrees with the spectroscopic results. Several color–magnitude diagrams were produced and are shown in Fig. 2. GJ7 occupies a subluminous position with respect to the solar-metallicity main sequence of field M dwarfs. To build the diagrams, we employed Gaia data release 3 (DR3) photometry and parallax (Gaia Collaboration 2016, 2022) and 2 μm All Sky Survey (2MASS, Skrutskie et al. 2006) data. Figure 2 also displays the location of well-known metal-depleted early- to mid-M dwarfs with metallicities [Fe/H] ≤ −1 dex from the catalog of Leggett et al. (2000). GJ7 lies between the solar-metallicity main sequence and low-metallicity stars, well separated from the young stars of Group 29 (Oh et al. 2017; Luhman 2018), supporting the subsolar metallicity inferred from the ESPRESSO spectrum.
We determined the photometric spectral energy distribution (SED) of GJ7 (TOI-198) illustrated in Fig. 3 by combining all broad-band photometry available from public archives: the Galaxy Evolution Explorer (GALEX, Bianchi et al. 2017) providing near-ultraviolet data, optical photometry from the American Association of Variable Star Observers Photometric All-Sky Survey (APASS, Henden & Munari 2014), the Tycho-2 catalog (Høg et al. 2000), the Catalog of Homogeneous Means in the UBV System (Mermilliod 1997), the Gaia DR3 archive (Gaia Collaboration 2016, 2022), the Sloan Digital Sky Survey (York et al. 2000), near-infrared photometry from 2MASS (Skrutskie et al. 2006), the Deep Near-Infrared Survey of the Southern Sky database (DENIS, Epchtein et al. 1999), and mid-infrared data from the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010). Observed magnitudes were converted into fluxes by using the zero points given in the Virtual Observatory SED Analyzer tool (VOSA, Bayo et al. 2008), and observed fluxes were transformed into absolute fluxes by employing the Gaia DR3 trigonometric parallax. GJ7’s SED covers wavelengths from ≈0.25 through ≈25 μm. The PHOENIX solar-metallicity model (Husser et al. 2013) with Teff = 3800 K and log g∗ = 5.0 (cm s–2) yields a good match to the photometric observations (see Fig. 3). The steps of these models are 100 K in temperature and 0.5 dex in surface gravity. The photometric results are thus fully compatible with the spectroscopic determinations. At very short wavelengths, GJ7 shows higher fluxes than expected from purely photometric emission, which is a clear signpost of stellar activity. At long wavelengths, there is no evidence of infrared flux excesses up to ≈25 μm. Therefore, GJ7 does not appear to host a warm debris disk.
The stellar bolometric luminosity was obtained by integrating the observed SED (GALEX data, which have a non- photospheric origin in GJ7, were excluded from the integration). The trapezoidal rule was used for approximating the integral. We did not complete the photometric SED below 0.25 μm and above 25 μm because these fluxes contribute less than 1% to the total luminosity for temperatures such as that of GJ7. In addition, this little contribution is typically smaller than the quoted error bar. We obtained L = 0.0328 ± 0.0010 L⊙, where the uncertainty accounts for the errors in distance and all photometry. As a consistency check, the left panel of Fig. 4 was produced where bolometric luminosity is plotted against temperature for field M-type stars of different metallicity: solar abundance stars come from the catalog of Schweitzer et al. (2019) and low- metallicity stars from Kesseli et al. (2019). All stars depicted in Fig. 4 have their temperatures and luminosities measured in a fashion similar to that of GJ7, i.e., Teff values were computed from spectral analysis, and bolometric luminosities were obtained from the integration of the stellar SEDs. The 5 Gyr isochrones taken from the BT-Settl models of Allard et al. (2013) with [Fe/H] between solar and –2 dex are included in Fig. 4. GJ7’s location in the Hertzsprung-Russell diagram is well reproduced by the model with [Fe/H] = –0.5 dex, which agrees with our metallicity derivation using the ESPRESSO spectrum within the quoted errors. Both optical and near-infrared photometry and optical spectroscopy indicate that GJ7 is a star with a small, but measurable, subsolar metallicity.
The star’s radius (R∗) follows the Stefan-Boltzmann law, which states that the radiant thermal energy emitted from a blackbody is directly proportional to the fourth power of its temperature. The stellar luminosity is the total power radiated by the star (approximated by a blackbody); hence, [image: equation], where σSB is the Stefan-Boltzmann constant. By using the bolometric luminosity and the spectroscopically derived temperature, we obtained R∗ = 0.418 ± 0.029 R⊙ for GJ7, where the quoted error bar accounts for the luminosity and Teff uncertainties. We measured the stellar mass, M∗, by using the mass-radius relation of Schweitzer et al. (2019, their equation 6), which is based on the compilation of 55 detached, double-lined, doubleeclipsing, main-sequence M dwarf binaries from the literature (young dwarfs were excluded), obtaining M∗ = 0.417 ± 0.045 M⊙, where the error bar is the sum of the dispersion of the empirical relation and the uncertainty directly derived from the error in the stellar radius. The mass of GJ7 can also be independently estimated from the K-band-mass relation given in Mann et al. (2019), based on the analysis of 62 nearby binaries. We obtained M∗ = 0.444 ± 0.024 M⊙, a value that is fully compatible at the 1σ level with our previous derivation. In a conservative approach, we adopted the mass with the larger error bar for the following two reasons: due to the way in which it was obtained, it incorporates all the information of the stellar SED, contrasting with the mass with a small error based only on the K-band luminosity, and a larger error bar considers the dispersion of various stellar mass measurements by different methods, including the comparison with evolution models (see below).
The adopted mass and radius of GJ7 are provided in Table 1 together with the stellar surface gravity directly derived from these parameters, log g∗ = 4.81 ± 0.10 (cm s–2). The agreement at the 1σ level between the spectroscopically derived and luminosity-based log g∗ values adds support to the determination of the stellar parameters of GJ7. We remark that the Schweitzer et al. (2019) relation is valid for solar-metallicity stars. The right panel of Fig. 4 displays the stellar radius against atmospheric metallicity for field M dwarfs. Overplotted are the BT-Settl models of Allard et al. (2013) for different stellar masses between 0.09 and 0.6 M⊙ and a fixed age of 5 Gyr. As shown by the theory, both the stellar mass and the radius become smaller with decreasing metallicity by ≈6% (mass) and ≈3% (radius) for [Fe/H] between solar and −1 dex, masses in the interval 0.25–0.6 M⊙, and ages of Gyr. Although these values are on the order of the quoted mass and radius uncertainties, we decided not to apply any correction to the stellar mass derivation of GJ7 because our target, albeit slightly metal poor, still has a nearsolar metallicity. The radius does not require any correction since it was determined directly from the stellar SED. We highlight that our adopted mass, independent of any evolutionary model, is consistent at the 1σ level with the mass inferred (≈0.45 M⊙) from the BT-Settl models shown in Fig. 4.
	[image: thumbnail]	Fig. 2 Color-magnitude diagrams displaying the location of GJ7 (TOI-198), the young stellar sequence of Group 29 (Oh et al. 2017; Luhman 2018), the main sequence of M-type stars (Cifuentes et al. 2020), and several confirmed low-metallicity field stars with spectral types M1–M6 from the catalog of Leggett et al. (2000). The dispersion of the main sequence is shown by the gray-shaded area.



Table 1 
Stellar parameters.

	[image: thumbnail]	Fig. 3 Photometric spectral energy distribution of GJ7 (circles). The PHOENIX solar-metallicity model (Teff = 3800 K, log g∗ = 5.0 cm s−2) is shown by the gray line normalized to the observed fluxes between 0.8 and 1.6 μm (Husser et al. 2013). Photometric error bars are included, although for most of the wavelengths they have the size of the symbol. The horizontal errors account for the effective width of the filters. At short wavelengths, GJ7 exhibits flux excesses with respect to the photospheric emission indicative of some stellar activity, while at the longest wavelengths, there are no obvious infrared flux excesses. Both axes are on a logarithmic scale.



	[image: thumbnail]	Fig. 4 (Left panel): Hertzsprung–Russel diagram of field M-type stars with different metallicities. GJ7 (TOI-198) is depicted by the star symbol. Solar-metallicity stars come from Schweitzer et al. (2019) and low-metallicity stars were collected from Kesseli et al. (2019). Stellar metallicity is color-coded. The 5 Gyr isochrones of the BT-Settl models ([Fe/H] between solar and –2 dex produced by Allard et al. (2013) are depicted by the solid lines. (Right panel): stellar radius versus metallicity. Tracks of constant mass (Allard et al. 2013) are shown by the blue lines. Stellar Teff is color-coded. The stellar radius axis is on a logarithmic scale.



	[image: thumbnail]	Fig. 5 Left: ESPRESSO data (blue dots) and their linear trend (green line). Middle and right columns: GLS periodograms of the original data and data corrected for the linear trend. The vertical red line stands for the orbital period of the transiting planet GJ7 b, while the pink band indicates the most likely rotation period of the parent star. The 0.1%, 5%, and 10% FAP levels are plotted with horizontal orange lines.



3.2 Rotation period
The rotation period of GJ7 was addressed in the literature by Astudillo-Defru et al. (2017a). These authors employed existing HARPS data of GJ7 to estimate a rotation period of 46 ± 8 d through the Prot—log RHK relationship for M dwarf stars newly derived in their paper. The rotation-activity relation by Suárez Mascareño et al. (2018) predicts a slower rotation period of 62 ± 7 d given the ESPRESSO chromospheric activity level of GJ7 and an amplitude signal between 1 and 2 m s−1 in the RV time series caused by stellar variability.
We used the ESPRESSO activity indicators to measure the true rotation period of the star. In particular, the ESPRESSO CCF FWHM parameter has been used as a reliable indicator of stellar activity (Suárez Mascareño et al. 2020, 2023; Lillo-Box et al. 2021; Faria et al. 2022), although the values of coherence timescale for various activity indicators, including RV, do not always converge to a unique quantity (Barros et al. 2022). Figure 5 (second through seventh panels) shows all of the spectral activity indicators (left column) and their generalized Lomb- Scargle (GLS) periodograms (Zechmeister & Kürster 2009) built between 1.5 and 1500 d (middle column). Because some indices have a linear trend (possibly indicating long-term variability or a cycle of the star), we also computed the GLS periodograms after subtracting a straight line from the original data (right column panels of Fig. 5). With the exception of the Hα index, all indices manifest a forest of peaks between 42 and 56 d, which is above the 0.1% false alarm probability (FAP), that is statistically significant for the CCF FWHM and contrast, log RHK and Na indicators. We attributed this cyclic signal to GJ7’s rotation period. The control bands used to compute the Hα index contain telluric contributions that can introduce undesirable variations, thereby preventing a reliable measurement of the stellar variability.
To better quantify the stellar rotation period and its associated uncertainty, we followed two procedures: the centroid determination of the highest peak of the GLS periodograms after subtraction of the linear trend from the data and a cyclic function fit to the ESPRESSO CCF FWHM observations. Both methods actually converged to the same result. From the periodograms of Fig. 5 produced with the GLS algorithm of the pyAstronomy package (Czesla et al. 2019), we obtained Prot = 47.23 ± 0.15 d (CCF FWHM), 49.90 ± 0.20 d (CCF contrast), 49.86 ± 0.27 d (Na), 49.85 ± 0.18 d (log RHK), and 50.01 ± 0.18 d (differential line width). Following the standard pre-whitening procedure, we removed these strong signals from the datasets by finding the best-fitting amplitude and phase of a sine function with these periodicities and subtracting them from the original indices. We then recalculated the GLS periodograms of the modified data, finding no additional significant peaks with FAP < 0.1%.
For fitting (multiple) sine function(s), we employed the juliet5 tool (Espinoza et al. 2019), which provides nested sampling algorithms allowing a thorough sampling of the parameter space, and performed model comparison via Bayesian evidences. The free parameters are the amplitudes, periods, and phases of the sine waves. We accounted for the large-scale variations of the stellar activity indices by fitting a long-term trend in addition to the sinusoidal model, all of which are fit together. A jitter term was also considered and added in quadrature to the error bars. Uninformative priors were set on all of the parameters (e.g., the rotation period was sampled in the interval 10–100 d), except for the jitter that has a log-uniform prior. We tried models with one (Prot) and two (Prot and Prot/2) sine waves and two different functionals accounting for the long-term trend: polynomials of orders 1 (straight line) and 2 (parabola). We employed a dynamic nested sampling that is implemented in dynesty6 (Speagle 2020), which is recommended for simulations with a large parameter space. To compare the various models, we used the Bayesian log-evidence, log : the more positive the log-evidence, the more preferred the model is. Out of the four possible model combinations (one sine wave and a straight line, two sine waves and a straight line, one sine wave and a parabola, and two sine waves and a parabola), the Bayesian statistics (Trotta 2008) indicates that a single sine wave and a linear trend yield the most optimal solution (Table 2). The corner plot displaying the distribution of the posteriors is shown in Fig. A.1. The preferred model with Prot = 47.19 ± 0.13 d and the ESPRESSO CCF FWHM time series are depicted in Fig. 6. The analysis yielded a relatively high jitter of 3.4 m s−1. The CCF FWHM residuals (illustrated in the bottom panel of the Figure) have an rms = 4.25 m s−1, which is of the same order as the amplitude of the model (4.47 ± 0.64 m s−1) indicating that some more stellar variability not accounted by a simple sinusoidal function is taking place; that is the stellar variability amplitude of GJ7 is not necessarily constant from one rotation cycle to the next. We adopted the weighted mean rotation period of 48.5 ± 1.0 d, where the error bar includes the uncertainty of the rotation period determination after fitting a sine wave to the ESPRESSO CCF FWHM data, and the dispersion of the GLS peaks among the various spectral activity indicators. GJ7’s rotation period is listed in Table 1.
Table 2 
Log-evidence of ESPRESSO CCF FWHM fits.

3.3 Age
The age of GJ7 remains rather uncertain. From its position in the color-magnitude and Hertzsprung-Russell diagrams (Figs. 2 and 4), we could discard young ages because GJ7 is not over luminous with respect to the field sequence of M-type stars. To further reject young ages, we searched for lithium in the atmosphere of the star. Lithium is present in the atmospheres of young, low-mass stars and is rapidly depleted by nuclear reactions in the stellar interiors during the pre-main-sequence phase (Magazzù et al. 1993; Rebolo et al. 1996; Basri 2000). GJ7 neither shows lithium absorption at 6707.82 Å (position of the strong atomic resonance doublet), nor can it be distinguished from CN features absorbing at the same wavelengths, as is illustrated in the bottom panel of Fig. 7. We measured an upper limit on the lithium doublet equivalent width of ~50 mÅ. GJ7 has severely consumed its original photospheric lithium abundance. Using the empirical models of lithium equivalent width versus Teff and age (lithium chronology) of Jeffries et al. (2023, their Fig. 2), we inferred an age >50 Myr for GJ7, which fully agrees with the photometric and kinematics age constraints, although it is not very restrictive.
Additionally, we computed the transverse velocity (vt) and the Galactic space velocities components U, V, and W (given in Table 1) using Gaia DR3 proper motion, parallax, and RV, as well as the prescription of Johnson & Soderblom (1987), which includes the calculation of the space velocities error bars from the uncertainties in the observational quantities. The UVW values are in the directions of the Galactic center, Galactic rotation, and north Galactic pole, respectively. Note that the right-handed system is used and that we do not subtract the solar motion from our calculations. The obtained UVW values are compatible with those published by Reid et al. (1995) and Hawley et al. (1996), although ours have significantly smaller error bars because of the accurate Gaia DR3 distance and proper motion. From its kinematics, GJ7 does not belong to any known young stellar moving group with ages ≤800 Myr (we checked all the groups included in Gagné & Faherty 2018, their Table 1). GJ7 has a total space velocity of vtot = 81.1 ± 0.2 km s−1. Following the kinematic criteria of Nissen (2004) to group stars into the thin disk (vtot ≤ 85 km s−1), thick disk (85 < vtot ≤ 180 km s−1), or halo (vtot > 180 km s−1), GJ7 would lie at the boundary of the thin and thick disk of the Galaxy, which although including stars as old as ∼10 Gyr, has a relatively young component with an age ≥1 Gyr and metallicity close to the solar one (Caloi et al. 1999). From the age–metallicity relation of stars with transverse velocity vt < 120 km s−1 discussed in Sahlholdt et al. (2022) and Stokholm et al. (2023), it is inferred that GJ7’s age could be between 2 and 14 Gyr, with older ages having higher probability. In summary, all total space and transverse velocities indicate a kinematically mature age.
It is known that stellar activity and variability are correlated with age: the smaller the amplitude of variability, the older the star. Barber & Mann (2023) explored this relation using a newly defined excess photometric uncertainty in Gaia DR3 photometry as a proxy for variability. They found that the metrics follow a Skumanich-like relation, scaling as t−0.4, where t is time. From Equation 2 of Barber & Mann (2023) and using the predicted magnitude uncertainty for the brightness and number of Gaia observations of GJ7 in each of the three bands (Riello et al. 2021), we obtained the following excesses: VarG = 0.454 (G band), VarBp = 0.272 (Bp band), and VarRp = 0.265 (Rp band). The activity–age relations of Barber & Mann (2023) are calibrated against known stellar clusters with ages < 2.6 Gyr and are valid for stars with spectral types between A0 and M5 and photometric excesses greater than 0.4. Therefore, from the Gaia Bp and Rp data, it is inferred that GJ7 has a likely age > 2 Gyr while the G band suggests a younger age of [image: equation] Gyr.
GJ7 shows broad Ca II H and K pho−tospheric absorption lines with considerable structure (top panel of Fig. 7). There is strong chromospheric emission with a weak central absorption in both Ca II lines. The latter likely stems from the dependence of the source function on height in the optically thick chromosphere rather than from actual absorption (Rauscher & Marcy 2006). From the ESPRESSO data, we measured an average index of log RHK = −5.355 dex with a standard deviation of 0.054 dex. The age-RHK relation of Wright et al. (2004, their Equation 15) yields an age of 16 ± 2 Gyr, which we interpreted as GJ7 potentially being as old as the Galactic disk (≈10 Gyr).
We also used the well-established gyrochronology method, the application of relations between stellar rotation and age (e.g., see Barnes 2007), for dating GJ7. Stellar rotation provides a potential age diagnostic that is precise, simple, and applicable to a broad range of low-mass stars. The equatorial rotation period of GJ7 was measured at Prot = 48.5 ± 1 d (see previous section). Using Fig. 11 of Shan et al. (2024) and Fig. 1 of Newton et al. (2016), both of which illustrate well-measured rotation rates as a function of stellar mass, GJ7 lies among the slowest early-M stars of similar mass. This hints at old ages. Recently, various groups (e.g., Rebull et al. 2017; Agüeros et al. 2018; Curtis et al. 2019, 2020; Douglas et al. 2019; Pass et al. 2022; Dungee et al. 2022) have produced empirical gyrochrones, that is tracks displaying the distribution of the measured rotation periods of confirmed stellar members of open clusters as a function of stellar mass (or any other proxy, e.g., color or Teff). So far, these observationally constructed gyrochrones are available in the literature from very young ages (tens of megayears) up to 4 Gyr (Gaidos et al. 2023). The equatorial rotation period of GJ7 is significantly slower by ≈20 d than the median rotation of 3800-K stars of the 4 Gyr old M67 cluster (Dungee et al. 2022), as illustrated in Fig. 8. This result implies that GJ7 is likely older than 4 Gyr. Given the uncertainties, metallicity may not be a major issue because both our target and M67 stars have nearsolar values. Nevertheless, following the analysis by Gaidos et al. (2023), the correction to be applied to the stellar gyrochronology age estimate of GJ7 is on the order of 1 Gyr, which clearly has no impact in our study. Furthermore, according to the study by Bouma et al. (2023), an age uncertainty between 10% and 50% over the first Gyr is expected for low-mass stars and the gyrochronology method; this error is typically larger than any possible correction due to a lower metallicity.
By applying the Skumanich-type spin-down relation t = t0 × (Prot/P0)1/0.62 (Gaidos et al. 2023), where t0 = 4 Gyr and P0 = 28.4 d for Teff = 3800 K stars, we derived a likely age of 9 to 10 Gyr for GJ7. However, a closer inspection of Fig. 8 reveals that other stars of the M67 cluster and GJ7 share a similar temperature and rotation period. It is beyond the scope of this paper to investigate the quality of the M67 data and cluster membership (nonmembership is contaminating the diagram of Fig. 8). Very recently, Engle & Guinan (2023) determined age–rotation relationships for M dwarfs based on stars of known age via cluster membership and companionship to white dwarfs. Using their Eq. 1, which is valid for M0–M2 stars, we derived a likely age of [image: equation] Gyr for GJ7. After considering the discussion of this section, our conservative approach is to adopt an age ≥ 1 Gyr for GJ7, which is given in Table 1.
	[image: thumbnail]	Fig. 6 (Top panel) ESPRESSO CCF FWHM (dots) as a function of time, along with the best sinusoidal model (black line) with a rotation period of 47.19 d (linear trend shown by the straight green line). The 1σ uncertainty of the model is depicted by the gray-shaded area. (Bottom panel) Observed minus computed diagram displaying the FWHM residuals. The derived jitter term (thin vertical line) is quadratically added to the nominal errors (thick vertical line). Stellar variability is reasonably well approximated by a sinusoidal function.



	[image: thumbnail]	Fig. 7 ESPRESSO spectra around Ca II H and K and Hϵ lines (top), and lithium lines (bottom). Hϵ (in emission) and the lithium doublet wavelengths are marked by vertical red lines. The wavelength is in the air system. No clear lithium feature is observed.



	[image: thumbnail]	Fig. 8 Rotation periods of low-mass stars against Teff. GJ7 is depicted by the red star symbol. The 4 Gyr gyrochone defined in Dungee et al. (2022) is shown by the orange line. The members of the M67 cluster used to define the 4 Gyr gyrochrone are displayed by the black dots, while other cluster members are shown by gray dots.



4 Planetary system analysis
The ESPRESSO RV time series is illustrated in the top left panel of Fig. 5. The corresponding GLS periodograms obtained for periods in the interval 1.5 to 1500 d have the highest peak at 10.2 d (FAP < 0.1%) coinciding with the planet candidate orbital period. The data folded in phase with this period show a sinusoid-like pattern, although affected by a dispersion remarkably larger (>4×) than the quoted error bars. This finding, fully independent of the photometric time series, strongly confirms the planetary nature of GJ7 b, while indicating some other additional signals hidden in the data. To reveal them, we removed the planetary signal by fitting a sine function to the data and obtained the GLS periodogram of the residuals. A second peak appears at 24.1 d with a FAP level of 1%. This agrees with half the rotation period of the parent star. In a third iteration, we recover a peak at ≈48.4 d with a FAP = 10%. This value is compatible with the stellar rotation cycle. In successive iterations, the GLS periodogram shows no significant peak above FAP = 10%. Therefore, we concluded that the information contained in the ESPRESSO RVs is dominated by the Keplerian signal at 10.218 d and the stellar activity at two preferred timescales, that of the star’s rotation period and its half value.
We combined the TESS and CHEOPS light curves and the ESPRESSO RVs to produce the most precise planetary parameters for GJ7 b. Although the TESS PDCSAP fluxes are recommended because they are corrected for instrumental issues and contamination from other sources, we decided to use the SAP fluxes for the following reasons: to the best of our knowledge there is no other source contaminating the photometric time series and one additional planetary transit is gained in sector 29 (Julian date = 2459112.299) of TESS, as shown in Fig. 9. This transit is not present in the PDCSAP data. In total, there are eight full photometric planetary transits analyzed here: seven were covered by TESS (SAP fluxes) and one full transit observed by CHEOPS.
Because the planet GJ7 b was previously validated, we employed the results of Oddo et al. (2023) to define normal priors on the orbital period and time of periastron passage of the transiting planet with Gaussian distributions. This is fully justified because these parameters are mainly constrained by the light curves, with the RV data adding little information (Kemmer et al. 2020). We removed outlier data points from the light curves by identifying the measurements deviating by more than three times the standard deviation from the median value of chunks with five points. This cleaning process was repeated once (flattened CHEOPS data) and three times (TESS SAP and PDCSAP fluxes). Less than 1.8% (SAP) and 0.5% (PDCSAP) measurements were removed. The CHEOPS data were flattened, as explained in Oddo et al. (2023). To flatten the TESS light curve, we used Gaussian process regressions (GP, Haywood et al. 2014) with an approximate Matern kernel of the form:
[image: equation](1)
where [image: equation], [image: equation], and ϵ = 0.01. The hyper-parameters ρi and σi were computed according to the celerite7 package (Foreman-Mackey et al. 2017), which provides fast calculations for large datasets. The juliet code for studying the photometric transits uses batman8 (Kreidberg 2015) for treating the transits in the light curves. The TESS and CHEOPS data were jointly modeled with a quadratic law for the stellar limbdarkening effect: we employed the parametrization q1 and q2 defined in Kipping (2013) because it is thought to reduce mutual correlations in the limb-darkening coefficients. The same values were shared by both TESS sectors. For computing q1 and q2, we used the limb-darkening coefficients derived from the Exoplanet Characterization Toolkit9 v1.2.5 by introducing the stellar parameters of Table 1 and the wavelength coverage of the TESS and CHEOPS missions. We employed the ATLAS9 model atmospheres (Kurucz 1979). The coefficients were obtained for TESS and CHEOPS separately, thus deriving q1,TESS = 0.238 ± 0.053, q1,CHEOPS = 0.402 ± 0.074, and q2,TESS = 0.159 ± 0.044, q2,CHEOPS = 0.186 ± 0.039, respectively. For a proper estimation of the error bars of the posteriors, we also set up normal priors on the stellar density, q1, and q2 parameters centered at the calculated values and with widths equal to the associated uncertainties. We also imposed log-uniform priors on the photometric jitters for the TESS and CHEOPS data, although the distribution of the posteriors suggested that the photometric jitter is negligible and has no impact on the final results. The photometric modeling of juliet includes a dilution factor per instrument, which we fixed at 1.0 because there is no nearby stellar source contributing to any of the light curves. We fit the orbital period (P) of the planet, its phase (T0), the impact parameter of the orbit (b), and the planet-to-star radius (Rp/R∗), which is directly related to the transit depth (δ = (Rp/R∗)10). In this first analysis of the light curves, we adopted a null orbital eccentricity. We fed the code with the stellar density by employing the star’s mass and radius of Table 1, which in turn served to derive the scaled semimajor axis (a/R∗) of the planetary candidate. Figure 9 shows the TESS SAP fluxes before and after being flattened. The planetary transits and the photometric GP were modeled together. Note that the photometric GP is a smooth covariance function describing both the stellar activity (particularly in sector 2) and the instrumental signatures.
The RV amplitude of the planet was obtained by simultaneously modeling two very different signals: the Keplerian wave and the stellar activity variability. We set an uninformative prior on the Keplerian amplitude with a uniform distribution. The stellar activity signal was modeled by a GP using two stochastically driven simple harmonic oscillator terms; the secondary term’s period is half the primary one. This GP, as in the celerite package, has the following power spectrum:
[image: equation](2)
where Q0 is the quality factor minus one half for the secondary oscillation (corresponding to half of the rotation), δQ is the difference between the quality factors of the first and second oscillations, f is the fractional amplitude of the secondary oscillation compared to the primary (in principle, 0 ≤ f ≤ 1), and σ is the standard deviation of the process. This rotation kernel is well suited to describing the rotation of two or more spots on different locations of the stellar surface. It was successfully used by different authors to model a range of complicated rotationally modulated signals, including wide-amplitude variations of very young stars (e.g., Winters et al. 2019; David et al. 2019; Osborn et al. 2021; Suárez Mascareño et al. 2021). We set a normal prior on Prot by adopting the rotation period of the star tabulated in Table 1. We also considered a jitter term for each of the ESPRESSO datasets together with different RV offsets. The jitter term, which was allowed to vary from a negligible value up to twice the median size of the RV error bars, was later added in quadrature to the nominal error bars of the velocities. The juliet code uses the open-source Python package radvel11 (Fulton et al. 2018) for modeling Keplerian orbits using RV data. The full set of priors is summarized in Table A.4.
From the simulations (with 500 live-points), we determined the best-fit values and their associated uncertainties for the model parameters as the median and the 0.16 and 0.84 quantiles of their posterior distributions. The three ESPRESSO RV offsets are compatible within the quoted uncertainties at the 3σ confidence level, thus suggesting no significant instrumental discontinuity induced by the technical interventions on the spectrograph. The final models indicate that the RV jitter is small. We obtained a transit depth of [image: equation], [image: equation], and T0 = 2458356.37313 ± 0.00089 for a circular orbit. The relative size of GJ7 b is [image: equation], which corresponds to a radius of 1.36 ± 0.13 R⊕ making it a super-Earth companion to GJ7. Figure 10 shows the flattened TESS and CHEOPS light curves folded in phase with the derived orbital period and mid-transit time. Our results are consistent with those of Oddo et al. (2023) but differ significantly in the determination of RV amplitude, the scaled semimajor axis and all other parameters derived from these two, including the planetary mass and transit duration T14. We computed two final models adopting circular and eccentric orbits with the goal of imposing an upper limit on the eccentricity of GJ7 b’s orbital path. The median of the posterior values for the combined photometric and spectroscopic fits are given in Table A.4. In the Appendix, Figure A.4 displays the distribution of the posteriors of the joint photometric and spectroscopic analysis (null eccentricity and TESS SAP fluxes). All distributions are reasonable. The distribution of the posteriors of the impact parameter, b, suggests that the orbital inclination angle is compatible with 90o at the 2σ confidence level.
As mentioned above, for our baseline model, we employed the TESS SAP fluxes to take advantage of the total of seven planetary transits observed by TESS. Nevertheless, for the sake of completeness, we provide the results by using the PDCSAP fluxes in Table A.5 in the Appendix. With the only obvious exception of the GP hyper-parameters of the TESS data, all fitted data are compatible with our baseline models at the 1σ the quoted uncertainties. That is, the inclusion of the photometric transit ofGJ7 b at Julian date of 2459112.299 (TESS sector 29) does not make a major impact in our analysis. We also tested different GP covariance functions to model stellar activity in the analysis. For example, we utilized the quasiperiodic kernel (Haywood et al. 2014; Rajpaul et al. 2015), of which Stock et al. (2023) concluded that modeling the stellar contribution with this kernel improves the planetary detection efficiency and leads to precise planet parameters. The results were compatible with those reported here at the 1σ level.
Table 3 provides the full set of planetary parameters obtained from the baseline models, including the fitted and derived values. Similarly, for comparison purposes, Table A.6 in the Appendix gives the planetary parameters obtained by using the TESS PDC- SAP fluxes. From our analysis and the Bayesian evidence, we concluded that both the circular and the eccentric solutions are undistinguishable. Therefore, we adopted the circular orbit solution because it has fewer variables in the simulations and imposed a 3σ upper limit of e = 0.15 on the eccentricity of GJ7 b’s orbit. Figure 11 shows the ESPRESSO RV time series together with the best fit model and the RV GP. All RV measurements with the Keplerian signal removed from the observations are folded in phase with the derived stellar rotation period at ∼48.5 d in Fig. 12. To build this figure, we used the transiting planet’s mid-transit time T0 as the phase of the modified RVs.
From the analysis, we obtained amplitudes of the GP covariance function of 2–4 ms−1, which coincide with the expectations of stellar activity-induced RV variability for GJ7 (e.g., Suárez Mascareño et al. 2018). As illustrated in Fig. 12, the peak-to-peak RV variations likely due to stellar variability is about 8 m s−1. There is a two-peak pattern in the folded, Keplerian-free RVs, although the dispersion is noticeable. This is quite likely another manifestation of the nonconstant amplitude of the stellar variability over time. The presence of additional planets may also contribute to the RV dispersion (see below).
The Keplerian signal of GJ7 b, that is the ESPRESSO RVs after subtracting the GP covariance function, folded in phase with the planetary orbital period, is displayed in Fig. 13. For completeness, we also performed the joint analysis including ESPRESSO and HARPS velocities. The results remained unchanged because the HARPS precision is insufficient to improve the planet mass determination. Figure A.2 shows all RVs folded in phase with the planetary orbital period. The rms of the ESPRESSO RV residuals is about 0.35 ms−1, which is slightly smaller than the average error bars. This indicates that the degree of overfitting of the spectroscopic data by the employed GP regression, if any, is moderate to small. Therefore, the measured Keplerian amplitude, K, is reliable. The simulations using the PDCSAP fluxes (Table A.5) provide compatible Keplerian amplitudes within the quoted uncertainties. Planet GJ7 b is robustly detected at the 7σ confidence level.
	[image: thumbnail]	Fig. 9 TESS SAP fluxes of GJ7 from sectors 2 (top), 29 (middle), and 69 (bottom). Top: modeled covariance function used to flatten the data (black curves) together with the original SAP fluxes (blue points). Bottom: flattened TESS light curves (blue points) and the location of GJ7 b’s transits (black line) registered by TESS.



	[image: thumbnail]	Fig. 10 TESS (top) and CHEOPS (bottom) data folded in phase with the planetary orbital period. The white symbols stand for binned data every 51 points (∼ 15 min, TESS) and 19 points (∼19 min, CHEOPS). The black line corresponds to the transit model. Per panel, the bottom, narrower subpanels depict the data residuals.



	[image: thumbnail]	Fig. 11 (Top panel) ESPRESSO RV time series (dots), best-fit model (black), and GP model (brown). The gray area stands for the 1σ dispersion of the best solution. (Bottom panel) Observed minus computed residuals.



Table 3 
GJ7 b (TOI-198 b) planetary parameters from the joint fit.

	[image: thumbnail]	Fig. 12 ESPRESSO RVs folded in phase with one stellar rotation period (Keplerian signal removed).



5 Discussion
The Rocky Worlds Director’s Discretionary Time program of the James Webb and Hubble Space Telescopes (JWST and HST) aims to search for atmospheres on rocky exoplanets orbiting M-dwarfs via secondary eclipse measurements12. GJ7 b (TOI-198 b) has been selected as a target for observations in 2026. Based on the uncertainties in Table 3, the planet’s ephemeris is expected to be accurate to within 2 minutes by mid-2026.
	[image: thumbnail]	Fig. 13 Top panel: ESPRESSO RVs, phase-folded with GJ7 b’s orbital period after removing the stellar activity signal, along with the Kep- lerian model (black curve). Bottom panel: observed-minus-computed residuals. The planet’s mid-transit time (T0) corresponds to half an orbital period.



5.1 Additional planets in the GJ7 system
The ESPRESSO RV data did not allow us to constrain the presence of companions (either planets or brown dwarfs) with orbital periods longer than a few years. Additionally, stellar activity and rotation usually frustrate the detection of planets using the RV method (see Newton et al. 2016). GJ7 shows variability at the timescales around the rotation period and its half-value with remarkable traces in the spectroscopic data. It is thus not possible to discern the presence of planets with orbital periods around exact multiples of the stellar rotation (e.g., ≈24, ≈48, and ≈96 d) using RV data alone.
From the ESPRESSO measurements, we may safely discard non-eccentric planets orbiting GJ7 with Keplerian amplitudes ≥9 m s−1 (three times the standard deviation of the data) and orbital periods ≤5 yr (twice the time coverage of ESPRESSO) with a high 3σ confidence. This corresponds to companion planets with masses >4 M⊕ at the shortest periods (∼0.3 d), and >60 and >95 M⊕ at ∼1 and 5 yr periods, respectively. The Gaia DR3 RUWE value (1.08) also supports the lack of massive bodies in the system based on the very small statistically significant astrometric acceleration. Figure 14 shows the upper limits at wide orbital separations from GJ7 based on the Hipparcos-Gaia proper motion anomaly as described in Kervella et al. (2022). It is inferred that companions with masses greater than 0.5 MJup are excluded in the separation range 3–10 au.
Regarding smaller orbital separations, the pre-whitening method applied to the ESPRESSO RVs (section 4) did not reveal significant signals hinting at low-amplitude periodic variability except for those attributed to GJ7 b and the stellar rotation. The fourth iteration yielded a RV GLS periodogram where the highest, insignificant peak lies at ∼5.8 d, which may suggest the presence of a second planet in a near 2:1 resonance orbit. We ran simulations to identify the 3σ upper limit on the mass of an hypothetical planet at this orbital period finding Mp ≤ 1.5 M⊕ (i.e., K ≤ 1 m s−1). Further high-precision RV measurements are needed to confirm or reject the 5.8 d signal.
However, if the 5.8 d planet candidate existed and its mass and size were similar to those of GJ7 b, it would be moving around in a non-transiting orbit based on the TESS data. That is, either the putative planet candidate would be smaller in size than GJ7 b, the candidate and GJ7 b would be in misaligned orbits (see, e.g., Bourrier et al. 2021), or both scenarios might occur simultaneously. We ran the box-fitting least squares (BLS) algorithm (Kovács et al. 2002) for the detection of additional periodically transiting planets in the TESS light curve (PDCSAP fluxes). The method is based on a simplified box-shaped model of a strictly periodic transit in which the light curve is phase- folded according to each trial period and binned in phase. We searched for planets with tentative orbital periods between 0.2 and 20 d. In the first iteration, we found the confirmed transiting planet GJ7 b at 10.2 d. The transits were then removed from the time series, and in successive iterations of the BLS algorithm, no other transiting candidate was identified. Considering that GJ7 b’s transit is detected with a significance of 8 σ in the TESS data, we quite likely missed photometric transit features with depths smaller than ≈400 ppm should they have occurred several times during the TESS observations. That is, our photometric data are not sensitive to transiting planets smaller than ≈0.9 R⊕ (size of Venus). For such small planets, the planetary mass–radius relation provided by the pure iron track of Zeng et al. (2019) (ultradense planets) can be used to establish the minimum detectable mass. In our case, this minimum mass is 1.3 M⊕.
	[image: thumbnail]	Fig. 14 Hipparchos-Gaia proper motion acceleration sensitivity to companions of a given mass (in Jupiter masses) as a function of the orbital semimajor axis (in astronomical units) orbiting GJ7. The solid line denotes the combinations of mass and separation explaining the observed proper motion acceleration at the mean epoch of Gaia DR3, based on the analytical formulation of Kervella et al. (2019) and the observed astrometric acceleration for GJ7 reported by Kervella et al. (2022). The shaded light blue region corresponds to the 1σ uncertainty domain. Both axes are plotted on a logarithmic scale.



5.2 Metallicity and internal structure of GJ7 b
The super-Earth GJ7 b has a mass of [image: equation] and is moving around its slightly metal-depleted parent star at a separation of [image: equation] au in a circular orbit. The planetary mass error budget is dominated by the uncertainty of the host star’s mass. GJ7 b falls into the category of small, close-in orbit planets. In what follows, we place GJ7 b in context with other known planets. Early studies (e.g., Santos et al. 2004; Fischer & Valenti 2005) established that there is a correlation between the presence of giant planets and the metallicity of their host stars. Massive planets tend to be more frequent around metal-rich stars. This qualitatively supports core accretion models where planets form by the accumulation of dust and ice particles (Ida & Lin 2004) because metals are required for cooling down protoplanetary disks. Recent simulations by pebble accretion (e.g., Nielsen et al. 2023) indicate that the masses of the planets increase on average with increasing stellar metallicity. This correlation was claimed not to be clear for planets smaller than Neptune, that is Rp ≤ 4 R⊕ (Sousa et al. 2008). However, more recent studies (e.g., Adibekyan et al. 2012; Buchhave et al. 2012; Sousa et al. 2019; Zhu 2019; Lu et al. 2020, and references therein) tend to indicate that small planets also seem to present a possible correlation in the stellar metallicity–period–planetary mass diagram where the mass of the planet increases with both stellar metallicity and orbital period. One important conclusion is that small planets form around host stars with a wide range of metallicities, but on average a metallicity close to solar (Buchhave et al. 2012). Figure 15 shows the distribution of planetary radius and density as a function of the metallicity of the host stars. More than 1000 planets with the required information available at the NASA Exoplanet Archive database13 are included. GJ7 b stands out as the planet around one of the most metal-poor parent stars. As illustrated in the bottom panel of Figure 15, where planetary density is shown, GJ7 b extrapolates the still not-so-well-populated tail of low-mass planets toward lower iron abundances, thus supporting Buchhave et al. (2012) statement that terrestrial planets may be formed with no special requirement of enhanced metallicity and challenging models that predict that short-period planets smaller than 2 R⊕ should be rare around early-M dwarfs with metallicity below −0.5 dex (Lu et al. 2020).
Because planets and stars form by accreting material from a surrounding disk, it is reasonable to assume a relationship between their compositions. Adibekyan et al. (2021) studied the iron-to-silicon mass fraction of rocky exoplanets from their masses and radii and compared them with the iron abundance of their host stars, finding a correlation, which they attributed to planet formation processes. To explore the possible impact of the low metallicity in the internal structure of GJ7 b, we built the top panel of Figure 16, where planetary mass is plotted against planetary radius. Only planets with mass and radius constrained to better than 12% are depicted for clarity: data were downloaded from the NASA Exoplanet Archive database and include the mass and radius revision of low-mass planets made by Toledo-Padrón et al. (2020), Luque & Pallé (2022), Lavie et al. (2023), Goffo et al. (2023), and Cadieux et al. (2024). The Figure also includes three interior models produced by Zeng et al. (2019): planetary cores made of pure iron (very high density planets), Earth-like rocky cores (32.5% Fe and 67.5% MgSiO3 by mass), and pure water ice. GJ7 b lies very close to the rocky model and nicely follows the narrow sequence delineated by other planets whose positions are well reproduced by the Earth-like track. In fact, the region around the GJ7 b’s position in the mass–radius diagram of Figure 16 is becoming more and more populated with the advent of powerful RV instruments. However, the dispersion of the small planets’ loci (Rp < 1.8 R⊕) with accurate mass and radius determinations remains small and hints at the fact that all of these rocky planets share a similar internal structure as that of the Earth independently of their different bulk planetary densities and iron abundances of their parent stars (Caballero et al. 2022). If the precision with which planetary radii and masses are known were relaxed by a factor of two, the dispersion would increase potentially leading to the appearance of populations of less dense super-Earths (see Castro-González et al. 2023).
Among the rocky planets, there is one outlier in the top panel of Fig. 16: GJ 367 b, an ultradense planet with a pure iron core that belongs to the super-Mercury category according to Lam et al. (2021) and Goffo et al. (2023). Interestingly, the metallicity of GJ 367 (M3-type star) is solar ([Fe/H] = −0.01 ± 0.12 dex). Therefore, metallicity cannot be the key factor to explain the different bulk densities and internal structure between GJ367 b and, for example, GJ7 b. GJ 367 b is, however, an ultrashort period planet with an orbital period of 7.7 h and an orbital path approximately ten times closer to its parent star than GJ7 b. GJ 367 b might have experienced mantle-stripping giant impacts as it has traditionally been used to explain Mercury’s high core fraction. Recent models, however, can explain these superdense planets by the direct consequence of temperature fluctuations and chemical differentiation in protoplanetary disks (e.g., Johansen & Dorn 2022).
Planet LTT 1445 A b (Winters et al. 2019; Lavie et al. 2023) appears to be less dense than Earth, indicating the presence of a water-rich atmosphere or alternatively a lower iron-mass fraction. The parent star has a slightly low metallicity, similarly to GJ7. Interestingly, LTT 1445 A b’s location is compatible with the theoretical Earth-like composition at 2σ. The planetary mass and radius of LTT 1445 A b shown in Fig. 16 are the most recent ones calculated by Lavie et al. (2023). However, the earlier measurements from Winters et al. (2021) bring the planet next to the Earth-like model in much better agreement with GJ7 b. It seems that the uncertainties associated with the determination of the planetary parameters of LTT 1445 A b are still large. Although chemical abundance is expected to have an impact on the composition of the planets, the top panel of Fig. 16 shows that, with very few exceptions, the smallest planets distribute along the Earth-like model for metallicities [Fe/H] ≥ −0.6 dex. This indicates that either metallicity has little effect and/or iron oxidation in the protoplanetary disks is rather inefficient (Nielsen et al. 2023). Planetary formation and evolution mechanisms, including inward migration processes (e.g., Schlaufman et al. 2010; Lee & Chiang 2017; Pu & Lai 2019; Petrovich et al. 2019; Millholland & Spalding 2020; Venturini et al. 2020), are likely responsible for these internal structure deviations among small and low-mass planets, in agreement with the conclusions made by Luque & Pallé (2022), although these authors did not include any ultradense planet in their study.
To investigate the internal structure of GJ7 b, we performed interior modeling using the ExoMDN code (Baumeister & Tosi 2023)14. This code uses mixture density networks to infer interior compositions, modeling the planet as a four-layer structure comprising an iron core, silicate mantle, water layer, and H/He atmosphere, based on the planetary mass, radius, and equilibrium temperature. The resulting posterior distributions for the mass fraction and thickness of each layer are shown in Fig. A.3. From these results, we estimated GJ7 b’s uncompressed density to be [image: equation], computed as the sum of the densities of the core (iron), mantle (silicates), and water layers, each weighted by their respective mass fractions. Its internal structure closely resembles that of Earth: the core mass fraction is slightly higher and the mantle fraction slightly lower, contributing to the higher uncompressed density (Earth’s uncompressed density is 4.4 g cm−3), although both remain consistent with Earth’s values within the error bars.
	[image: thumbnail]	Fig. 15 Stellar metallicity [Fe/H] plotted against planetary radius (top) and density (bottom). Over 1000 exoplanets are plotted with their masses (on logarithmic scale) color-coded (darker implies lower planetary mass). These data are taken from the NASA Exoplanet Archive database. GJ7 b is depicted by the red point. The vertical axes are on a logarithmic scale.



	[image: thumbnail]	Fig. 16 Top: planetary mass–radius diagram, including all known exoplanets with a radius and a mass constrained to a precision better than 12% (gray, open circles). GJ7 b is depicted by the red circle. Interior models of different compositions (Zeng et al. 2019) are shown by the solid colored lines. Two other planets discussed in the text are labeled. Bottom: planetary insolation plotted as a function of planetary radius for the same planets. The eight planets of the Solar System are shown as a reference. All axes are on a logarithmic scale.



5.3 Habitability
While GJ7 b is rocky, it is possibly not amenable for sustaining Earth-like life on its surface. The bottom panel of Figure 16 depicts the amount of stellar incident flux at the orbital separation of the planets as a function of the planetary radius. According to the models by Kopparapu et al. (2014), which present improved estimates of the boundaries of the habitable zone by updating the group’s previous work of Kopparapu et al. (2013), the habitable zone of GJ7 (where liquid water remains thermodynamically stable on the planet’s surface) lies between 0.15 and 0.36 au after computing the inner and outer edges using the “recent Venus” and maximum greenhouse limit cases. The estimates are based on water-rich planets, 1D and 3D climate models, and corresponding climate transitions that planets undergo at these limits. Although the borderline of the “recent Venus” limit case is believed to be too extreme for life (see next), the study by Yang et al. (2014) indicated that slowly rotating planets can maintain an Earth-like climate at nearly twice the incident flux the Earth receives (2× S⊕), which is actually very close to that of Venus. With an insolation ≈7× S⊕ (Table 3), similar to that of Mercury in the Solar System (see Fig. 16), GJ7 b is closer to the star than the inner edge of the habitable zone as illustrated in Fig. 17 and it is likely too warm.
We also computed the expected equilibrium temperature of the planet ([image: equation], Table 3) by adopting pure radiative equilibrium and zero Bond albedo (nonreflective planet). The error bars account for the stellar luminosity error and the uncertainty on the planetary semimajor axis. Following Equation 1 of Kempton et al. (2018), we determined the transmission spectroscopy metric (TSM) to be [image: equation] (Table 3). This quantity is proportional to the expected transmission spectroscopy S/N assuming cloud-free atmospheres and 10 h of observing time with the JWST and NIRISS instrument. The TSM is relatively small. The future ANDES spectrograph on the ELT (Palle et al. 2025) may have the necessary capabilities to explore the atmospheric properties of GJ7 b by observing and combining ∼10 planetary transits. According to Batalha et al. (2019), the mass precision achieved for GJ7 b is good enough for initial characterization of the planet’s atmosphere.
	[image: thumbnail]	Fig. 17 Planetary systems containing terrestrial, transiting, low-mass exoplanets with mass Mp ≤ 4 M⊕ and radius constrained to a precision better than 12% are shown relative to the location of the estimated habitable zone (blue-shaded area, Kopparapu et al. 2014). GJ7 and the Solar System are depicted at the top and bottom, respectively. All planetary systems are scaled to GJ7. The size of the black dots is linearly scaled to the radius of the planets (excluding the Solar System). The semimajor axis errors are plotted, and the x-axis is on a logarithmic scale.



6 Conclusions
We determined the ephemeris, along with the mass and the radius of the transiting, rocky, temperate planet GJ7 b (TOI- 198 b) using photometry from three TESS sectors, one planetary transit observation with CHEOPS, and 87 precise RV measurements obtained with ESPRESSO over 2.5 yr. There were a total of eight transits covered by TESS and CHEOPS. The results indicate that GJ7 b is a super-Earth with a mass of [image: equation] and a radius of Rp = 1.36 ± 0.13 R⊕, mov- +0.0067 ing around its parent star at a separation of [image: equation] au with an orbital period of [image: equation]. The detailed photometric and spectroscopic analysis allowed us to impose a 3σ upper limit on the planetary eccentricity of e ≤ 0.15. No other transiting planet was identified down to approximately 0.9 R⊕ in the photometric light curves with tentative orbital periods between 0.2 and 20 d. While the analysis of the velocities suggested a possible second planet with an orbital period near 5.8 days and a mass lower than that of GJ7 b, the current data did not allow us to confirm it. Further RV measurements are necessary to assess the true nature of this spectroscopic signal. Although the rotation period of the M0-type planet host star is slow and constrained to be Prot = 48.5 ± 1 d, the star shows strong traces of activity with a RV amplitude of ≈4 m s−1, that is 2.5 times the Keplerian signal of GJ7 b. This hampers the detection of planets smaller than 1 M⊕ using the existing spectroscopic data.
For its mass and radius, GJ7 b lies near the Earth-like composition track in the planetary mass–radius diagram, indicating substantial similarity to Earth, whose composition is 32.5% Fe and 67.5% MgSiO3 by mass. This contrasts with the moderately low metallicity of its parent star, which was measured at [Fe/H] = −0.66 ± 0.10 dex, that is about four times less iron than the Sun. GJ7 b stands out as one of the few planets found around metal-poor stars, challenging those models predicting a halt in the formation of low-mass planets at low-metallicities. Although GJ7 b is rocky, it lies closer to its host star than the inner edge of the water-liquid-based definition of the habitable zone, rendering it unlikely to support Earth-like life on its surface. Only high albedo values would make it more favorable to life.
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	[image: thumbnail]	Fig. A.1 Distribution of posteriors corresponding to the sinusoidal fit of the ESPRESSO FWHM data.



	[image: thumbnail]	Fig. A.2 ESPRESSO and HARPS RVs with the stellar activity signal subtracted and folded in phase with the orbital period of planet GJ7 b. The planet mid-transit time (T0) occurs at half the orbital period.



	[image: thumbnail]	Fig. A.3 ExoMDN interior models of GJ7 b displaying the mass fractions of the different layers (left) and thicknesses (right).



	[image: thumbnail]	Fig. A.4 Distribution of posteriors corresponding to the photometric and spectroscopic solutions for the GJ7 planetary system using TESS SAP fluxes and null eccentricity.
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All Figures
	[image: thumbnail]	Fig. 1 TESS TPF of GJ7 (sector 69). The red boxes represent the aperture mask used to extract the photometry. The white cross on top of the largest red circle illustrates the position of GJ7. Other red circles stand for sources of the Gaia DR3 catalog down to 8 magnitudes fainter than our target. This plot was created with the tpfplotter code (Aller et al. 2020).
In the text



	[image: thumbnail]	Fig. 2 Color-magnitude diagrams displaying the location of GJ7 (TOI-198), the young stellar sequence of Group 29 (Oh et al. 2017; Luhman 2018), the main sequence of M-type stars (Cifuentes et al. 2020), and several confirmed low-metallicity field stars with spectral types M1–M6 from the catalog of Leggett et al. (2000). The dispersion of the main sequence is shown by the gray-shaded area.
In the text



	[image: thumbnail]	Fig. 3 Photometric spectral energy distribution of GJ7 (circles). The PHOENIX solar-metallicity model (Teff = 3800 K, log g∗ = 5.0 cm s−2) is shown by the gray line normalized to the observed fluxes between 0.8 and 1.6 μm (Husser et al. 2013). Photometric error bars are included, although for most of the wavelengths they have the size of the symbol. The horizontal errors account for the effective width of the filters. At short wavelengths, GJ7 exhibits flux excesses with respect to the photospheric emission indicative of some stellar activity, while at the longest wavelengths, there are no obvious infrared flux excesses. Both axes are on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. 4 (Left panel): Hertzsprung–Russel diagram of field M-type stars with different metallicities. GJ7 (TOI-198) is depicted by the star symbol. Solar-metallicity stars come from Schweitzer et al. (2019) and low-metallicity stars were collected from Kesseli et al. (2019). Stellar metallicity is color-coded. The 5 Gyr isochrones of the BT-Settl models ([Fe/H] between solar and –2 dex produced by Allard et al. (2013) are depicted by the solid lines. (Right panel): stellar radius versus metallicity. Tracks of constant mass (Allard et al. 2013) are shown by the blue lines. Stellar Teff is color-coded. The stellar radius axis is on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. 5 Left: ESPRESSO data (blue dots) and their linear trend (green line). Middle and right columns: GLS periodograms of the original data and data corrected for the linear trend. The vertical red line stands for the orbital period of the transiting planet GJ7 b, while the pink band indicates the most likely rotation period of the parent star. The 0.1%, 5%, and 10% FAP levels are plotted with horizontal orange lines.
In the text



	[image: thumbnail]	Fig. 6 (Top panel) ESPRESSO CCF FWHM (dots) as a function of time, along with the best sinusoidal model (black line) with a rotation period of 47.19 d (linear trend shown by the straight green line). The 1σ uncertainty of the model is depicted by the gray-shaded area. (Bottom panel) Observed minus computed diagram displaying the FWHM residuals. The derived jitter term (thin vertical line) is quadratically added to the nominal errors (thick vertical line). Stellar variability is reasonably well approximated by a sinusoidal function.
In the text



	[image: thumbnail]	Fig. 7 ESPRESSO spectra around Ca II H and K and Hϵ lines (top), and lithium lines (bottom). Hϵ (in emission) and the lithium doublet wavelengths are marked by vertical red lines. The wavelength is in the air system. No clear lithium feature is observed.
In the text



	[image: thumbnail]	Fig. 8 Rotation periods of low-mass stars against Teff. GJ7 is depicted by the red star symbol. The 4 Gyr gyrochone defined in Dungee et al. (2022) is shown by the orange line. The members of the M67 cluster used to define the 4 Gyr gyrochrone are displayed by the black dots, while other cluster members are shown by gray dots.
In the text



	[image: thumbnail]	Fig. 9 TESS SAP fluxes of GJ7 from sectors 2 (top), 29 (middle), and 69 (bottom). Top: modeled covariance function used to flatten the data (black curves) together with the original SAP fluxes (blue points). Bottom: flattened TESS light curves (blue points) and the location of GJ7 b’s transits (black line) registered by TESS.
In the text



	[image: thumbnail]	Fig. 10 TESS (top) and CHEOPS (bottom) data folded in phase with the planetary orbital period. The white symbols stand for binned data every 51 points (∼ 15 min, TESS) and 19 points (∼19 min, CHEOPS). The black line corresponds to the transit model. Per panel, the bottom, narrower subpanels depict the data residuals.
In the text



	[image: thumbnail]	Fig. 11 (Top panel) ESPRESSO RV time series (dots), best-fit model (black), and GP model (brown). The gray area stands for the 1σ dispersion of the best solution. (Bottom panel) Observed minus computed residuals.
In the text



	[image: thumbnail]	Fig. 12 ESPRESSO RVs folded in phase with one stellar rotation period (Keplerian signal removed).
In the text



	[image: thumbnail]	Fig. 13 Top panel: ESPRESSO RVs, phase-folded with GJ7 b’s orbital period after removing the stellar activity signal, along with the Kep- lerian model (black curve). Bottom panel: observed-minus-computed residuals. The planet’s mid-transit time (T0) corresponds to half an orbital period.
In the text



	[image: thumbnail]	Fig. 14 Hipparchos-Gaia proper motion acceleration sensitivity to companions of a given mass (in Jupiter masses) as a function of the orbital semimajor axis (in astronomical units) orbiting GJ7. The solid line denotes the combinations of mass and separation explaining the observed proper motion acceleration at the mean epoch of Gaia DR3, based on the analytical formulation of Kervella et al. (2019) and the observed astrometric acceleration for GJ7 reported by Kervella et al. (2022). The shaded light blue region corresponds to the 1σ uncertainty domain. Both axes are plotted on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. 15 Stellar metallicity [Fe/H] plotted against planetary radius (top) and density (bottom). Over 1000 exoplanets are plotted with their masses (on logarithmic scale) color-coded (darker implies lower planetary mass). These data are taken from the NASA Exoplanet Archive database. GJ7 b is depicted by the red point. The vertical axes are on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. 16 Top: planetary mass–radius diagram, including all known exoplanets with a radius and a mass constrained to a precision better than 12% (gray, open circles). GJ7 b is depicted by the red circle. Interior models of different compositions (Zeng et al. 2019) are shown by the solid colored lines. Two other planets discussed in the text are labeled. Bottom: planetary insolation plotted as a function of planetary radius for the same planets. The eight planets of the Solar System are shown as a reference. All axes are on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. 17 Planetary systems containing terrestrial, transiting, low-mass exoplanets with mass Mp ≤ 4 M⊕ and radius constrained to a precision better than 12% are shown relative to the location of the estimated habitable zone (blue-shaded area, Kopparapu et al. 2014). GJ7 and the Solar System are depicted at the top and bottom, respectively. All planetary systems are scaled to GJ7. The size of the black dots is linearly scaled to the radius of the planets (excluding the Solar System). The semimajor axis errors are plotted, and the x-axis is on a logarithmic scale.
In the text



	[image: thumbnail]	Fig. A.1 Distribution of posteriors corresponding to the sinusoidal fit of the ESPRESSO FWHM data.
In the text



	[image: thumbnail]	Fig. A.2 ESPRESSO and HARPS RVs with the stellar activity signal subtracted and folded in phase with the orbital period of planet GJ7 b. The planet mid-transit time (T0) occurs at half the orbital period.
In the text



	[image: thumbnail]	Fig. A.3 ExoMDN interior models of GJ7 b displaying the mass fractions of the different layers (left) and thicknesses (right).
In the text



	[image: thumbnail]	Fig. A.4 Distribution of posteriors corresponding to the photometric and spectroscopic solutions for the GJ7 planetary system using TESS SAP fluxes and null eccentricity.
In the text
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        TESS TPF of GJ7 (sector 69). The red boxes represent the aperture mask used to extract the photometry. The white cross on top of the largest red circle illustrates the position of GJ7. Other red circles stand for sources of the Gaia DR3 catalog down to 8 magnitudes fainter than our target. This plot was created with the tpfplotter code (Aller et al. 2020).
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        Color-magnitude diagrams displaying the location of GJ7 (TOI-198), the young stellar sequence of Group 29 (Oh et al. 2017; Luhman 2018), the main sequence of M-type stars (Cifuentes et al. 2020), and several confirmed low-metallicity field stars with spectral types M1–M6 from the catalog of Leggett et al. (2000). The dispersion of the main sequence is shown by the gray-shaded area.

      

    

  
    
      Table 1 

      Stellar parameters.

      
        


	Parameter
	Value
	Source





	Names
	GJ7, TOI-198, LHS 1026
	



	TIC ID
	12421862
	TESS



	α (h m s, eq. J2000)
	00:09:04.36
	Gaia EDR3



	δ (o ′ ″, eq. J2000)
	−27:07:19.68
	Gaia EDR3



	μα cos δ (mas yr−1)
	692.224 ± 0.027
	Gaia EDR3



	μδ (mas yr−1)
	90.067 ± 0.026
	Gaia EDR3



	w (mas)
	42.0592 ± 0.0324
	Gaia EDR3



	d (pc)
	23.7760 ± 0.0183
	Gaia EDR3



	vr (km s−1)
	19.70 ± 0.18
	Gaia EDR3



	G (mag)
	10.916 ± 0.003
	Gaia EDR3



	J (mag)
	8.655 ± 0.024
	2MASS



	H (mag)
	8.143 ± 0.036
	2MASS



	K (mag)
	7.856 ± 0.021
	2MASS



	vt (km s−1 )
	78.67 ± 0.05
	This work



	U (km s−1)
	−69.930,± 0.035
	This work



	V (km s−1)
	−25.612 ± 0.005
	This work



	W (km s−1 )
	−32.127 ± 0.187
	This work



	L∗/L⊙
	0.0328 ± 0.0010
	This work



	log L∗/L⊙
	−1.484 ± 0.013
	This work



	Teff (K)
	3801 ± 100
	This work



	[Fe/H] (dex)
	−0.66 ± 0.10
	This work



	log RHK (dex)
	−5.355 ± 0.054
	This work



	log g∗ (cm s−2)∗
	4.71 ± 0.13
	This work



	log g∗ (cm s−2)∗∗
	4.81 ± 0.10
	This work



	R∗ (R⊙)
	0.418 ± 0.029
	This work



	M∗ (M⊙)
	0.417 ± 0.045
	This work



	Prot (d)
	48.5 ± 1.0
	This work



	Age (Gyr)
	≥1
	This work





      

      
Notes.∗ Derived from the spectral analysis of ESPRESSO combined spectrum.∗∗ Obtained from the luminosity-based M and R.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Photometric spectral energy distribution of GJ7 (circles). The PHOENIX solar-metallicity model (Teff = 3800 K, log g∗ = 5.0 cm s−2) is shown by the gray line normalized to the observed fluxes between 0.8 and 1.6 μm (Husser et al. 2013). Photometric error bars are included, although for most of the wavelengths they have the size of the symbol. The horizontal errors account for the effective width of the filters. At short wavelengths, GJ7 exhibits flux excesses with respect to the photospheric emission indicative of some stellar activity, while at the longest wavelengths, there are no obvious infrared flux excesses. Both axes are on a logarithmic scale.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        (Left panel): Hertzsprung–Russel diagram of field M-type stars with different metallicities. GJ7 (TOI-198) is depicted by the star symbol. Solar-metallicity stars come from Schweitzer et al. (2019) and low-metallicity stars were collected from Kesseli et al. (2019). Stellar metallicity is color-coded. The 5 Gyr isochrones of the BT-Settl models ([Fe/H] between solar and –2 dex produced by Allard et al. (2013) are depicted by the solid lines. (Right panel): stellar radius versus metallicity. Tracks of constant mass (Allard et al. 2013) are shown by the blue lines. Stellar Teff is color-coded. The stellar radius axis is on a logarithmic scale.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Left: ESPRESSO data (blue dots) and their linear trend (green line). Middle and right columns: GLS periodograms of the original data and data corrected for the linear trend. The vertical red line stands for the orbital period of the transiting planet GJ7 b, while the pink band indicates the most likely rotation period of the parent star. The 0.1%, 5%, and 10% FAP levels are plotted with horizontal orange lines.

      

    

  
    
      Table 2 

      Log-evidence of ESPRESSO CCF FWHM fits.

      
        


	Model
	logZ
	∆logZ





	Straight line + 1 wave (Prot)
	−292.6
	0



	Straight line + 2 waves (Prot, Prot/2)
	−297.8
	5.2



	Parabola + 1 wave (Prot)
	−301.3
	8.8



	Parabola + 2 waves (Prot, Prot/2)
	−320.9
	28.4





      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        (Top panel) ESPRESSO CCF FWHM (dots) as a function of time, along with the best sinusoidal model (black line) with a rotation period of 47.19 d (linear trend shown by the straight green line). The 1σ uncertainty of the model is depicted by the gray-shaded area. (Bottom panel) Observed minus computed diagram displaying the FWHM residuals. The derived jitter term (thin vertical line) is quadratically added to the nominal errors (thick vertical line). Stellar variability is reasonably well approximated by a sinusoidal function.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        ESPRESSO spectra around Ca II H and K and Hϵ lines (top), and lithium lines (bottom). Hϵ (in emission) and the lithium doublet wavelengths are marked by vertical red lines. The wavelength is in the air system. No clear lithium feature is observed.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Rotation periods of low-mass stars against Teff. GJ7 is depicted by the red star symbol. The 4 Gyr gyrochone defined in Dungee et al. (2022) is shown by the orange line. The members of the M67 cluster used to define the 4 Gyr gyrochrone are displayed by the black dots, while other cluster members are shown by gray dots.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        TESS SAP fluxes of GJ7 from sectors 2 (top), 29 (middle), and 69 (bottom). Top: modeled covariance function used to flatten the data (black curves) together with the original SAP fluxes (blue points). Bottom: flattened TESS light curves (blue points) and the location of GJ7 b’s transits (black line) registered by TESS.

      

    

  
    
      Fig. 10 
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        TESS (top) and CHEOPS (bottom) data folded in phase with the planetary orbital period. The white symbols stand for binned data every 51 points (∼ 15 min, TESS) and 19 points (∼19 min, CHEOPS). The black line corresponds to the transit model. Per panel, the bottom, narrower subpanels depict the data residuals.

      

    

  
    
      Fig. 11 
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        (Top panel) ESPRESSO RV time series (dots), best-fit model (black), and GP model (brown). The gray area stands for the 1σ dispersion of the best solution. (Bottom panel) Observed minus computed residuals.

      

    

  
    
      Table 3 

      GJ7 b (TOI-198 b) planetary parameters from the joint fit.

      
        


	Parameter
	Value Circular orbit
	Description





	P(d)
	[image: equation]
	Orbital period



	T0 − 2458000
	[image: equation]
	Mid-transit time



	b
	[image: equation]
	Impact parameter



	Rp/R∗
	[image: equation]
	Scaled planetary radius



	K (m s–1)
	[image: equation]
	Keplerian amplitude



	e
	≤0.15
	Orbital eccentricity



	ω (deg)
	90 (fixed)
	Argument of periapsis



	δ (ppm)
	[image: equation]
	Transit photometric depth



	i (deg)
	[image: equation]
	Orbital inclination angle



	a/R∗
	[image: equation]
	Scaled semimajor axis



	a (au)
	[image: equation]
	Semimajor axis



	T14 (h)
	[image: equation]
	Transit duration



	Mp (M⊕)
	[image: equation]
	Planet mass



	Rp (R⊕)
	1.36 ± 0.13
	Planet radius



	ρp (g cm−3)
	[image: equation]
	Planet mean density



	Teq (K) ∗
	[image: equation]
	Planet equilibrium temperature



	S (S⊕)
	[image: equation]
	Insolation = (L/L⊙)/(a/1au)2



	vesc (km s−1)
	17.0 ± 2.7
	Escape velocity



	TSM
	[image: equation]
	Transmission spectroscopy metric





      

      
Notes.∗ Computed for null albedo.




    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        ESPRESSO RVs folded in phase with one stellar rotation period (Keplerian signal removed).

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Top panel: ESPRESSO RVs, phase-folded with GJ7 b’s orbital period after removing the stellar activity signal, along with the Kep- lerian model (black curve). Bottom panel: observed-minus-computed residuals. The planet’s mid-transit time (T0) corresponds to half an orbital period.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Hipparchos-Gaia proper motion acceleration sensitivity to companions of a given mass (in Jupiter masses) as a function of the orbital semimajor axis (in astronomical units) orbiting GJ7. The solid line denotes the combinations of mass and separation explaining the observed proper motion acceleration at the mean epoch of Gaia DR3, based on the analytical formulation of Kervella et al. (2019) and the observed astrometric acceleration for GJ7 reported by Kervella et al. (2022). The shaded light blue region corresponds to the 1σ uncertainty domain. Both axes are plotted on a logarithmic scale.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Stellar metallicity [Fe/H] plotted against planetary radius (top) and density (bottom). Over 1000 exoplanets are plotted with their masses (on logarithmic scale) color-coded (darker implies lower planetary mass). These data are taken from the NASA Exoplanet Archive database. GJ7 b is depicted by the red point. The vertical axes are on a logarithmic scale.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Top: planetary mass–radius diagram, including all known exoplanets with a radius and a mass constrained to a precision better than 12% (gray, open circles). GJ7 b is depicted by the red circle. Interior models of different compositions (Zeng et al. 2019) are shown by the solid colored lines. Two other planets discussed in the text are labeled. Bottom: planetary insolation plotted as a function of planetary radius for the same planets. The eight planets of the Solar System are shown as a reference. All axes are on a logarithmic scale.

      

    

  
    
      Fig. 17 

      
        [image: thumbnail]
      

      
        Planetary systems containing terrestrial, transiting, low-mass exoplanets with mass Mp ≤ 4 M⊕ and radius constrained to a precision better than 12% are shown relative to the location of the estimated habitable zone (blue-shaded area, Kopparapu et al. 2014). GJ7 and the Solar System are depicted at the top and bottom, respectively. All planetary systems are scaled to GJ7. The size of the black dots is linearly scaled to the radius of the planets (excluding the Solar System). The semimajor axis errors are plotted, and the x-axis is on a logarithmic scale.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Distribution of posteriors corresponding to the sinusoidal fit of the ESPRESSO FWHM data.

      

    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        ESPRESSO and HARPS RVs with the stellar activity signal subtracted and folded in phase with the orbital period of planet GJ7 b. The planet mid-transit time (T0) occurs at half the orbital period.

      

    

  
    
      Fig. A.3 

      
        [image: thumbnail]
      

      
        ExoMDN interior models of GJ7 b displaying the mass fractions of the different layers (left) and thicknesses (right).

      

    

  
    
      Fig. A.4 

      
        [image: thumbnail]
      

      
        Distribution of posteriors corresponding to the photometric and spectroscopic solutions for the GJ7 planetary system using TESS SAP fluxes and null eccentricity.

      

    

  
    
      Table A.1 

      ESPRESSO radial velocities of GJ7.

      
        


	BJD (−2450000)
	DRS RV (m s−1 )
	SERVAL RV (m s−1 )
	Instrument





	8624.881317089
	20211.750 ± 2.149
	−0.413 ± 0.915
	ESPRESSO18



	8625.872104580
	20211.625 ± 1.177
	0.212 ± 0.541
	ESPRESSO18



	8636.903834249∗
	20206.048 ± 0.993
	−3.124 ± 0.468
	ESPRESSO18



	8639.884652359
	20210.999 ± 1.068
	0.967 ± 0.497
	ESPRESSO18



	8642.850821630
	20211.229 ± 0.895
	0.919 ± 0.427
	ESPRESSO18



	8668.847560429∗
	20217.451 ± 0.857
	5.439 ± 0.410
	ESPRESSO19



	8669.911948080∗
	20214.886 ± 0.826
	5.500 ± 0.395
	ESPRESSO19



	8677.816319540∗
	20209.618 ± 0.754
	−1.396 ± 0.362
	ESPRESSO19



	8679.874242980∗
	20216.050 ± 0.702
	6.419 ± 0.343
	ESPRESSO19



	8686.898688899
	20210.112 ± 0.807
	−1.101 ± 0.392
	ESPRESSO19



	8687.793350319∗
	20210.891 ± 0.998
	−1.339 ± 0.465
	ESPRESSO19



	8688.750395480
	20210.299 ± 1.430
	−1.259 ± 0.648
	ESPRESSO19



	8688.761695339
	20210.910 ± 1.577
	−0.775 ± 0.713
	ESPRESSO19



	8697.724180039∗
	20213.064 ± 1.274
	2.884 ± 0.583
	ESPRESSO19



	8698.805908320∗
	20213.861 ± 0.720
	2.666 ± 0.346
	ESPRESSO19



	8699.782866179∗
	20214.483 ± 0.795
	3.558 ± 0.377
	ESPRESSO19



	8699.869361230∗
	20212.847 ± 0.723
	2.786 ± 0.349
	ESPRESSO19



	8700.644982819
	20215.041 ± 1.098
	3.203 ± 0.491
	ESPRESSO19



	8707.852323030∗
	20209.388 ± 1.206
	−2.008 ± 0.569
	ESPRESSO19



	8708.905815990∗
	20212.184 ± 0.713
	0.585 ± 0.342
	ESPRESSO19



	8716.670767670
	20211.987 ± 0.819
	0.724 ± 0.392
	ESPRESSO19



	8716.855299459∗
	20211.745 ± 0.614
	−0.140 ± 0.304
	ESPRESSO19



	8717.742571029∗
	20211.600 ± 0.912
	0.691 ± 0.431
	ESPRESSO19



	8717.853578309∗
	20212.244 ± 0.667
	0.460 ± 0.325
	ESPRESSO19



	8720.627705010
	20216.531 ± 0.972
	5.044 ± 0.451
	ESPRESSO19



	8727.690949520∗
	20206.907 ± 1.295
	−2.284 ± 0.600
	ESPRESSO19



	8727.893621239∗
	20209.207 ± 0.906
	−2.538 ± 0.425
	ESPRESSO19



	8728.832317369∗
	20209.538 ± 0.919
	−1.551 ± 0.433
	ESPRESSO19



	8729.783956910∗
	20210.235 ± 1.257
	−0.553 ± 0.581
	ESPRESSO19



	8729.904783720∗
	20210.033 ± 1.768
	−1.310 ± 0.775
	ESPRESSO19



	8731.703093179
	20211.943 ± 0.773
	1.457 ± 0.376
	ESPRESSO19



	8738.827514190∗
	20210.647 ± 0.911
	−0.793 ± 0.427
	ESPRESSO19



	8738.843639839∗
	20211.115 ± 0.849
	−0.582 ± 0.400
	ESPRESSO19



	8738.862280239∗
	20208.395 ± 0.922
	−1.823 ± 0.430
	ESPRESSO19



	8738.879155139∗
	20210.224 ± 0.904
	−1.471 ± 0.420
	ESPRESSO19



	8753.606704600
	20211.252 ± 0.761
	−0.397 ± 0.369
	ESPRESSO19



	8769.712061889
	20214.716 ± 1.605
	2.830 ± 0.714
	ESPRESSO19



	8773.658923990
	20214.598 ± 0.703
	4.033 ± 0.342
	ESPRESSO19



	8776.506515420
	20212.778 ± 0.941
	1.514 ± 0.443
	ESPRESSO19



	8806.565854030
	20211.518 ± 0.852
	−0.375 ± 0.409
	ESPRESSO19



	8821.555485620
	20210.784 ± 0.760
	1.073 ± 0.369
	ESPRESSO19



	8879.511977139
	20211.304 ± 1.497
	−1.290 ± 0.673
	ESPRESSO19



	9348.874019349
	20217.459 ± 1.162
	5.419 ± 0.531
	ESPRESSO21



	9374.884109579
	20214.923 ± 1.185
	3.256 ± 0.555
	ESPRESSO21



	9388.824786819
	20213.618 ± 1.517
	3.515 ± 0.696
	ESPRESSO21



	9388.895593230
	20218.735 ± 2.012
	4.327 ± 0.906
	ESPRESSO21



	9392.775101860
	20210.860 ± 1.691
	5.513 ± 0.783
	ESPRESSO21



	9397.756532569
	20213.100 ± 1.027
	1.228 ± 0.482
	ESPRESSO21



	9401.782779399
	20212.244 ± 0.910
	1.573 ± 0.436
	ESPRESSO21



	9405.797132989
	20215.914 ± 1.160
	5.260 ± 0.547
	ESPRESSO21



	9415.710347369
	20214.639 ± 1.163
	3.933 ± 0.537
	ESPRESSO21



	9420.830907099
	20210.024 ± 0.890
	−0.744 ± 0.433
	ESPRESSO21



	9433.685956649
	20208.974 ± 1.268
	2.055 ± 0.577
	ESPRESSO21



	9435.672503740
	20215.407 ± 1.220
	2.922 ± 0.559
	ESPRESSO21



	9437.722532339
	20211.674 ± 1.944
	2.389 ± 0.861
	ESPRESSO21



	9438.856573979
	20215.258 ± 0.925
	3.068 ± 0.449
	ESPRESSO21



	9440.638169330
	20212.808 ± 1.239
	1.819 ± 0.562
	ESPRESSO21



	9441.660189410
	20214.140 ± 2.539
	2.215 ± 1.086
	ESPRESSO21



	9458.717944649
	20212.467 ± 0.855
	1.130 ± 0.417
	ESPRESSO21



	9460.731402759
	20208.188 ± 0.964
	−2.872 ± 0.463
	ESPRESSO21



	9462.573722220
	20209.318 ± 1.236
	−2.938 ± 0.558
	ESPRESSO21



	9466.663848550
	20214.478 ± 0.877
	2.632 ± 0.423
	ESPRESSO21



	9469.816379949
	20214.860 ± 1.475
	2.914 ± 0.691
	ESPRESSO21



	9470.793938559
	20212.551 ± 2.030
	2.969 ± 0.926
	ESPRESSO21



	9471.563886160
	20217.972 ± 1.713
	4.241 ± 0.772
	ESPRESSO21



	9475.554375430
	20218.571 ± 1.466
	4.798 ± 0.672
	ESPRESSO21



	9493.809748999
	20218.197 ± 2.412
	6.503 ± 1.050
	ESPRESSO21



	9496.534805329
	20215.273 ± 1.192
	4.954 ± 0.554
	ESPRESSO21



	9498.501848789
	20214.195 ± 1.247
	3.928 ± 0.578
	ESPRESSO21



	9511.547134859
	20211.050 ± 1.283
	0.094 ± 0.605
	ESPRESSO21



	9513.726814410
	20211.303 ± 0.857
	1.009 ± 0.413
	ESPRESSO21



	9520.731811179
	20211.833 ± 1.027
	1.334 ± 0.483
	ESPRESSO21



	9522.509384649
	20212.019 ± 0.872
	0.075 ± 0.424
	ESPRESSO21



	9523.726931590
	20210.198 ± 0.834
	−0.784 ± 0.401
	ESPRESSO21



	9526.496313089
	20210.979 ± 0.804
	0.010 ± 0.419
	ESPRESSO21



	9528.536004269
	20216.935 ± 0.778
	4.217 ± 0.387
	ESPRESSO21



	9534.556207649
	20218.400 ± 0.845
	5.440 ± 0.409
	ESPRESSO21



	9536.588630099
	20218.879 ± 0.840
	6.197 ± 0.413
	ESPRESSO21



	9538.632464650
	20218.041 ± 0.888
	7.407 ± 0.434
	ESPRESSO21



	9540.577644660
	20213.963 ± 2.439
	6.126 ± 1.078
	ESPRESSO21



	9541.606901439
	20217.017 ± 1.225
	6.747 ± 0.598
	ESPRESSO21



	9545.617787959
	20215.211 ± 0.995
	2.798 ± 0.477
	ESPRESSO21



	9547.676999439
	20215.126 ± 1.176
	4.447 ± 0.546
	ESPRESSO21



	9549.652463589
	20215.098 ± 0.873
	3.704 ± 0.420
	ESPRESSO21



	9551.655961189
	20215.935 ± 1.055
	3.349 ± 0.491
	ESPRESSO21



	9553.646438649
	20211.549 ± 0.925
	0.013 ± 0.438
	ESPRESSO21



	9555.635507460
	20212.483 ± 1.165
	1.638 ± 0.544
	ESPRESSO21





      

      
∗ Included in Oddo et al. (2023).




    

  
    
      Table A.2 

      ESPRESSO spectral indices.

      
        


	BJD (−2450000)
	CCF FWHM (m s−1 )
	CCF BIS (m s−1 )
	CCF Contrast (ms−1)
	Hα
	Na
	log RHK (dex)





	8624.881317089
	3210.68 ± 4.29
	9.28 ± 4.29
	22.848 ± 0.030
	0.49645 ± 0.00029
	0.09621 ± 0.00020
	−5.4401 ± 0.0065



	8625.872104580
	3210.32 ± 2.35
	3.74 ± 2.35
	22.831 ± 0.016
	0.49273 ± 0.00013
	0.16593 ± 0.00014
	−5.4655 ± 0.0025



	8636.903834249*
	3223.19 ± 1.98
	6.25 ± 1.98
	22.652 ± 0.013
	0.48635 ± 0.00011
	0.10634 ± 0.00007
	−5.3417 ± 0.0013



	8639.884652359
	3220.61 ± 2.13
	8.60 ± 2.13
	22.644 ± 0.015
	0.47743 ± 0.00012
	0.10312 ± 0.00007
	−5.3363 ± 0.0015



	8642.850821630
	3221.77 ± 1.79
	7.99 ± 1.79
	22.690 ± 0.012
	0.47144 ± 0.00009
	0.10445 ± 0.00006
	−5.3457 ± 0.0011



	8668.847560429*
	3214.24 ± 1.71
	4.77 ± 1.71
	22.707 ± 0.012
	0.46511 ± 0.00009
	0.10165 ± 0.00005
	−5.3910 ± 0.0011



	8669.911948080*
	3217.33 ± 1.65
	3.94 ± 1.65
	22.669 ± 0.011
	0.46627 ± 0.00008
	0.10333 ± 0.00005
	−5.3762 ± 0.0010



	8677.816319540*
	3213.84 ± 1.50
	5.11 ± 1.50
	22.659 ± 0.010
	0.47313 ± 0.00007
	0.10008 ± 0.00005
	−5.3943 ± 0.0009



	8679.874242980*
	3212.80 ± 1.40
	5.48 ± 1.40
	22.707 ± 0.009
	0.46637 ± 0.00007
	0.10205 ± 0.00004
	−5.3971 ± 0.0007



	8686.898688899
	3220.10 ± 1.61
	3.95 ± 1.61
	22.691 ± 0.011
	0.46750 ± 0.00008
	0.10428 ± 0.00005
	−5.3670 ± 0.0009



	8687.793350319*
	3220.14 ± 1.99
	7.27 ± 1.99
	22.681 ± 0.014
	0.47292 ± 0.00010
	0.10447 ± 0.00007
	−5.3652 ± 0.0014



	8688.750395480
	3217.66 ± 2.86
	5.63 ± 2.86
	22.664 ± 0.020
	0.46038 ± 0.00017
	0.10343 ± 0.00011
	−5.3639 ± 0.0027



	8688.761695339
	3218.31 ± 3.15
	4.76 ± 3.15
	22.689 ± 0.022
	0.45787 ± 0.00019
	0.10428 ± 0.00013
	−5.4075 ± 0.0035



	8697.724180039*
	3219.16 ± 2.54
	5.72 ± 2.54
	22.649 ± 0.017
	0.45273 ± 0.00014
	0.10412 ± 0.00009
	−5.3925 ± 0.0023



	8698.805908320*
	3218.63 ± 1.44
	4.32 ± 1.44
	22.634 ± 0.010
	0.47829 ± 0.00007
	0.10859 ± 0.00004
	−5.3363 ± 0.0007



	8699.782866179*
	3215.59 ± 1.59
	4.62 ± 1.59
	22.637 ± 0.011
	0.48488 ± 0.00008
	0.10981 ± 0.00005
	−5.3225 ± 0.0008



	8699.869361230*
	3216.49 ± 1.44
	5.43 ± 1.44
	22.662 ± 0.010
	0.45070 ± 0.00007
	0.10358 ± 0.00004
	−5.3821 ± 0.0008



	8700.644982819
	3218.44 ± 2.19
	6.91 ± 2.19
	22.639 ± 0.015
	0.44779 ± 0.00011
	0.10295 ± 0.00007
	−5.3838 ± 0.0020



	8707.852323030*
	3212.44 ± 2.41
	3.86 ± 2.41
	22.705 ± 0.017
	0.47660 ± 0.00014
	0.10177 ± 0.00009
	−5.4168 ± 0.0021



	8708.905815990*
	3214.40 ± 1.42
	3.36 ± 1.42
	22.687 ± 0.010
	0.45983 ± 0.00007
	0.09908 ± 0.00004
	−5.4497 ± 0.0009



	8716.670767670
	3206.92 ± 1.63
	1.08 ± 1.63
	22.789 ± 0.011
	0.47519 ± 0.00008
	0.09861 ± 0.00005
	−5.4348 ± 0.0012



	8716.855299459*
	3210.38 ± 1.22
	5.94 ± 1.22
	22.760 ± 0.008
	0.47221 ± 0.00005
	0.09815 ± 0.00003
	−5.4565 ± 0.0007



	8717.742571029*
	3207.65 ± 1.82
	6.09 ± 1.82
	22.802 ± 0.012
	0.47219 ± 0.00009
	0.09806 ± 0.00006
	−5.4622 ± 0.0015



	8717.853578309*
	3206.94 ± 1.33
	3.14 ± 1.33
	22.790 ± 0.009
	0.46711 ± 0.00006
	0.09778 ± 0.00004
	−5.4626 ± 0.0008



	8720.627705010
	3205.31 ± 1.94
	2.88 ± 1.94
	22.797 ± 0.013
	0.46416 ± 0.00010
	0.09678 ± 0.00006
	−5.4499 ± 0.0018



	8727.690949520*
	3211.67 ± 2.59
	3.97 ± 2.59
	22.760 ± 0.018
	0.45959 ± 0.00015
	0.10023 ± 0.00010
	−5.4235 ± 0.0025



	8727.893621239*
	3214.26 ± 1.81
	5.24 ± 1.81
	22.708 ± 0.012
	0.45674 ± 0.00009
	0.10132 ± 0.00006
	−5.4239 ± 0.0014



	8728.832317369*
	3215.41 ± 1.83
	2.46 ± 1.83
	22.727 ± 0.012
	0.45834 ± 0.00009
	0.10067 ± 0.00006
	−5.4356 ± 0.0014



	8729.783956910*
	3213.98 ± 2.51
	4.33 ± 2.51
	22.736 ± 0.017
	0.45945 ± 0.00014
	0.10196 ± 0.00009
	−5.4174 ± 0.0024



	8729.904783720*
	3215.48 ± 3.53
	5.18 ± 3.53
	22.686 ± 0.024
	0.47300 ± 0.00021
	0.10158 ± 0.00014
	−5.3586 ± 0.0040



	8731.703093179
	3213.18 ± 1.54
	4.41 ± 1.54
	22.703 ± 0.010
	0.46781 ± 0.00008
	0.10266 ± 0.00005
	−5.3657 ± 0.0009



	8738.827514190*
	3213.37 ± 1.82
	5.50 ± 1.82
	22.706 ± 0.012
	0.45288 ± 0.00009
	0.10231 ± 0.00006
	−5.3925 ± 0.0013



	8738.843639839*
	3216.49 ± 1.69
	4.51 ± 1.69
	22.699 ± 0.011
	0.45572 ± 0.00008
	0.10328 ± 0.00005
	−5.3912 ± 0.0011



	8738.862280239*
	3214.46 ± 1.84
	5.29 ± 1.84
	22.705 ± 0.013
	0.46409 ± 0.00009
	0.10522 ± 0.00006
	−5.3611 ± 0.0012



	8738.879155139*
	3213.87 ± 1.80
	3.95 ± 1.80
	22.709 ± 0.012
	0.45664 ± 0.00009
	0.10349 ± 0.00005
	−5.3856 ± 0.0013



	8753.606704600
	3211.08 ± 1.52
	5.58 ± 1.52
	22.776 ± 0.010
	0.47869 ± 0.00007
	0.10135 ± 0.00004
	−5.3943 ± 0.0009



	8769.712061889
	3223.06 ± 3.21
	3.06 ± 3.21
	22.674 ± 0.022
	0.45159 ± 0.00019
	0.09898 ± 0.00013
	−5.4044 ± 0.0035



	8773.658923990
	3214.11 ± 1.40
	3.26 ± 1.40
	22.721 ± 0.009
	0.45573 ± 0.00006
	0.10008 ± 0.00004
	−5.4148 ± 0.0008



	8776.506515420
	3214.68 ± 1.88
	2.90 ± 1.88
	22.702 ± 0.013
	0.48943 ± 0.00010
	0.10606 ± 0.00006
	−5.3058 ± 0.0012



	8806.565854030
	3206.60 ± 1.70
	3.71 ± 1.70
	22.843 ± 0.012
	0.46053 ± 0.00008
	0.09641 ± 0.00005
	−5.4463 ± 0.0013



	8821.555485620
	3213.74 ± 1.52
	4.46 ± 1.52
	22.759 ± 0.010
	0.48225 ± 0.00007
	0.10056 ± 0.00004
	−5.4004 ± 0.0009



	8879.511977139
	3219.73 ± 2.99
	5.41 ± 2.99
	22.657 ± 0.021
	0.46522 ± 0.00016
	0.10379 ± 0.00011
	−5.3304 ± 0.0030



	9348.874019349
	3218.47 ± 2.32
	3.70 ± 2.32
	22.680 ± 0.016
	0.47425 ± 0.00012
	0.10438 ± 0.00008
	−5.3677 ± 0.0018



	9374.884109579
	3220.18 ± 2.37
	5.98 ± 2.37
	22.660 ± 0.016
	0.48355 ± 0.00014
	0.10973 ± 0.00009
	−5.3081 ± 0.0016



	9388.824786819
	3214.41 ± 3.03
	6.11 ± 3.03
	22.697 ± 0.021
	0.48007 ± 0.00019
	0.10665 ± 0.00013
	−5.3387 ± 0.0026



	9388.895593230
	3219.82 ± 4.02
	5.86 ± 4.02
	22.683 ± 0.028
	0.47402 ± 0.00027
	0.10412 ± 0.00019
	−5.3631 ± 0.0043



	9392.775101860
	3215.91 ± 3.38
	2.95 ± 3.38
	22.273 ± 0.023
	0.48670 ± 0.00022
	0.11166 ± 0.00015
	−5.3593 ± 0.0030



	9397.756532569
	3222.12 ± 2.05
	4.36 ± 2.05
	22.643 ± 0.014
	0.48444 ± 0.00011
	0.10684 ± 0.00007
	−5.3332 ± 0.0013



	9401.782779399
	3218.06 ± 1.82
	6.43 ± 1.82
	22.687 ± 0.012
	0.47467 ± 0.00010
	0.10279 ± 0.00006
	−5.3595 ± 0.0011



	9405.797132989
	3218.17 ± 2.32
	6.85 ± 2.32
	22.659 ± 0.016
	0.47610 ± 0.00013
	0.10393 ± 0.00008
	−5.3422 ± 0.0016



	9415.710347369
	3222.91 ± 2.32
	4.73 ± 2.32
	22.678 ± 0.016
	0.48630 ± 0.00013
	0.10430 ± 0.00008
	−5.3222 ± 0.0017



	9420.830907099
	3218.24 ± 1.78
	2.31 ± 1.78
	22.711 ± 0.012
	0.48701 ± 0.00009
	0.10198 ± 0.00006
	−5.3543 ± 0.0010



	9433.685956649
	3219.10 ± 2.53
	6.32 ± 2.53
	22.641 ± 0.017
	0.47712 ± 0.00014
	0.10603 ± 0.00009
	−5.3452 ± 0.0021



	9435.672503740
	3216.55 ± 2.44
	4.17 ± 2.44
	22.629 ± 0.017
	0.50056 ± 0.00014
	0.10965 ± 0.00009
	−5.2680 ± 0.0016



	9437.722532339
	3229.60 ± 3.88
	3.61 ± 3.88
	22.613 ± 0.027
	0.49752 ± 0.00026
	0.10706 ± 0.00017
	−5.3068 ± 0.0036



	9438.856573979
	3220.14 ± 1.85
	6.12 ± 1.85
	22.618 ± 0.012
	0.49951 ± 0.00010
	0.10811 ± 0.00006
	−5.3007 ± 0.0010



	9440.638169330
	3220.46 ± 2.47
	3.87 ±2.47
	22.589 ± 0.017
	0.52091 ± 0.00014
	0.10966 ± 0.00009
	−5.2635 ± 0.0017



	9441.660189410
	3227.33 ± 5.07
	3.13 ± 5.07
	22.605 ± 0.035
	0.49868 ± 0.00035
	0.10660 ± 0.00024
	−5.3081 ± 0.0058



	9458.717944649
	3219.79 ± 1.71
	5.79 ± 1.71
	22.673 ± 0.012
	0.49745 ± 0.00009
	0.10223 ± 0.00005
	−5.3365 ± 0.0009



	9460.731402759
	3222.50 ± 1.92
	5.96 ± 1.92
	22.687 ± 0.013
	0.51384 ± 0.00011
	0.10439 ± 0.00006
	−5.3180 ± 0.0011



	9462.573722220
	3217.96 ± 2.47
	2.79 ± 2.47
	22.690 ± 0.017
	0.49227 ± 0.00013
	0.10195 ± 0.00009
	−5.3721 ± 0.0022



	9466.663848550
	3213.10 ± 1.75
	2.45 ± 1.75
	22.728 ± 0.012
	0.50397 ± 0.00009
	0.10223 ± 0.00006
	−5.3279 ± 0.0010



	9469.816379949
	3218.08 ± 2.95
	1.69 ± 2.95
	22.719 ± 0.020
	0.49610 ± 0.00019
	0.10206 ± 0.00012
	−5.3320 ± 0.0025



	9470.793938559
	3210.43 ± 4.06
	3.32 ± 4.06
	22.763 ± 0.028
	0.51734 ± 0.00029
	0.10715 ± 0.00019
	−5.2725 ± 0.0037



	9471.563886160
	3218.51 ± 3.42
	4.98 ± 3.42
	22.704 ± 0.024
	0.49400 ± 0.00021
	0.10467 ± 0.00014
	−5.3283 ± 0.0034



	9475.554375430
	3215.63 ± 2.93
	5.61 ± 2.93
	22.525 ± 0.020
	0.49572 ± 0.00018
	0.10631 ± 0.00011
	−5.3302 ± 0.0025



	9493.809748999
	3224.57 ± 4.82
	4.00 ± 4.82
	22.582 ± 0.033
	0.48352 ± 0.00033
	0.10710 ± 0.00023
	−5.2935 ± 0.0052



	9496.534805329
	3234.59 ± 2.38
	5.51 ± 2.38
	22.580 ± 0.016
	0.50834 ± 0.00013
	0.10890 ± 0.00009
	−5.2676 ± 0.0015



	9498.501848789
	3227.16 ± 2.49
	2.50 ± 2.49
	22.639 ± 0.017
	0.49642 ± 0.00014
	0.10588 ± 0.00009
	−5.3003 ± 0.0018



	9511.547134859
	3219.04 ± 2.56
	4.33 ± 2.56
	22.687 ± 0.018
	0.49818 ± 0.00016
	0.10192 ± 0.00010
	−5.3500 ± 0.0020



	9513.726814410
	3221.54 ± 1.71
	3.99 ± 1.71
	22.705 ± 0.012
	0.50037 ± 0.00009
	0.10554 ± 0.00005
	−5.3121 ± 0.0009



	9520.731811179
	3219.38 ± 2.05
	4.64 ± 2.05
	22.685 ± 0.014
	0.48749 ± 0.00011
	0.10274 ± 0.00007
	−5.3498 ± 0.0014



	9522.509384649
	3220.60 ± 1.74
	3.27 ± 1.74
	22.683 ± 0.012
	0.48459 ± 0.00009
	0.10502 ± 0.00006
	−5.3222 ± 0.0010



	9523.726931590
	3219.11 ± 1.66
	4.35 ± 1.66
	22.645 ± 0.011
	0.48833 ± 0.00008
	0.10207 ± 0.00005
	−5.3428 ± 0.0009



	9526.496313089
	3215.02 ± 1.60
	6.16 ± 1.60
	22.636 ± 0.011
	0.48959 ± 0.00008
	0.10385 ± 0.00005
	−5.3386 ± 0.0008



	9528.536004269
	3219.11 ± 1.55
	5.09 ± 1.55
	22.650 ± 0.010
	0.48975 ± 0.00008
	0.10347 ± 0.00005
	−5.3464 ± 0.0008



	9534.556207649
	3229.27 ± 1.69
	3.04 ± 1.69
	22.595 ± 0.011
	0.56567 ± 0.00009
	0.11273 ± 0.00005
	−5.2147 ± 0.0007



	9536.588630099
	3232.85 ± 1.68
	4.27 ± 1.68
	22.570 ± 0.011
	0.48621 ± 0.00009
	0.10941 ± 0.00005
	−5.3111 ± 0.0008



	9538.632464650
	3230.03 ± 1.77
	2.41 ± 1.77
	22.580 ± 0.012
	0.49761 ± 0.00009
	0.11122 ± 0.00006
	−5.2729 ± 0.0009



	9540.577644660
	3238.56 ± 4.87
	9.12 ± 4.87
	22.550 ± 0.033
	0.48267 ± 0.00034
	0.10958 ± 0.00023
	−5.2576 ± 0.0046



	9541.606901439
	3235.40 ± 2.45
	6.48 ± 2.45
	22.546 ± 0.017
	0.50846 ± 0.00015
	0.11255 ± 0.00009
	−5.2469 ± 0.0014



	9545.617787959
	3230.32 ± 1.99
	5.94 ± 1.99
	22.591 ± 0.013
	0.47711 ± 0.00011
	0.10909 ± 0.00007
	−5.2983 ± 0.0011



	9547.676999439
	3229.93 ± 2.35
	7.23 ± 2.35
	22.571 ± 0.016
	0.50080 ± 0.00013
	0.11059 ± 0.00008
	−5.2831 ± 0.0016



	9549.652463589
	3225.21 ± 1.74
	5.40 ± 1.74
	22.611 ± 0.012
	0.48153 ± 0.00009
	0.10473 ± 0.00005
	−5.3255 ± 0.0010



	9551.655961189
	3222.88 ± 2.11
	4.49 ± 2.11
	22.636 ± 0.014
	0.48978 ± 0.00011
	0.10435 ± 0.00007
	−5.3312 ± 0.0015



	9553.646438649
	3220.74 ± 1.85
	5.04 ± 1.85
	22.625 ± 0.012
	0.49102 ± 0.00009
	0.10368 ± 0.00006
	−5.3208 ± 0.0011



	9555.635507460
	3218.01 ± 2.33
	4.03 ± 2.33
	22.646 ± 0.016
	0.49672 ± 0.00013
	0.10467 ± 0.00008
	−5.3210 ± 0.0017





      

      
* Included in Oddo et al. (2023).




    

  
    
      Table A.3 

      HARPS radial velocities of GJ7.

      
        


	BJD (−2450000)
	RV (m s−1)





	4396.500796509
	20261.34 ± 3.40



	4397.534220419
	20265.35 ± 4.30



	4398.669049030
	20269.04 ± 3.14



	4398.771878509
	20273.34 ± 4.75



	4399.780613659
	20262.89 ± 3.11



	4400.506610579
	20270.13 ± 3.19



	4402.518508940
	20267.19 ± 3.93



	4403.523385889
	20264.51 ± 2.70



	4404.563537170
	20261.69 ± 6.01



	4404.772400570
	20263.24 ± 7.94





      

    

  
    
      Table A.4 

      Priors adopted for planetary orbit modeling of combined light curves and RV data, along with median values of posterior distributions.

      
        


	Parameter m
	Prior
	Median Circular orbit
	Median Elliptical orbit
	Description





	ρ. (kgm−3)
	𝒩 (8032.0, 3010.2)
	[image: equation]
	[image: equation]
	Stellar density



	




	TESS
	
	
	
	



	D
	1 (fixed)
	1
	1
	Photometric dilution factor



	q1
	𝒩 (0.238, 0.053)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	q2
	𝒩 (0.159, 0.044)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	Jitter (ppm)
	ℒ𝒰 (1, 10+3)
	[image: equation]
	[image: equation]
	Light curve jitter



	σGP (ppm)
	ℒ𝒰 (10−6, 10+3)
	[image: equation]
	[image: equation]
	Hyperparameter of the Matern kernel



	ρGP (d−1)
	ℒ𝒰 (10−6, 10+3)
	[image: equation]
	[image: equation]
	Hyperparameter of the Matern kernel



	




	CHEOPS
	
	
	
	



	D
	1 (fixed)
	1
	1
	Photometric dilution factor



	q1
	𝒩 (0.402, 0.074)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	q2
	𝒩 (0.186, 0.039)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	Jitter (ppm)
	ℒ𝒰 (1, 10+3)
	[image: equation]
	[image: equation]
	Light curve jitter



	




	ESPRESSO18
	
	
	
	



	μ (ms−1)
	𝒩 (0.21, 1.71)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (m s−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	ESPRESSO19
	
	
	
	



	μ (m s−1)
	𝒩 (−0.14, 2.43)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (m s−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	ESPRESSO21
	
	
	
	



	μ (m s−1)
	𝒩 (2.97, 2.40)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (m s−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	RV rotation GP kernel
	
	
	
	



	σGP (m s−1 )
	𝒰 (0, 5000)
	[image: equation]
	[image: equation]
	Dispersion of the GP regressor



	Q0
	𝒩 (0.0, 5000)
	[image: equation]
	[image: equation]
	Quality of half rotation



	f
	𝒩 (0.5, 0.3)
	[image: equation]
	[image: equation]
	Fractional amplitude



	dQ
	𝒩 (0.0, 100)
	[image: equation]
	[image: equation]
	Quality difference



	Prot (d)
	𝒩 (48.5, 1)
	[image: equation]
	[image: equation]
	Characteristic stellar cycle



	




	Planetary fitted parameters
	
	
	
	



	P (d)
	𝒩 (10.21543, 0.001)
	[image: equation]
	[image: equation]
	Orbital period



	T0
	𝒩 (2458356.3709, 0.01)
	[image: equation]
	[image: equation]
	Mid-transit time



	b
	𝒰 (0, 1)
	[image: equation]
	[image: equation]
	Impact parameter



	Rp/R*
	𝒰 (0, 0.1)
	[image: equation]
	[image: equation]
	Scaled planetary radius



	K (m s−1)
	𝒰 (0, 20)
	[image: equation]
	[image: equation]
	Keplerian amplitude of the RV curve



	a/R*
	—
	[image: equation]
	[image: equation]
	Scaled semimajor axis



	e
	𝒰 (0, 0.9)
	0 (fixed)
	[image: equation]
	Orbital eccentricity



	ω (deg)
	𝒰 (0, 360)
	90 (fixed)
	[image: equation]
	Argument of periapsis





      

    

  
    
      Table A.5 

      Priors adopted for planetary orbit modeling of combined light curves and RV data, along with median values of posterior distributions, using TESS PDCSAP fluxes.

      
        


	Parameter
	Prior
	Median Circular orbit
	Median Elliptical orbit
	Description





	P. (kg m−3)
	𝒩 (8032.0, 3010.2)
	[image: equation]
	[image: equation]
	Stellar density



	




	TESS
	
	
	
	



	D
	1 (fixed)
	1
	1
	Photometric dilution factor



	q1
	𝒩 (0.238, 0.053)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	q2
	𝒩 (0.159, 0.044)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	Jitter (ppm)
	ℒ𝒰 (1, 10+3)
	[image: equation]
	[image: equation]
	Light curve jitter



	σGP (ppm)
	ℒ𝒰 (10−6, 10+3)
	[image: equation]
	[image: equation]
	Hyperparameter of the Matern kernel



	ρGP (d−1)
	ℒ𝒰 (10−6, 10+3)
	[image: equation]
	[image: equation]
	Hyperparameter of the Matern kernel



	




	CHEOPS
	
	
	
	



	D
	1 (fixed)
	1
	1
	Photometric dilution factor



	q1
	𝒩 (0.402, 0.074)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	q2
	𝒩 (0.186, 0.039)
	[image: equation]
	[image: equation]
	Parametrization of quadratic limb darkening effect



	Jitter (ppm)
	ℒ𝒰 (1, 10+3)
	[image: equation]
	[image: equation]
	Light curve jitter



	




	ESPRESSO18
	
	
	
	



	μ (ms−1)
	𝒩 (0.21, 1.71)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (ms−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	ESPRESSO19
	
	
	
	



	μ (m s−1 )
	𝒩 (−0.14, 2.43)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (ms−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	ESPRESSO21
	
	
	
	



	μ (m s−1)
	𝒩 (2.97, 2.40)
	[image: equation]
	[image: equation]
	Mean RV value



	RVjitter (ms−1)
	ℒ𝒰 (10−10, 1.0)
	[image: equation]
	[image: equation]
	RV jitter



	




	RV rotation GP kernel
	
	
	
	



	σGP (ms−1)
	𝒰 (0, 5000)
	[image: equation]
	[image: equation]
	Dispersion of the GP regressor



	Q0
	𝒩 (0.0, 5000)
	[image: equation]
	[image: equation]
	Quality of half rotation



	f
	𝒩 (0.5, 0.3)
	[image: equation]
	[image: equation]
	Fractional amplitude



	dQ
	𝒩 (0.0, 100)
	[image: equation]
	[image: equation]
	Quality difference



	Prot (d)
	𝒩 (48.5, 1)
	[image: equation]
	[image: equation]
	Characteristic stellar cycle



	




	Planetary fitted parameters
	
	
	
	



	P(d)
	𝒩 (10.21543, 0.001)
	[image: equation]
	[image: equation]
	Orbital period



	T0
	𝒩 (2458356.3709, 0.01)
	[image: equation]
	[image: equation]
	Mid-transit time



	b
	𝒰 (0, 1)
	[image: equation]
	[image: equation]
	Impact parameter



	Rp/R*
	𝒰 (0, 0.1)
	[image: equation]
	[image: equation]
	Scaled planetary radius



	K (m s−1)
	𝒰 (0, 20)
	[image: equation]
	[image: equation]
	Keplerian amplitude of the RV curve



	a/R.
	—
	[image: equation]
	[image: equation]
	Scaled semimajor axis



	e
	𝒰 (0, 0.9)
	0 (fixed)
	[image: equation]
	Orbital eccentricity



	ω (deg)
	𝒰 (0, 360)
	90 (fixed)
	[image: equation]
	Argument of periapsis





      

    

  
    
      Table A.6 

      GJ7 b (TOI-198 b) planetary parameters using PDCSAP fluxes.

      
        


	Parameter
	Value Circular orbit
	Description





	P (d)
	[image: equation]
	Orbital period



	T0 – 2458000
	[image: equation]
	Mid-transit time



	b
	[image: equation]
	Impact parameter



	Rp/R∗
	[image: equation]
	Scaled planetary radius



	K (m s−1 )
	[image: equation]
	Keplerian amplitude



	a/R∗
	[image: equation]
	Scaled semimajor axis



	e
	≤0.15
	Orbital eccentricity



	ω (deg)
	90 (fixed)
	Argument of periapsis



	δ (ppm)
	[image: equation]
	Transit photometric depth



	i (deg)
	[image: equation]
	Orbital inclination angle



	a (au)
	[image: equation]
	Semimajor axis



	T14 (h)
	[image: equation]
	Transit duration



	Mp (M⊕)
	[image: equation]
	Planet mass



	Rp (R⊕)
	1.35 ± 0.13
	Planet radius



	ρp (g cm−3)
	[image: equation]
	Planet mean density



	Teq (K)∗
	[image: equation]
	Planet equilibrium temperature



	S (S⊕)
	[image: equation]
	insolation = (L/L⊙)/(a/1au)2



	vesc (km s−1)
	16.7 ± 2.9
	Escape velocity



	TSM
	[image: equation]
	Transmission spectroscopy metric





      

      
∗ Computed for null albedo.
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