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Abstract

We report the discovery of a hot (Teq ≈ 1055 K) planet in the small-planet radius valley that transits the Sun-like star TOI-733. It was discovered as part of the KESPRINT follow-up program of TESS planets carried out with the HARPS spectrograph. TESS photometry from sectors 9 and 36 yields an orbital period of [image: equation] days and a radius of [image: equation] R⊕. Multi-dimensional Gaussian process modelling of the radial velocity measurements from HARPS and activity indicators gives a semi-amplitude of K = 2.23 ± 0.26 m s−1, translating into a planet mass of [image: equation] M⊕. These parameters imply that the planet is of moderate density ([image: equation] g cm−3) and place it in the transition region between rocky and volatile-rich planets with H/He-dominated envelopes on the mass-radius diagram. Combining these with stellar parameters and abundances, we calculated planet interior and atmosphere models, which in turn suggest that TOI-733 b has a volatile-enriched, most likely secondary outer envelope, and may represent a highly irradiated ocean world. This is one of only a few such planets around G-type stars that are well characterised.
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1 Introduction
The end of the last millennium saw the addition of a new field to astronomy: the field of exoplanets. Since 2000, thousands of planets have been discovered by Convection, Rotation and planetary Transits (CoRoT; Baglin et al. 2006), the Kepler space telescope (Kepler; Borucki et al. 2010; Howell et al. 2014), and the currently operating Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015). The latter has followed in the footsteps of the indispensable Kepler and provided data that have led to the confirmation of about 3001 exoplanets so far, with thousands more to be confirmed in the years to come.
Space transit surveys, in particular Kepler, have facilitated the confirmation of the theoretically predicted (Owen & Wu 2013; Lopez & Fortney 2013) and observationally demonstrated (Fulton et al. 2017; Van Eylen et al. 2018) small-planet radius gap. This region, evident in planet radius versus orbital period (equally versus planet equilibrium emperature or stellar irradiation), is characterised by a dearth of planets with radii near 1.8 R⊕ (Fulton et al. 2017; Van Eylen et al. 2018). On the lower radius side are the super-Earths, which are rocky with or without thin secondary envelopes. On the larger radius side are the so-called mini-Neptunes with typically slightly larger cores and more significant H/He-dominated envelopes. The radius valley is the manifestation of the separation between the two. The origin of the radius gap has been investigated in detail, and two main theories have arisen: atmospheric photoevaporation resulting from intense stellar irradiation (Owen & Wu 2013; Lopez & Fortney 2013), and core-powered mass loss, that is, atmospheric mass loss driven by leftover heat from formation that escapes from the core (Ginzburg et al. 2018; Gupta & Schlichting 2019).
The planet mass, however, is the crucial parameter that, when combined with the radius, allows us to begin to characterise the detected planets. The relative faintness of the stellar targets in Kepler’s primary mission has unfortunately made the determination of this fundamental property difficult. Currently, one of the most high-profile ambiguities in exoplanet science is the composition degeneracy (Valencia et al. 2007; Zeng et al. 2016, 2019) of the in between planets found in the radius valley. It is important to characterise planets with precisely determined radius and mass in this region because this is a key ingredient in the recipe for breaking the degeneracy. By mapping out and disentangling the structure of these interesting objects, we may be able to uncover new pathways to planet formation and evolution. Modern high-precision spectrographs work well, and the yield of planetary mass is expected to be sufficient to allow population studies that are not limited only to radius (e.g. Kubyshkina & Fossati 2022).
In addition to the commonly assumed composition of a silicate mantle surrounding an iron core with a H/He envelope on top, a possibility in systems that are not young (a few billion years old) is that a planet between 1.6 and 2.5 R⊕ can be helium enhanced (Malsky et al. 2023). Transition region planets have also been hypothesised to be water worlds, however, or to feature a significant H2O content, a possible volatile atmosphere (e.g. Zeng et al. 2019, 2021; Mousis et al. 2020). Recently, Luque & Pallé (2022) showed that small planets around M dwarfs are likely to be water worlds, whose existence can be explained via type I migration from beyond the snow line. The authors suggested that their conclusions might be extended to you describe this as “Sun-like” in the title. Should this be “Sun-like” here? Please check and change if required here and throughout solartype stars. The recent discussions and analyses of the systems Kepler-138 presented by Piaulet et al. (2023), K2-3 by Diamond-Lowe et al. (2022), and of TOI-1695 by Cherubim et al. (2023) also indicate that water-dominated planets might be more prevalent than previously thought, even at super-Earth radii.
Furthermore, we cannot distinguish with current population studies whether photoevaporation or core-powered mass loss is the mechansim that sculpts the radius gap, as shown by Rogers et al. (2021). One of the key ingredients to determine the mechanism, as they point out, is obtaining high-accuracy planet radii and stellar host masses in systems in which the planets reside in or close to the radius gap. Thus, improving our understanding of the origins and histories of these planets is a crucial part of the way to crystallise the widely studied phenomenon of atmospheric mass loss.
In this paper, we present the discovery and characterisation of a planet inside the small-planet radius valley, TOI-733 b (TIC 106402532), which was discovered by TESS in 2019. We show that its possible compositions make it a particularly interesting and important planet that can serve as a stepping stone to showing that a population of water worlds also exists around Sun-like stars, as well as to reduce the uncertainty surrounding the aforementioned problems.
In Sect. 2, we present all space- and ground-based observations performed on TOI-733 and the data analysis. Section 3 describes our stellar modelling, and Sect. 4 summarises our transit and multi-dimensional Gaussian process (multi-GP) modelling. In Sect. 5, we present the placement of TOI-733 b in the small planet population, as well as our interior and atmospheric modelling. Our conclusions are laid out in Sect. 6.
2 TOI-733 space- and ground-based observations
To confirm the planetary nature of the candidate TOI-733.01, we relied upon space-based light-curve photometry from TESS, follow-up ground-based photometry from Las Cumbres Observatory Global Telescope (LCOGT), speckle imaging from the Zorro instrument at the 8m Gemini South telescope, and spectroscopy by the HARPS spectrograph at the 3.6 m telescope at La Silla observatory. The target identifiers and coordinates together with other relevant stellar parameters are listed in Table 1.
2.1 Photometry from TESS
The field of sector 9 was observed during the first TESS cycle between 2019 February 28 UT and 2019 March 25 UT, and of sector 36 in the third cycle, between 2021 March 07 UT and 2021 April 01 UT. TOI-733 (TIC 106402532) was observed by camera 2, CCD 2, in the nominal 2-min cadence in both sectors.
The data were processed in the TESS Science Processing Operations Center (SPOC, Jenkins et al. 2016) at NASA Ames Research Center. SPOC conducted a transit search of the light curve in sector 9 on 2019 April 25 and of the light curve in sector 36 on 2021 April 14 with an adaptive noise-compensating matched filter (Jenkins 2002; Jenkins et al. 2010, 2020). The search produced a threshold crossing event (TCE) with a period of 4.887 days, for which an initial limb-darkened transit model was fitted (Li et al. 2019) and a suite of diagnostic tests were conducted to help determine the planetary nature of the signal. The results of these tests can be found in the Data Validation Reports (DVR, Twicken et al. 2018), which are available for download via the Mikulski Archive for Space Telescopes (MAST)2 and the EXOFOP-TESS website3. The TESS Science Office (TSO) reviewed the vetting report and issued an alert for TOI 733.01 on 2019 June 6 (Guerrero et al. 2021). The reports for the two sectors show no concerning traits regarding any contaminating sources in the aperture of the SPOC pipeline, which is generated for the production of simple aperture photometry (SAP, Twicken et al. 2010; Morris et al. 2020).
In the absence of these potential complications and according to common practice, we downloaded the presearch data conditioning (PDCSAP, Smith et al. 2012; Stumpe et al. 2012, 2014) light curves from MAST and proceeded to use them for the transit analysis and light-curve modelling (Sect. 4).
To detrend the light curves, we used a Gaussian process (GP) type detrending with the code citlalicue4, which is a wrapper of george5 (Foreman-Mackey et al. 2014; Ambikasaran et al. 2016) and pytransit6 (Parviainen 2015). This Python package fits a model to the out-of-transit data using likelihood maximisation to account for the stellar variability (for more details, see e.g. Barragán et al. 2021; Persson et al. 2022). The same procedure was applied to the data from both sectors. Figure 1 shows the PDCSAP light curve in sector 36, the GP model, and the resulting detrended light curve. For the joint modelling (Sect. 4), we only used the cutout transits and not the entire light curve to speed up the computation.
Table 1 
Basic parameters for TOI-733.

	[image: thumbnail]	Fig. 1 Light curves (LC) with a two-minute cadence in sectors 9 (top) and 36 (bottom) of TESS PDCSAP are plotted in grey. The locations of the individual transits of TOI-733 b are marked by green triangles. The GP-inferred model for the out-of-transit data is marked by the red curve. The vertically offset blue dots show the resulting detrended light curve, and the orange fit with transits is overplotted.



2.2 Ground-based light-curve follow-up
The TESS pixel scale is ~21″ pixel−1 , and photometric apertures typically extend out to roughly 1 arcminute, which generally results in the blending of multiple stars in the TESS aperture. To attempt to determine the true source of the TESS detection, we conducted ground-based photometric follow-up observations of the field around TOI-733 as part of the TESS follow-up observing program7 sub-group 1 (TFOP; Collins 2019). If the event detected in the TESS data were indeed on-target, the shallow SPOC-reported depth of ~400 ppm would not generally be detectable in ground-based observations. Instead, we slightly saturated TOI-733 to enable the extraction of nearby fainter star light curves to attempt to rule out or identify nearby eclipsing binaries (NEBs) as potential sources of the TESS detection.
We observed a predicted transit window of TOI-733.01 in the Sloan i′ band using the LCOGT (Brown et al. 2013) 1.0 m network node at Cerro Tololo Inter-American Observatory (CTIO) on 2019 August 18 UT. The 1 m telescopes are equipped with 4096 × 4096 SINISTRO cameras having an image scale of 0.″389 per pixel, resulting in a 26′ × 26′ field of view. The images were calibrated by the standard LCOGT BANZAI pipeline (McCully et al. 2018), and photometric data were extracted using AstroImageJ (Collins et al. 2017).
We observed a second predicted transit of TOI-733.01 from the Perth Exoplanet Survey Telescope (PEST) near Perth, Australia. The 0.3 m telescope was equipped with a 1530 × 1020 SBIG ST-8XME camera with an image scale of 1.″2 pixel−1, resulting in a 31′ × 21′ field of view. A custom pipeline based on C-Munipack8 was used to calibrate the images and extract the differential photometry.
We scheduled full transit observations using the initial SPOC TESS sector 9 nominal ephemeris (P = 4.88651 days, T0 = 1545.7732 BTJD). A later SPOC sector 9 and 36 multi-year ephemeris (P = 4.88478 ± 0.00002 days, T0 = 1545.7755 ± 0.0015 BTJD) showed that our follow-up observations missed the revised predicted ingress, but covered the egress window with more than ±7σ timing uncertainty coverage. The multi-year SPOC centroid shift results limit the source to within ~30″ of TOI-733 (3σ). We therefore focused our NEB search on the nine known Gaia DR3 and TICv8 stars within 60″ of TOI-733 that are bright enough in the TESS band to produce the TESS detection.
We calculated the root mean square (RMS) over the full duration of the raw light curve after normalising it to a mean value of 1.0. We repeated this for each of the nine nearby star light curves (binned in five-minute bins) and found that the RMS values of the LCOGT light curve are lower by more than a factor of 5 than the expected NEB depth in each respective star, except for the 3’’ neighbor TIC 865377947 and the 16″ neighbor TIC 106402536. The TIC 865377947 photometric aperture is strongly blended with the much brighter target star TOI-733, and TIC 106402536 is contaminated with a TOI-733 diffraction spike that contains strong photometric systematics from the saturated target star. Although NEB signals cannot be ruled out in TIC 865377947 and TIC 106402536, we find that NEB signals are ruled out in the remaining seven nearby stars. In addition, the PEST light curve of TIC 106402536 excludes an NEB egress at a level of 3 × RMS. We then visually inspected the light curve of each neighboring star to ensure that there was no obvious deep eclipse-like signal. Through a process of elimination, we find that the TESS signal must occur in TOI-733 or in the 3″ neighbor TIC 865377947, relative to known Gaia DR3 and TICv8 stars. Our follow-up light curves are available on the EXOFOP-TESS website.
2.3 Speckle imaging from Gemini-South/Zorro
If an exoplanet host star has a spatially close companion, this companion (bound or line of sight) can create a false-positive transit signal if it is an eclipsing binary (EB), for example. Third-light flux from a close companion star can lead to an underestimated planetary radius if it is not accounted for in the transit model (Ciardi et al. 2015) and can even cause non-detections of small planets that reside within the same exoplanetary system (Lester et al. 2021). The discovery of close, bound companion stars provides crucial information toward our understanding of exoplanetary formation, dynamics, and evolution (Howell et al. 2021). Thus, to search for close-in bound companions that are unresolved in TESS or other ground-based follow-up observations, we obtained high-resolution speckle imaging observations of TOI-733.
TOI-733 was observed on 2020 March 15 UT using the Zorro speckle instrument on the Gemini South 8 m telescope (Scott et al. 2021). Zorro provides simultaneous speckle imaging in two bands (562nm and 832 nm). The output data products include a reconstructed image with robust contrast limits on companion detections. Three sets of 1000 X 0.06 sec exposures were collected and subjected to a Fourier analysis in our standard reduction pipeline (see Howell et al. 2011). Figure 2 shows our final contrast curves and the two reconstructed speckle images. We find that TOI-733 is a single star and has no companion brighter than 5–8 magnitudes (0.1″ to 1.0″) below that of the target star from the diffraction limit (20 mas) out to 1.2″. At the distance of TOI-733 (d = 75 pc), these angular limits correspond to spatial limits of 1.5–90 au.
	[image: thumbnail]	Fig. 2 5 σ sensitivity curve resulting from the speckle imaging by Gemini South/Zorro. The reconstructed image shows that no bright companions are detected within 1.2″.



2.4 Spectroscopy and frequency analysis
We observed TOI-733 with the High Accuracy Radial velocity Planet Searcher (HARPS; Mayor et al. 2003) spectrograph mounted at the ESO 3.6 m telescope of La Silla Observatory in Chile. We obtained a total of 74 high-resolution (R ≈ 115 000, λ ∈ 378—691 nm) spectra between 17 February and 8 June 2022 UT as part of our large observing program 106.21TJ.001 (PI: Gandolfi). The exposure time varied between 1200 and 1800 s, depending on weather conditions and observing schedule constraints, leading to a signal-to-noise ratio (S/N) per pixel at 550 nm between 45 and 109. We used the second fibre of the instrument to simultaneously observe a Fabry-Perot interferometer and trace possible nightly instrumental drifts (Wildi et al. 2010, 2011). The HARPS data were reduced using the dedicated data reduction software (DRS; Lovis & Pepe 2007) available at the telescope. For each spectrum, the DRS also provides the full width at half maximum (FWHM) and the bisector inverse slope (BIS) of the cross-correlation function (CCF). We also extracted additional activity indicators and spectral diagnostics, namely Hα, the S-index, the differential line width (dLW), and the chromatic index (crx) using the codes serval (Zechmeister et al. 2018) and TERRA (Anglada-Escudé & Butler 2012). A snippet of the data is shown in Table A.1.
As a first step into investigating the TOI-733 spectroscopic data, we performed a frequency analysis to search for significant signals as potential signatures of orbiting planets and/or stellar activity a single sentence does not constitute a paragraph. Please either add to this or merge. Figure 3 shows the generalised Lomb Scargle (GLS; Zechmeister & Kürster 2009) periodograms of the HARPS RV data as extracted by the DRS pipeline, as well as common activity indicators from the DRS, serval, and TERRA. We considered a signal to be significant if its false-alarm probability (FAP; Kuerster et al. 1997) was lower than 0.1%. We used the bootstrap method to estimate the FAP, denoted here by a blue horizontal line in all but the bottom panel.
The periodogram of the DRS RVs (upper panel) shows two significant (FAP < 0.1%) peaks at 0.078 day−1 and 0.118 day−1 (semi-transparent purple), which correspond to periods of about 12.8 and 8.5 days, respectively. We note a third peak at the transit signal of TOI-733.01 (0.205 day−1, teal vertical line). While this peak does not cross the FAP = 0.1% threshold that we required to consider it significant, we can use our prior knowledge of the frequency of the transit signal to estimate the probability that noise might produce a peak at the orbital frequency of the transit signal whose power exceeds the orbserved power of TOI-733.01. Following the method described in Hatzes (2019), we computed the GLS periodogram of 105 simulated data sets obtained by randomly shuffling the RV measurements while keeping the observation time-stamps fixed. We found that none of the 105 periodgram trials displays a peak at 0.205 day−1 with a power greater than the observed one, implying an FAP < 0.001%.
The second panel shows a periodogram of the RV residuals after subtracting the signal of the planet candidate. The latter two peaks remain undisturbed. The FWHM and dLW periodograms (panels d and e, respectively) clearly show a peak at ~ 0.04 day−1 (25.6 days, solid purple line). Although not clearly identifiable in the activity indicators, subtracting a signal at this frequency from the FWHM causes the peak at 8.5 days to become apparent. When the 8.5-day signal is subtracted, the signal at 12.8 days can also be identified (Fig. B.1). All this shows that all three signals (25.6 days, 12.8 days, and 8.5 days) are present in the FWHM, which in turn allows us to attribute the latter two (leftmost peaks in the top RV panel) to the first two harmonics of the 25.6-day signal. We thus consider the latter to be the true rotation period of the star and point out that such a Prot is consistent with R⋆ and the V sin i estimated in Sect. 3.
It is also worth noting that the S-index panel also displays the significance of Prot estimated in this way, but it is less prominent than the highest peak in this panel, which is at 65.2 days. The bottom panel shows the periodogram of the window function. It shows a peak at a frequency equal to the frequency spacing between 1/25.6 and 1/50 day−1, that is, 0.0237 day−1 (red arrow in the bottom panel), pointing to the interpretation that the 65.2-day signal is an alias of the rotation frequency.
Panel c presents the periodogram of the RV residuals after the final model described in Sect. 4 is subtracted from the data. No more significant peaks are present in the data. Together with an RV jitter term of ~ 1.1 m s−1 (Table 2), this shows that based on the gathered observations, there is no evidence that an additional planet orbits TOI-733.
	[image: thumbnail]	Fig. 3 Generalized Lomb-Scargle periodograms of the spectroscopic data for TOI-733. From top to bottom, the top three panels correspond to the DRS RVs, to the RV residuals after fitting a sinusoid at the detected orbital period for TOI-733.01 (marked as solid vertical teal line), and to residuals after fitting the final multi-GP model presented in Sect. 4. The following panels show periodograms of spectral activity indicators, ending with the window function at the bottom, as annotated in each panel. The solid purple lines represent the frequency of the GP signal, which is particularly visible in the FWHM and dLW, while its first two harmonics in semi-transparent purple are well pronounced in the RVs. A peak at the first harmonic is also visible in panel i). The horizontal blue line shows the 0.1% FAP level.



3 Stellar modelling
For the spectroscopic modelling of TOI-733, we used two codes: SpecMatch-Emp (Yee et al. 2017), and SME9 (Spectroscopy Made Easy; Valenti & Piskunov 1996; Piskunov & Valenti 2017), version 5.2.2. The latter fits observations to synthetic spectra computed with atomic and molecular line data from the VALD10 (Ryabchikova et al. 2015) and stellar atmosphere grids (Atlas12; Kurucz 2013). SpecMatch-Emp is an emperical code that compares observations to a dense library of very well characterised FGKM stars. This software finds an effective temperature Teff = 5554 ± 110 K, a surface gravity log g⋆ = 4.30 ± 0.12, and an iron abundance [Fe/H] = −0.09 ± 0.09. These values were used as a first input to the more elaborate SME modelling (further details of the SME modelling can be found in Persson et al. 2018). In short, we fitted one parameter at a time using spectral lines that are particularly sensitive to the fitted parameters. We fixed the micro-turbulent velocity Vmic to 1.0 km s−1 (Bruntt et al. 2008) and the macro-turbulent velocity Vmac to 2.8 km s−1 (Doyle et al. 2014). Our final SME model gives Teff = 5585 ± 60 K, [Fe/H] = −0.04 ± 0.05, [Ca/H] = −0.01 ± 0.05, [Si/H] = +0.02 ± 0.05, [Mg/H] = +0.03 ± 0.05, [Na/H] = +0.04 ± 0.05, log g⋆ = 4.47 ± 0.05, and a projected rotational velocity V sin i⋆ = 2.2 ± 0.7 km s−1 in excellent agreement with Specmatch-emp. The SME modelling points to a G6 V star with typical mass and radius of 0.97 M⊙ and 0.95 R⊙, respectively.
To model the stellar radius, mass, and age, we used the python package ARIADNE11 (Vines & Jenkins 2022). With this software, broadband photometry was fit to the spectral energy distribution (SED). We fit the following bandpasses: Johnson V and B (APASS), GGBPGRP (DR3), JHKS (2MASS), WISE W1–W2, and the Gaia DR3 parallax. We set an upper limit of AV based on the dust maps of Schlegel et al. (1998). ARIADNE fits the photometric observations to the four atmospheric model grids Phoenix v2 (Husser et al. 2013), BtSettl (Allard et al. 2012), Castelli & Kurucz (2004), and Kurucz (1993), and computed the final radius with Bayesian model averaging. Figure 4 shows the SED model and the fitted bands. The final stellar radius is [image: equation] R⋆. We also find a luminosity of L⋆ = 0.82 ± 0.02 L⊙, and an extinction that is consistent with zero (AV = 0.01 ± 0.02). The stellar mass in ARIADNE was interpolated from the MIST (Choi et al. 2016) isochrones and is found to be [image: equation] M⋆. When we combine the radius from ARIADNE and log g⋆ from SME, the gravitational mass is [image: equation] M⊙. The posteriors in the ARIADNE model for Teff, [Fe/H], and log g⋆ agree very well with the priors taken from SME.
We checked the ARIADNE results with PARAM1.312 (da Silva et al. 2006). This software uses Bayesian computation and PARSEC isochrones with Teff, [Fe/H], the V magnitude, and the Gaia DR3 parallax as priors. The results are in excellent agreement within 1 σ with the results from ARIADNE.
The stellar age was derived with ARIADNE and PARAM1.3 to [image: equation] Gyr and 6 2 ± 3 6 Gyr, respectively. We used the stellar radius and mass from ARIADNE and Teff from SME in our pyaneti modelling in Sect. 4 and the SME abundances for the planet interior modelling in Sect. 5.1.
Table 2 
Pyaneti model of TOI-733 described in Sect. 4.

	[image: thumbnail]	Fig. 4 Spectral energy distribution of TOI-733 and the best-fit model (Castelli & Kurucz 2004). Magenta diamonds outline the synthetic photometry, and the observed photometry is shown with blue points. We plot the 1 σ uncertainties of the magnitudes (vertical error bars), and the effective width of the passbands is marked with horizontal bars. The residuals in the lower panel are normalised to the errors of the photometry.



4 Transit and radial velocity modelling
For the joint modelling of TOI-733, we used the code pyaneti13 (Barragán et al. 2019, 2022a) to obtain and refine the system parameters. As mentioned in Sect. 2, we only use trimmed versions of the citlalicue-detrended light curves from the two TESS sectors. Each segment contained 24 h of data, including and around each transit (total transit duration ~2.6 h). We accounted for stellar limb darkening using the Kipping (2013) q1 and q2 parametrisation, and modelled the transits using the Mandel & Agol (2002) approach. The orbit inclination was estimated via the impact parameter parametrisation (Winn 2010), which ultimately allowed us to estimate the true planet mass.
In contrast to what the quiet look of the light curves (Fig. 1) may suggest, TOI-733 has a pronounced activity signature (Sects. 2.4, 3). We thus applied a multi-dimensional Gaussian process approach, the pyaneti implementation of which is as described in Rajpaul et al. (2015). The activity indicator of choice to pair with the DRS RVs and guide the GP is the FWHM because it clearly shows the imprint of the star (Sect. 2.4). We tested combinations with other available activity indicators extracted via the different pipelines, but for the purpose of this analysis, none yielded superior results to the pairing with the FWHM. Because the periodocity of the star-induced signal is clear, we used the quasi-periodic (QP, Eq. (1)) kernel and placed an uninformative prior with a range containing the value corresponding to the peak of the FWHM (and dLW) GLS periodogram (~25 days; see Fig. 3, fourth panel). Because the first two harmonics of this signal are clearly detected in the RV data, we consider this to be the true stellar rotation period, Prot. We add that, while the S-index shows a significant peak suggesting a Prot of ~65.2 days, modelling it instead of the FWHM and adjusting the priors accordingly still converges on the same Prot as was given by the FWHM. This further confirms our conclusion.
The PGP term in Eq. (1) is to be interpreted as this Prot, while λp describes (the inverse of) the harmonic complexity of the data, and λe represents the time evolution of the active features as they move along the stellar surface,
[image: equation](1)
Similar to Georgieva et al. (2021) and Barragán et al. (2022b), for example, the two-dimensional GP we used to characterise the TOI-733 system is formulated as in Eq. (2) below,
[image: equation](2)
G(t) is assumed to describe the RV and activity indicator time series and is a latent variable modelled by the QP covariance function in Eq. (1). Vc, Vr, and Fc are coefficients that relate G(t) to the observables.
G(t) and [image: equation] represent the GP function and its first derivative, respectively. The dependence of the position of the spots on the stellar hemisphere is modelled by the dG/dt part. In the case of the RVs, the latter is particularly relevant (as shown by the value of Vr; see Table 2) since RVs depend not only on the fraction of the stellar disc covered by active regions, but also on how the size and shape of these surface features change in time.
Using the polar form parametrisation for e and ω⋆ and adding a jitter term for the photometric and spectroscopic data, we proceeded with the model configuration described above to sample the parameter space with 500 Markov chains. Convergence was checked at every 5000 steps, and when it was reached, the last set of 5000 was used, along with a thin factor of 10, to create posterior distributions for the sampled parameters, each built with 250 000 independent points. All parameters, the priors we used, and derived values are listed in Table 2. Our resulting final multi-GP model is shown in Fig. 5, where the top panel shows the RV, and the bottom panel shows the FWHM time series. The phase-folded RV and transit plots of TOI-733 b are shown in Figs. 6 and 7, respectively. For clarity, the latter shows only 8 hours centred around the transit.
We thus find TOI-733 b to be in a circular 4.885-day orbit around a G6 V star, which in turn has a stellar rotation period estimated as Prot = 25.48 days. The activity of the star is once again shown by the value of λp ([image: equation]), indicating a high harmonic complexity, which in turn is a sign of rapid changes within a single rotation period. The lifetime of the active regions can also be used to infer high activity, but unfortunately, our model is not able to constrain λe well.
	[image: thumbnail]	Fig. 5 RV (top panel) and FWHM (bottom panel) time series. The purple markers in each panel represent the HARPS RV and FWHM measurements with inferred offsets extracted. The inferred multi-GP model is shown as a solid black curve, where the dark and light shaded areas show the 1 - and 2σ credible intervals from this model, and can also explain the data, but with a correspondingly lower probability. The solid red line in the top panel shows the star-only model, and the teal sine curve shows the Keplerian for TOI-733 b. In both panels, the nominal error bars are plotted in solid purple, and the jitter error bars (σHAPRS) are semi-transparent purple.



	[image: thumbnail]	Fig. 6 HARPS RV data (purple points) and inferred model (solid black curve) phase-folded on the orbital period of TOI-733 b. 1- and 2 σ credible intervals in shaded grey regions are also shown. Nominal and jitter error bars are plotted in solid and semi-transparent purple, respectively.



	[image: thumbnail]	Fig. 7 TOI-733 b phase-folded and detrended transits from both TESS sectors, with residuals. The best-fitting transit model is marked by the black curve. Two-minute nominal cadence data points binned to 10 min are shown in grey and green, respectively. The typical error bar is added in the bottom right corner.



	[image: thumbnail]	Fig. 8 Radius vs. incident flux (in units of flux received on Earth) for small planets (1 – 4 R⊕) orbiting stars 0.7–1.4 M⊙ and radius estimates with a precision better than 5%. All data were taken from the NASA Exoplanet Archive. Points in colour correspond to planets with density (and thus mass) estimates, where lighter and darker colours correspond to lower and higher densities, respectively. Grey points are planets whose masses have not been measured, and thus their densities are unknown. A fit to the radius valley following the relation in Petigura et al. (2022) is plotted in semi-transparent teal. TOI-733 b, marked with a black star, lies well within the sparsely populated region of the radius gap.



5 Discussion
Based on the two sectors of TESS data, we obtain a planet radius of [image: equation] R⊕ (4.4% precision), while the HARPS RVs yield a semi-amplitude of K = 2.23 ± 0.26 m s−1. These in turn give a planet mass of [image: equation] M⊕ (12 % precision) and a bulk density of [image: equation] g cm−3. With an orbital period of 4.88 days around a G6 V star, TOI-733 b is in a highly irradiated orbit ([image: equation] F⊕), and, as shown in Fig. 8, lies in the middle of the small-planet radius valley, here calculated following the work of Petigura et al. (2022). All planets we plotted have radii with an uncertainty in radius of 5% at most. The data were downloaded from the NASA Exoplanet archive, where we chose for planets with several entries the most recent results with the highest precision. In cases of similar precision, the latest publications were favoured. If stellar irradiation was not among the listed parameters, we calculated it using the following relation:
[image: equation](3)
where Fp is the incoming stellar flux, Teff is stellar effective temperature, and a is the semi-major axis. Colour-coded dots are planets with known bulk densities, while the densities of the planets in grey cannot be calculated since their masses have not yet been measured. As evident from this figure, the densities of super-Earths are higher than those of the mini-Neptune population, as the latter feature a significant volatile content.
The planet to the immediate left of TOI-733 b in Fig. 8 and thus the closest well-characterised planet to it in this parameter space, is π Men c (Gandolfi et al. 2018; Huang et al. 2018; Hatzes et al. 2022). Garcia Muñoz et al. (2020) reported the non-detection of photodissociated hydrogen, suggesting that π Men c might instead be H2O or dominated by other heavy molecules rather than H/He. The latter hypothesis was later confirmed by further observations with the detection of, most likely escaping, Ca II ions (Garcia Muñoz et al. 2021). Despite its relatively mature age (~4 Gyr, Damasso et al. 2020), atmospheric escape was expected for π Men c as its radius (2.06 ± 0.03 R⊕) is large relative to its mass (4.52 ± 0.81 M⊕)14. While still of relatively low density ([image: equation] g cm−3 vs 2.1 ± 0.4 g cm−3 for π Men c), it is less likely that TOI-733 b is undergoing intense atmospheric loss.
Water worlds have been put forward as a possible explanation for planets with similar parameters (e.g. Zeng et al. 2019, 2021). Recently, Luque & Pallé (2022) showed that the small-planet population around M dwarfs is inconsistent with a radius gap as observed around higher-mass stars. They suggest that photoevaporation is not needed to explain the observed trends and that water worlds, forming beyond the snow line and migrating inward, are the planets that straddle the area between rocky planets and those with non-negligible envelopes. The census of well-characterised planets around Sun-like stars, however, prevented this conclusion from being extended to higher mass stars.
To try and understand TOI-733 b better and elucidate its composition, and whether it is more likely that its atmosphere has or is in a process of being lost, or if instead it formed more or less as we currently find it, we performed interior and atmospheric modelling. We describe this in the following sections.
	[image: thumbnail]	Fig. 9 Mass-radius relations for SW planets (Acuña et al. 2021; Aguichine et al. 2021), planets with Earth-like cores and H/He envelopes (Lopez & Fortney 2014), and rocky planets with different iron contents (bottom three curves; Brugger et al. 2017). The atmospheres in volatile-rich planets are in radiative equilibrium for irradiation temperatures of 1200 K and 1000 K for water and H/He envelopes, respectively. Assuming an age of 4.4 Gyr, the position of TOI-733 b is as highlighted in red. Grey points correspond to planets less massive than 15 M⊕ with mass and radius data available from the NASA Exoplanet Archive. All planets have a limit on the radius uncertainty of 5%, and a limit on the mass of 15%. The mantle composition follows the model of Brugger et al. (2016) with both CMF and WMF equal to zero, and is made up of silicate rock. Earth has a CMF of 0.32 and a WMF of 0.0005.



5.1 Interior structure
To illustrate the position of TOI-733 b in mass-radius space, we show in Fig. 9 the iso-composition curves for refractory interiors (Brugger et al. 2016, 2017), planets with supercritical water (SW) envelopes (Acuña et al. 2021; Aguichine et al. 2021), and planets with H/He envelopes (Lopez & Fortney 2014). We choose to use the data grid of Lopez & Fortney (2014) to plot different percentages of H/He models over the more widely used model of Zeng et al. (2019) because the latter indicate that the temperature in Zeng et al. (2019) is that at the P = 100 bar level, whereas the temperature in the model of Lopez & Fortney (2014) reflects the irradiation or equilibrium temperature of the planet. This concept is further elaborated in Rogers et al. (2023), for example.
Figure 9 shows that the density of TOI-733 b is lower than that of a pure mantle rock planet, suggesting that it contains a volatile layer. A 5.7 M⊕ planet with a H/He-dominated envelope of ~0.2% has a radius of ≃2 R⊕ (Lopez & Fortney 2014). Therefore, with a radius of R = 2.0 R⊕, the most likely inventory of volatiles in TOI-733 b does not include a significant H/He component and is instead that of a secondary atmosphere (H2O, CO2, CH4, etc.; Madhusudhan et al. 2021; Krissansen-Totton & Fortney 2022), which is the envelope composition we assumed in our interior structure model.
We performed a Markov chain Monte Carlo (MCMC) Bayesian analysis (Director et al. 2017) (Acuna, in prep.) of the interior structure and composition of TOI-733 b. Our 1D interior structure model considered three layers: a Fe-rich core, a silicate mantle (Brugger et al. 2016, 2017), and a water-dominated envelope in supercritical and steam phases, given the high irradiation TOI-733 b receives from its host star (Mousis et al. 2020; Acuña et al. 2021). To include the effect of this high irradiation on the total radius self-consistently, we coupled our interior model to an atmospheric model that computed the emitted total radiation and reflection of the atmosphere to determine radiative-convective equilibrium (Acuña et al. 2021) (Acuna, in prep.). Our interior-atmosphere models calculated the radius from the centre of the planet up to a transit radius of 20 mbar (Grimm et al. 2018; Mousis et al. 2020).
In our analysis, we considered two scenarios. Scenario 1 is the most conservative because it only takes the planetary mass and radius into account as input for the MCMC method, whereas in scenario 2, we adopted as input forthe MCMC the stellarFe/Si mole ratio in addition to the mass and radius of the planet. We obtain a Fe/Si = 0.67 ± 0.11, following the approach described in Brugger et al. (2017); Sotin et al. (2007) to convert the stellar abundances in Table 1 into a mole ratio. We adopted solar composition reference values from Gray (2005). The MCMC provides the posterior distribution functions (PDF) of the compositional parameters, which are the core mass fraction (CMF) and the water mass fraction (WMF). In addition, the atmospheric parameters were also obtained by the MCMC and consist of the temperature at the interior-atmosphere coupling interface (300 bar), the Bond albedo, and the atmospheric thickness from 300 bar up to the transit radius.
Table 3 shows the mean and 1σ confidence intervals of the MCMC output parameters. In scenario 1, which is the most general and conservative scenario because we do not make any assumptions on the planetary Fe/Si mole ratio, the CMF distribution is centred at a similar value to the mean of the CMF distribution of the rocky super-Earth population (Plotnykov & Valencia 2020). In addition, in scenario 1 the CMF is compatible within the uncertainties with the Earth CMF value (CMF⊕ = 0.32). The CMF in scenario 2 is significantly lower than that of Earth, which is a consequence of a lower Fe/Si mole ratio of the stellar host compared to the Sun (Fe/Si⊙ = 0.96), although the planetary CMF is still well within the range of CMFs observed in super-Earths (≃0.10 to 0.50). The WMF of TOI-733 b ranges from 5 to 17% in scenario 1 and from 2 to 12% in scenario 2, suggesting that the water content of TOI-733 b is in between to what is expected in super-Earths (WMF < 5%) and sub-Neptunes (WMF > 20%; Acuna, in prep.; Luque & Pallé 2022).
Table 3 
1σ confidence intervals of the interior and atmosphere MCMC output parameters in the two different compositional scenarios (see text).

5.2 Atmospheric escape
The low surface gravity of TOI-733 b combined with its high equilibrium temperature results in a moderately low value of the Jeans escape parameter Λ = 20.6. Neptune-like planets for which Λ ≲ 20 are expected to have quickly escaping atmospheres (Owen & Wu 2016; Cubillos et al. 2017). Their size would decrease to smaller radii, so that Λ would increase to reach higher values, reducing atmospheric escape rates (Fossati et al. 2017).
To quantify this effect, we followed the approach from Aguichine et al. (2021) to estimate the total mass of H/He that TOI-733 b may have had in the past. The photoevaporation mass-loss rate from the atmosphere in the energy-limited regime is (Erkaev et al. 2007; Owen & Wu 2013)
[image: equation](4)
where FXUV is the XUV flux received by the planet, G is the gravitational constant, and e is an efficiency parameter. We approximated the XUV luminosity by the analytical fit obtained by Sanz-Forcada et al. (2011), and we estimate ϵ ≃ 0.07 from Owen & Jackson (2012). Since the XUV luminosity is a decreasing function of time, the mass-loss rate also decreases with time. This yields a mass loss of 9.3 × 10−1 M⊕ Gyr−1 during the saturation regime and a present-day mass-loss rate of 2.1 × 10−3 M⊕ Gyr−1 at the estimated age of 4.4 Gyr. Following the approach of Aguichine et al. (2021), we estimate the total mass of H/He lost by photoevaporation by integrating the mass-loss rate, assuming that Mp, Rp and Teq remained roughly constant, and that only the XUV flux decreased during the planetary evolution. In this case, we find that TOI-733 b could have lost ~0.12 M⊕ of H/He, that is, ~2% of its initial mass. This estimate is consistent with the computation made by Rogers et al. (2023), who predicted that at Teq = 800 K, planets with core masses ≲ 6 M⊕ are entirely stripped of their envelopes, assuming the latter are made of pure H2. This is expected to remain valid at higher equilibrium temperatures.
Despite the efficient hydrogen escape at early ages, recent studies showed that a secondary atmosphere may be formed by outgassing volatile gases from the magma after the photoevaporation phase (Kite & Barnett 2020; Tian & Heng 2023). The present-day mass-loss rate by photoevaporation may be insufficient to remove the outgassed hydrogen due to the low XUV flux from the host star. Nevertheless, other mechanisms of thermal escape might cause the preferential loss of hydrogen. The Jeans parameter of TOI-733 b is lower than that of Earth (Λ⊕ = 27.4), which results in a hydrogen Jeans escape rate ~103 times greater for TOI-733 b than for Earth (see Catling & Kasting 2017, for the Jeans escape rate formula). It is therefore very likely that any outgassed hydrogen was removed by thermally driven escape, leaving behind a secondary atmosphere made of heavier volatiles as on Earth.
This supports the hypothesis that TOI-733 b may have formed with an envelope that is a mixture of various volatile compounds, but only heavier species remained after the escape of H/He. In other words, the planet may have formed with H/He and water, but H/He was lost, and what is currently left behind is a mixture of the initial water reservoir together with any outgassed gases.
Furthermore, it is possible that TOI-733 b formed with more than 2% of H/He by mass. As shown in Fig. 9, H/He envelopes are very inflated at these high temperatures, meaning that using the present-day radius underestimates the mass-loss rate.
A further possibility is that TOI-733 b directly formed as an ocean planet and did not experience atmospheric loss because water has a much lower escape efficiency (Ito & Ikoma 2021). In other words, the planet formed with an initial high WMF and was able to retain it because water is more resistant to XUV photoevaporation than H/He.
In both cases, the loss of the entire H/He content from the atmosphere of TOI-733 b supports the presence of a secondary atmosphere that might be dominated by water. However, atmospheres of other heavy volatiles (Hu et al. 2015; Bolmont et al. 2017; Ito & Ikoma 2021) cannot be excluded.
5.3 Prospects for atmospheric characterisation
Based on our interior structure analysis, TOI-733 b most probably features a volatile envelope. The composition of this envelope is likely to be that of a secondary atmosphere, although the presence of a few tenths of percent of H or He cannot be completely ruled out. Therefore, TOI-733 b is an interesting target for atmosphere characterisation observations to confirm that its atmosphere is dominated by H2O, CO2, CH4 or other compounds that are present in a secondary atmosphere instead of H/He. These observations would enable us to break the degeneracy between envelope mass and composition that is typically found in sub-Neptunes. Unfortunately, the estimated TSM (transmission spectroscopy metric) and ESM (emission spectroscopy metric) of TOI-733 b are 46.29 and 4.4, respectively, which both place it below the threshold of the optimal targets for transmission and emission spectroscopy with the James Webb Space Telescope (Kempton et al. 2018). However, an extended atmosphere signature could be significantly larger than the TSM would imply because the latter is based on the assumption of a bound atmosphere. It is thus worth mentioning that a search from the ground for an Hα or He I signature, of any extended, escaping H/He atmosphere, or possibly even H from the photodissociated ocean world, might be possible (e.g. Jensen et al. 2012; Cauley et al. 2017). Any attempts to observe this planet in the hope of learning more about its bound atmosphere, however, will have to be postponed until the next generation of telescopes.
6 Conclusions
We presented the discovery and characterisation of TOI-733 b. Our stellar and joint RV and transit modelling shows that this planet orbits a G6 V star and is located well within the small-planet radius valley when considering solar-type stars. We performed interior and atmospheric modelling to try and narrow down the possible structure and composition of this planet. We found that if TOI-733 b ever had a H/He atmosphere, it was mostly if not completely lost, leaving behind a secondary atmosphere of heavier elements. Our analysis also indicates that the planet may also have formed as a water world and did not experience atmospheric mass loss.
Answering the question of whether TOI-733 b has a secondary atmosphere or is an ocean planet means that we need to distinguish between a Neptune-like planet that lost ~10% of its H/He (as estimated by our atmospheric mass loss models) to leave behind a steam atmosphere of heavier volatiles, and a planet that formed and remained relatively the same throughout its evolution. While being beyond the scope of this paper, finding an answer to this question will have broad implications for our understanding of exoplanets.
The similarity between TOI-733 b and π Men c does not end at the connection of the radius to the incident flux. In addition to receiving a similar amount of stellar irradiation, the two planets orbit stars of similar type and age. Models suggest that H2O plays a significant role in the interior and possibly in the envelope of both planets. Recent transmission spectroscopy observations point to an increasing probability that this is the case. Given the observability limitations of TOI-733 b, a more detailed comparison study between the two planets and their hosts could help determine to what extent, if at all, the conclusions derived for π Men c can be extended to TOI-733 b. If these two and other planets with similar characteristics are confirmed to indeed be dominated by water, this could point to there being a population of planets that belongs in the radius gap and are not just passing through. This does not diminish the importance of or the need for mechanisms that explain atmospheric loss, but it may mean that they and the planets considered to be or to have been subjected to them at some point in their history need to be rethought. Regardless of the case of TOI-733 b, however, because both the core-powered mass loss (formation) and the XUV photoevaporation (evolution) mechanisms are able to physically explain the presence of the radius valley separating super-Earths from mini-Neptunes, well-characterised planets in this parameter space are essential to facilitate understanding of which of these mechanisms is dominant.
By all accounts, TOI-733 b is an interesting planet and holds the potential of being a small but key piece to solving major puzzles in exoplanet science. With ever-increasing detailed theoretical analyses and the promise of high-precision follow-up by current and upcoming facilities, we seem to be well on the way to finding answers to the main questions relating to planet formation and evolution.
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Appendix A  HARPS data
Table A.1 
Radial velocities and spectral activity indicators measured from 3.6m/HARPS spectra.


Appendix B  Frequency analysis of the FWHM residuals
	[image: thumbnail]	Fig. B.1 GLS periodogram of the FWHM residuals after subtracting the 25.6-day signal (Fig.3, panel d; top panel). The 8.5-day signal seen in the RV panels of Fig.3 becomes significant. The bottom panel shows the FWHM after subtracting both the 25.6-, and the 8.5-day signals. Here, the 12.8-day signal remains, but is not significant.





References
	Acuña, L., Deleuil, M., Mousis, O., et al. 2021, A&A, 647, A53[See]
	Aguichine, A., Mousis, O., Deleuil, M., & Marcq, E. 2021, ApJ, 914, 84[See]
	Allard, F., Homeier, D., & Freytag, B. 2012, Philos. Trans. Roy. Soc. Lond. Ser. A, 370, 2765[See]
	Ambikasaran, S., Foreman-Mackey, D., Greengard, L., Hogg, D. W., & O’Neil, M. 2016, IEEE Trans. Pattern Anal. Mach. Intell., 38, 252[See]
	Anglada-Escudé, G., & Butler, R. P. 2012, ApJS, 200, 15[See]
	Baglin, A., Auvergne, M., Boisnard, L., et al. 2006, in 36th COSPAR Scientific Assembly, 36, 3749[See]
	Barragán, O., Gandolfi, D., & Antoniciello, G. 2019, MNRAS, 482, 1017[See]
	Barragán, O., Aigrain, S., Gillen, E., & Gutiérrez-Canales, F. 2021, RNAAS, 5, 51[See]
	Barragán, O., Aigrain, S., Rajpaul, V. M., & Zicher, N. 2022a, MNRAS, 509, 866[See]
	Barragán, O., Armstrong, D. J., Gandolfi, D., et al. 2022b, MNRAS, 514, 1606[See]
	Bolmont, E., Selsis, F., Owen, J. E., et al. 2017, MNRAS, 464, 3728[See]
	Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977[See]
	Brown, T. M., Baliber, N., Bianco, F. B., et al. 2013, PASP, 125, 1031[See]
	Brugger, B., Mousis, O., Deleuil, M., & Lunine, J. I. 2016, ApJ, 831, L16[See]
	Brugger, B., Mousis, O., Deleuil, M., & Deschamps, F. 2017, ApJ, 850, 93[See]
	Bruntt, H., De Cat, P., & Aerts, C. 2008, A&A, 478, 487[See]
	Castelli, F., & Kurucz, R. L. 2004, IAU Symp., 210, A20[See]
	Catling, D. C., & Kasting, J. F. 2017, Atmospheric Evolution on Inhabited and Lifeless Worlds (Cambridge, UK: Cambridge University Press)[See]
	Cauley, P. W., Redfield, S., & Jensen, A. G. 2017, AJ, 153, 217[See]
	Cherubim, C., Cloutier, R., Charbonneau, D., et al. 2023, AJ, 165, 167[See]
	Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102[See]
	Ciardi, D. R., Beichman, C. A., Horch, E. P., & Howell, S. B. 2015, ApJ, 805, 16[See]
	Collins, K. 2019, in AAS Meeting, 233, 140.05[See]
	Collins, K. A., Kielkopf, J. F., Stassun, K. G., & Hessman, F. V. 2017, AJ, 153, 77[See]
	Cubillos, P., Erkaev, N. V., Juvan, I., et al. 2017, MNRAS, 466, 1868[See]
	Damasso, M., Sozzetti, A., Lovis, C., et al. 2020, A&A, 642, A31[See]
	da Silva, L., Girardi, L., Pasquini, L., et al. 2006, A&A, 458, 609[See]
	Diamond-Lowe, H., Kreidberg, L., Harman, C. E., et al. 2022, AJ, 164, 172[See]
	Director, H. M., Gattiker, J., Lawrence, E., & Wiel, S. V. 2017, J. Stat. Comput. Simul., 87, 3521[See]
	Doyle, A. P., Davies, G. R., Smalley, B., Chaplin, W. J., & Elsworth, Y. 2014, MNRAS, 444, 3592[See]
	Erkaev, N. V., Kulikov, Y. N., Lammer, H., et al. 2007, A&A, 472, 329[See]
	Foreman-Mackey, D., Hoyer, S., Bernhard, J., & Angus, R. 2014, https://doi.org/10.5281/zenodo.11989[See]
	Fossati, L., Erkaev, N. V., Lammer, H., et al. 2017, A&A, 598, A90[See]
	Fulton, B. J., Petigura, E. A., Howard, A. W., et al. 2017, AJ, 154, 109[See]
	Gandolfi, D., Barragán, O., Livingston, J. H., et al. 2018, A&A, 619, L10[See]
	García Muñoz, A., Youngblood, A., Fossati, L., et al. 2020, ApJ, 888, L21[See]
	García Muñoz, A., Fossati, L., Youngblood, A., et al. 2021, ApJ, 907, L36[See]
	Georgieva, I. Y., Persson, C. M., Barragán, O., et al. 2021, MNRAS, 505, 4684[See]
	Ginzburg, S., Schlichting, H. E., & Sari, R. 2018, MNRAS, 476, 759[See]
	Gray, D. F. 2005, The Observation and Analysis of Stellar Photospheres (Cambridge, UK: Cambridge University Press)[See]
	Gregory, P. C. 2005, ApJ, 631, 1198[See]
	Grimm, S. L., Demory, B.-O., Gillon, M., et al. 2018, A&A, 613, A68[See]
	Guerrero, N. M., Seager, S., Huang, C. X., et al. 2021, ApJS, 254, 39[See]
	Gupta, A., & Schlichting, H. E. 2019, MNRAS, 487, 24[See]
	Hatzes, A. P. 2019, The Doppler Method for the Detection of Exoplanets (Bristol, UK: IOP Publishing)[See]
	Hatzes, A. P., Gandolfi, D., Korth, J., et al. 2022, AJ, 163, 223[See]
	Howell, S. B., Everett, M. E., Sherry, W., Horch, E., & Ciardi, D. R. 2011, AJ, 142, 19[See]
	Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398[See]
	Howell, S. B., Matson, R. A., Ciardi, D. R., et al. 2021, AJ, 161, 164[See]
	Hu, R., Seager, S., & Yung, Y. L. 2015, ApJ, 807, 8[See]
	Huang, C. X., Burt, J., Vanderburg, A., et al. 2018, ApJ, 868, L39[See]
	Husser, T. O., Wende-von Berg, S., Dreizler, S., et al. 2013, A&A, 553, A6[See]
	Ito, Y., & Ikoma, M. 2021, MNRAS, 502, 750[See]
	Jenkins, J. M. 2002, ApJ, 575, 493[See]
	Jenkins, J. M., Chandrasekaran, H., McCauliff, S. D., et al. 2010, SPIE Conf. Ser., 7740, 77400D[See]
	Jenkins, J. M., Twicken, J. D., McCauliff, S., et al. 2016, SPIE Conf. Ser., 9913, 99133E[See]
	Jenkins, J. M., Tenenbaum, P., Seader, S., et al. 2020, Kepler Data Processing Handbook: Transiting Planet Search, Kepler Science Document KSCI-19081- 003, 9[See]
	Jensen, A. G., Redfield, S., Endl, M., et al. 2012, ApJ, 751, 86[See]
	Kempton, E. M. R., Bean, J. L., Louie, D. R., et al. 2018, PASP, 130, 114401[See]
	Kipping, D. M. 2013, MNRAS, 435, 2152[See]
	Kite, E. S., & Barnett, M. N. 2020, PNAS, 117, 18264[See]
	Krissansen-Totton, J., & Fortney, J. J. 2022, ApJ, 933, 115[See]
	Kubyshkina, D., & Fossati, L. 2022, A&A, 668, A178[See]
	Kuerster, M., Schmitt, J. H. M. M., Cutispoto, G., & Dennerl, K. 1997, A&A, 320, 831[See]
	Kurucz, R. L. 1993, VizieR Online Data Catalog: VI/39[See]
	Kurucz, R. L. 2013, Astrophysics Source Code Library (record ascl:1303.024)[See]
	Lester, K. V., Matson, R. A., Howell, S. B., et al. 2021, AJ, 162, 75[See]
	Li, J., Tenenbaum, P., Twicken, J. D., et al. 2019, PASP, 131, 024506[See]
	Lopez, E. D., & Fortney, J. J. 2013, ApJ, 776, 2[See]
	Lopez, E. D., & Fortney, J. J. 2014, ApJ, 792, 1[See]
	Lovis, C., & Pepe, F. 2007, A&A, 468, 1115[See]
	Luque, R., & Pallé, E. 2022, Science, 377, 1211[See]
	Madhusudhan, N., Piette, A. A. A., & Constantinou, S. 2021, ApJ, 918, 1[See]
	Malsky, I., Rogers, L., Kempton, E. M. R., & Marounina, N. 2023, Nat. Astron., 7, 57[See]
	Mandel, K., & Agol, E. 2002, ApJ, 580, L171[See]
	Mayor, M., Pepe, F., Queloz, D., et al. 2003, The Messenger, 114, 20[See]
	McCully, C., Volgenau, N. H., Harbeck, D.-R., et al. 2018, SPIE Conf. Ser., 10707, 107070K[See]
	Morris, R. L., Twicken, J. D., Smith, J. C., et al. 2020, Kepler Data Processing Handbook: Photometric Analysis, ed. J. M. Jenkins, Kepler Science Document KSCI-19081-003, 6[See]
	Mousis, O., Deleuil, M., Aguichine, A., et al. 2020, ApJ, 896, L22[See]
	Owen, J. E., & Jackson, A. P. 2012, MNRAS, 425, 2931[See]
	Owen, J. E., & Wu, Y. 2013, ApJ, 775, 105[See]
	Owen, J. E., & Wu, Y. 2016, ApJ, 817, 107[See]
	Parviainen, H. 2015, MNRAS, 450, 3233[See]
	Persson, C. M., Fridlund, M., Barragán, O., et al. 2018, A&A, 618, A33[See]
	Persson, C. M., Georgieva, I. Y., Gandolfi, D., et al. 2022, A&A, 666, A184[See]
	Petigura, E. A., Rogers, J. G., Isaacson, H., et al. 2022, AJ, 163, 179[See]
	Piaulet, C., Benneke, B., Almenara, J. M., et al. 2023, Nat. Astron., 7, 206[See]
	Piskunov, N., & Valenti, J. A. 2017, A&A, 597, A16[See]
	Plotnykov, M., & Valencia, D. 2020, MNRAS, 499, 932[See]
	Rajpaul, V., Aigrain, S., Osborne, M. A., Reece, S., & Roberts, S. 2015, MNRAS, 452, 2269[See]
	Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, J. Astron. Telescopes Instrum. Syst., 1, 014003[See]
	Rogers, J. G., Gupta, A., Owen, J. E., & Schlichting, H. E. 2021, MNRAS, 508, 5886[See]
	Rogers, J. G., Schlichting, H. E., & Owen, J. E. 2023, ApJ, 947, L19[See]
	Ryabchikova, T., Piskunov, N., Kurucz, R. L., et al. 2015, Phys. Scr, 90, 054005[See]
	Sanz-Forcada, J., Micela, G., Ribas, I., et al. 2011, A&A, 532, A6[See]
	Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525[See]
	Scott, N. J., Howell, S. B., Gnilka, C. L., et al. 2021, Front. Astron. Space Sci., 8, 138[See]
	Smith, J. C., Stumpe, M. C., Van Cleve, J. E., et al. 2012, PASP, 124, 1000[See]
	Sotin, C., Grasset, O., & Mocquet, A. 2007, Icarus, 191, 337[See]
	Stumpe, M. C., Smith, J. C., Van Cleve, J. E., et al. 2012, PASP, 124, 985[See]
	Stumpe, M. C., Smith, J. C., Catanzarite, J. H., et al. 2014, PASP, 126, 100[See]
	Tian, M., & Heng, K. 2023, arXiv e-prints, [arXiv:2301.10217][See]
	Twicken, J. D., Clarke, B. D., Bryson, S. T., et al. 2010, SPIE Conf. Ser., 7740, 774023[See]
	Twicken, J. D., Catanzarite, J. H., Clarke, B. D., et al. 2018, PASP, 130, 064502[See]
	Valencia, D., Sasselov, D. D., & O’Connell, R. J. 2007, ApJ, 665, 1413[See]
	Valenti, J. A., & Piskunov, N. 1996, A&AS, 118, 595[See]
	Van Eylen, V., Agentoft, C., Lundkvist, M. S., et al. 2018, MNRAS, 479, 4786[See]
	Vines, J. I., & Jenkins, J. S. 2022, MNRAS, 513, 2719[See]
	Wildi, F., Pepe, F., Chazelas, B., Lo Curto, G., & Lovis, C. 2010, SPIE Conf. Ser., 7735, 77354X[See]
	Wildi, F., Pepe, F., Chazelas, B., Lo Curto, G., & Lovis, C. 2011, SPIE Conf. Ser., 8151, 81511F[See]
	Winn, J. N. 2010, Exoplanet Transits and Occultations, ed. S. Seager (University of Arizona Press), 55[See]
	Yee, S. W., Petigura, E. A., & von Braun, K. 2017, ApJ, 836, 77[See]
	Zechmeister, M., & Kürster, M. 2009, A&A, 496, 577[See]
	Zechmeister, M., Reiners, A., Amado, P. J., et al. 2018, A&A, 609, A12[See]
	Zeng, L., Sasselov, D. D., & Jacobsen, S. B. 2016, ApJ, 819, 127[See]
	Zeng, L., Jacobsen, S. B., Sasselov, D. D., et al. 2019, PNAS, 116, 9723[See]
	Zeng, L., Jacobsen, S. B., Hyung, E., et al. 2021, ApJ, 923, 247[See]



1 https://exoplanetarchive.ipac.caltech.edu/. Accessed 16 January 2023.


2 https://archive.stsci.edu/


3 https://exofop.ipac.caltech.edu/tess/target.php?id=186482532


4 https://github.com/oscaribv/citlalicue


5 https://github.com/dfm/george


6 https://github.com/hpparvi/PyTransit


7 https://tess.mit.edu/followup


8 http://c-munipack.sourceforge.net


9 http://www.stsci.edu/~valenti/sme.html


10 http://vald.astro.uu.se


11 https://github.com/jvines/astroARIADNE


12 http://stev.oapd.inaf.it/cgi-bin/param_1.3


13 https://github.com/oscaribv/pyaneti


14 The radius and mass values are as taken by Garcia Muñoz et al. (2020). More accurate parameters have since been presented in Hatzes et al. (2022).



All Tables
Table 1 
Basic parameters for TOI-733.
In the text

Table 2 
Pyaneti model of TOI-733 described in Sect. 4.
In the text

Table 3 
1σ confidence intervals of the interior and atmosphere MCMC output parameters in the two different compositional scenarios (see text).
In the text

Table A.1 
Radial velocities and spectral activity indicators measured from 3.6m/HARPS spectra.
In the text

All Figures
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	[image: thumbnail]	Fig. 3 Generalized Lomb-Scargle periodograms of the spectroscopic data for TOI-733. From top to bottom, the top three panels correspond to the DRS RVs, to the RV residuals after fitting a sinusoid at the detected orbital period for TOI-733.01 (marked as solid vertical teal line), and to residuals after fitting the final multi-GP model presented in Sect. 4. The following panels show periodograms of spectral activity indicators, ending with the window function at the bottom, as annotated in each panel. The solid purple lines represent the frequency of the GP signal, which is particularly visible in the FWHM and dLW, while its first two harmonics in semi-transparent purple are well pronounced in the RVs. A peak at the first harmonic is also visible in panel i). The horizontal blue line shows the 0.1% FAP level.
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	[image: thumbnail]	Fig. 4 Spectral energy distribution of TOI-733 and the best-fit model (Castelli & Kurucz 2004). Magenta diamonds outline the synthetic photometry, and the observed photometry is shown with blue points. We plot the 1 σ uncertainties of the magnitudes (vertical error bars), and the effective width of the passbands is marked with horizontal bars. The residuals in the lower panel are normalised to the errors of the photometry.
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	[image: thumbnail]	Fig. 5 RV (top panel) and FWHM (bottom panel) time series. The purple markers in each panel represent the HARPS RV and FWHM measurements with inferred offsets extracted. The inferred multi-GP model is shown as a solid black curve, where the dark and light shaded areas show the 1 - and 2σ credible intervals from this model, and can also explain the data, but with a correspondingly lower probability. The solid red line in the top panel shows the star-only model, and the teal sine curve shows the Keplerian for TOI-733 b. In both panels, the nominal error bars are plotted in solid purple, and the jitter error bars (σHAPRS) are semi-transparent purple.
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	[image: thumbnail]	Fig. 6 HARPS RV data (purple points) and inferred model (solid black curve) phase-folded on the orbital period of TOI-733 b. 1- and 2 σ credible intervals in shaded grey regions are also shown. Nominal and jitter error bars are plotted in solid and semi-transparent purple, respectively.
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	[image: thumbnail]	Fig. 7 TOI-733 b phase-folded and detrended transits from both TESS sectors, with residuals. The best-fitting transit model is marked by the black curve. Two-minute nominal cadence data points binned to 10 min are shown in grey and green, respectively. The typical error bar is added in the bottom right corner.
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	[image: thumbnail]	Fig. 8 Radius vs. incident flux (in units of flux received on Earth) for small planets (1 – 4 R⊕) orbiting stars 0.7–1.4 M⊙ and radius estimates with a precision better than 5%. All data were taken from the NASA Exoplanet Archive. Points in colour correspond to planets with density (and thus mass) estimates, where lighter and darker colours correspond to lower and higher densities, respectively. Grey points are planets whose masses have not been measured, and thus their densities are unknown. A fit to the radius valley following the relation in Petigura et al. (2022) is plotted in semi-transparent teal. TOI-733 b, marked with a black star, lies well within the sparsely populated region of the radius gap.
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	[image: thumbnail]	Fig. 9 Mass-radius relations for SW planets (Acuña et al. 2021; Aguichine et al. 2021), planets with Earth-like cores and H/He envelopes (Lopez & Fortney 2014), and rocky planets with different iron contents (bottom three curves; Brugger et al. 2017). The atmospheres in volatile-rich planets are in radiative equilibrium for irradiation temperatures of 1200 K and 1000 K for water and H/He envelopes, respectively. Assuming an age of 4.4 Gyr, the position of TOI-733 b is as highlighted in red. Grey points correspond to planets less massive than 15 M⊕ with mass and radius data available from the NASA Exoplanet Archive. All planets have a limit on the radius uncertainty of 5%, and a limit on the mass of 15%. The mantle composition follows the model of Brugger et al. (2016) with both CMF and WMF equal to zero, and is made up of silicate rock. Earth has a CMF of 0.32 and a WMF of 0.0005.
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	[image: thumbnail]	Fig. B.1 GLS periodogram of the FWHM residuals after subtracting the 25.6-day signal (Fig.3, panel d; top panel). The 8.5-day signal seen in the RV panels of Fig.3 becomes significant. The bottom panel shows the FWHM after subtracting both the 25.6-, and the 8.5-day signals. Here, the 12.8-day signal remains, but is not significant.
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      Table 1 

      Basic parameters for TOI-733.

      
        


	Parameter
	Value





	Main identifiers
	



	TIC
	106402532



	2MASS
	J10373820-4053179



	WISE
	J103738.22-405317.7



	TYC
	7714-00657-1



	UCAC4
	246-045192



	Gaia
	5392409372314518656



	




	Equatorial coordinates (epoch 2015.5)



	RA (J2000.0)
	1.h37.m38.s24



	Dec (J2000.0)
	−40.°53.′17.″73



	




	Magnitudes



	TESS
	8.8411 ± 0.0060



	Johnson B
	10.4900 ± 0.0167



	Johnson V
	9.435 ± 0.019



	G(a)
	9.2966 ± 0.0001



	[image: equation]
	8.7875 ± 0.0007



	[image: equation]
	9.6335 ± 0.0007



	J
	8.220 ± 0.026



	H
	7.943 ± 0.040



	K
	7.845 ± 0.024



	WISE W1
	7.780 ± 0.027



	WISE W2
	7.851 ± 0.020



	




	Parallax(a) (mas)
	13.2847 ± 0.0127



	Distance(a) (pc)
	75.27 ± 0.07



	[image: equation] (mas yr−1)
	27.528 ± 0.007



	[image: equation] (mas yr−1)
	19.524 ± 0.012



	




	R⋆(b) (R⊙)
	[image: equation]



	M⋆(b) (M⊙)
	[image: equation]



	ρ*(b) (g cm−3)
	1.58 ± 0.19



	L⋆(b) (L⊙)
	0.82 ± 0.02



	Age(b) (Gyr)
	[image: equation]



	Teff(b) (K)
	5585 ± 60



	log g⋆(b)
	4.47 ± 0.05



	[Fe/H](b)
	−0.04 ± 0.05



	[Ca/H](b)
	−0.01 ± 0.05



	[Mg/H](b)
	+0.03 ± 0.05



	[Na/H](b)
	+0.04 ± 0.05



	[Si/H](b)
	+0.02 ± 0.05



	V sin i(b) (km s−1)
	2.2 ± 0.7





      

      
Notes. (a)Gaia DR3. (b)This work (Sect. 3).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Light curves (LC) with a two-minute cadence in sectors 9 (top) and 36 (bottom) of TESS PDCSAP are plotted in grey. The locations of the individual transits of TOI-733 b are marked by green triangles. The GP-inferred model for the out-of-transit data is marked by the red curve. The vertically offset blue dots show the resulting detrended light curve, and the orange fit with transits is overplotted.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        5 σ sensitivity curve resulting from the speckle imaging by Gemini South/Zorro. The reconstructed image shows that no bright companions are detected within 1.2″.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Generalized Lomb-Scargle periodograms of the spectroscopic data for TOI-733. From top to bottom, the top three panels correspond to the DRS RVs, to the RV residuals after fitting a sinusoid at the detected orbital period for TOI-733.01 (marked as solid vertical teal line), and to residuals after fitting the final multi-GP model presented in Sect. 4. The following panels show periodograms of spectral activity indicators, ending with the window function at the bottom, as annotated in each panel. The solid purple lines represent the frequency of the GP signal, which is particularly visible in the FWHM and dLW, while its first two harmonics in semi-transparent purple are well pronounced in the RVs. A peak at the first harmonic is also visible in panel i). The horizontal blue line shows the 0.1% FAP level.

      

    

  
    
      Table 2 

      Pyaneti model of TOI-733 described in Sect. 4.

      
        


	Parameter
	Priors(a)
	Final value





	Fitted parameters
	
	



	Transit epoch T0 (BJD - 2 450 000)
	𝒰[8545.73, 8545.79]
	[image: equation] days



	Orbital period Porb
	𝒰[4.8845, 4.8860]
	[image: equation] days



	[image: equation]
	𝒰[−1, 1]
	−0.08 ± 0.19



	[image: equation]
	𝒰[−1, 1]
	[image: equation]



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



	Scaled semi-major axis a/R⋆
	𝒩[14, 1]
	[image: equation]



	Scaled planet radius Rp/R⋆
	𝒰[0, 0.05]
	[image: equation]



	Doppler semi-amplitude variation K
	𝒰[0, 50]
	2.23 ± 0.26 m s−1



	Limb-darkening coefficient q1
	𝒰[0, 1]
	[image: equation]



	




	Limb-darkening coefficient q2
	𝒰[0, 1]
	[image: equation]



	GP hyperparameters
	
	



	GP period PGP
	𝒰[24.5, 26.5]
	[image: equation] days



	λp
	𝒰[0.1, 3]
	[image: equation]



	λe
	𝒰[1, 200]
	[image: equation] days



	Vc
	𝒰[0, 100]
	[image: equation] m s−1



	Vr
	𝒰[0, 500]
	[image: equation] m s−1 d−1



	Fc
	𝒰[0, 150]
	[image: equation] m s−1



	




	Derived parameters
	…
	



	Planet mass Mp
	…
	[image: equation] M⊕



	Planet radius Rp
	…
	[image: equation] R⊕



	Inclination i
	…
	[image: equation] deg



	Eccentricity e
	…
	[image: equation]



	Angle of periastron ω⋆
	…
	[image: equation]



	Semi-major axis a
	…
	[image: equation] AU



	Insolation F
	…
	[image: equation] F⊕



	Planet density ρp
	…
	[image: equation] g cm−3



	Planet surface gravity log(gb)
	…
	[image: equation] cm s−2



	Equilibrium temperature Teq(b)
	…
	[image: equation] K



	Jeans escape parameter Λ (c)
	…
	[image: equation]



	Transmission spectroscopy metric TSM(d)
	…
	[image: equation]



	Total transit duration T14
	…
	[image: equation] hours



	Full transit duration T23
	…
	[image: equation] hours



	Ingress and egress transit duration T12
	…
	[image: equation] hours



	




	Additional parameters
	
	



	Offset RV HARPS
	𝒰[−24.3256, −23.3089]
	[image: equation] km s−1



	Offset FWHM
	𝒰[6.4434, 7.4657]
	[image: equation] km s−1



	RV jitter HARPS
	𝒥[0, 1000]
	[image: equation] m s−1



	FWHM jitter
	𝒥[0, 1000]
	[image: equation] m s−1



	TESS light curve jitter σTESS (×10−6)
	𝒥[0, 1000]
	[image: equation]





      

      
Notes. (a)𝒰[a, b] refers to uniform priors in the range a–b, and 𝒥[a, b] to modified Jeffrey’s priors (Eq. (16) in Gregory 2005). (b)Dayside equilibrium temperature, assuming no heat redistribution and zero albedo. (c)Λ = GMpmH/(kBTeqRp) (Fossati et al. 2017). (d)Kempton et al. (2018).




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Spectral energy distribution of TOI-733 and the best-fit model (Castelli & Kurucz 2004). Magenta diamonds outline the synthetic photometry, and the observed photometry is shown with blue points. We plot the 1 σ uncertainties of the magnitudes (vertical error bars), and the effective width of the passbands is marked with horizontal bars. The residuals in the lower panel are normalised to the errors of the photometry.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        RV (top panel) and FWHM (bottom panel) time series. The purple markers in each panel represent the HARPS RV and FWHM measurements with inferred offsets extracted. The inferred multi-GP model is shown as a solid black curve, where the dark and light shaded areas show the 1 - and 2σ credible intervals from this model, and can also explain the data, but with a correspondingly lower probability. The solid red line in the top panel shows the star-only model, and the teal sine curve shows the Keplerian for TOI-733 b. In both panels, the nominal error bars are plotted in solid purple, and the jitter error bars (σHAPRS) are semi-transparent purple.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        HARPS RV data (purple points) and inferred model (solid black curve) phase-folded on the orbital period of TOI-733 b. 1- and 2 σ credible intervals in shaded grey regions are also shown. Nominal and jitter error bars are plotted in solid and semi-transparent purple, respectively.

      

    

  
    
      Fig. 7 
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        TOI-733 b phase-folded and detrended transits from both TESS sectors, with residuals. The best-fitting transit model is marked by the black curve. Two-minute nominal cadence data points binned to 10 min are shown in grey and green, respectively. The typical error bar is added in the bottom right corner.

      

    

  
    
      Fig. 8 
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        Radius vs. incident flux (in units of flux received on Earth) for small planets (1 – 4 R⊕) orbiting stars 0.7–1.4 M⊙ and radius estimates with a precision better than 5%. All data were taken from the NASA Exoplanet Archive. Points in colour correspond to planets with density (and thus mass) estimates, where lighter and darker colours correspond to lower and higher densities, respectively. Grey points are planets whose masses have not been measured, and thus their densities are unknown. A fit to the radius valley following the relation in Petigura et al. (2022) is plotted in semi-transparent teal. TOI-733 b, marked with a black star, lies well within the sparsely populated region of the radius gap.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Mass-radius relations for SW planets (Acuña et al. 2021; Aguichine et al. 2021), planets with Earth-like cores and H/He envelopes (Lopez & Fortney 2014), and rocky planets with different iron contents (bottom three curves; Brugger et al. 2017). The atmospheres in volatile-rich planets are in radiative equilibrium for irradiation temperatures of 1200 K and 1000 K for water and H/He envelopes, respectively. Assuming an age of 4.4 Gyr, the position of TOI-733 b is as highlighted in red. Grey points correspond to planets less massive than 15 M⊕ with mass and radius data available from the NASA Exoplanet Archive. All planets have a limit on the radius uncertainty of 5%, and a limit on the mass of 15%. The mantle composition follows the model of Brugger et al. (2016) with both CMF and WMF equal to zero, and is made up of silicate rock. Earth has a CMF of 0.32 and a WMF of 0.0005.

      

    

  
    
      Table 3 

      1σ confidence intervals of the interior and atmosphere MCMC output parameters in the two different compositional scenarios (see text).

      
        


	Parameter
	Scenario 1
	Scenario 2





	Core mass fraction, CMF
	0.27±0.14
	0.20±0.03



	Water mass fraction, WMF
	0.11±0.06
	0.07±0.05



	Fe-to-Si mole ratio, Fe/Si
	1.11±0.74
	0.67±0.11



	Temperature at 300 bar, T300 (K)
	3458±38
	3448±30



	Thickness at 300 bar, z300 (km)
	[image: equation]
	[image: equation]



	Albedo, ap
	0.24±0.01



	Core+Mantle radius (Rp units)
	0.77±0.06
	[image: equation]





      

    

  
    
      Table A.1 

      Radial velocities and spectral activity indicators measured from 3.6m/HARPS spectra.

      
        


	BJDTBD (days)
	RV
	σRV
	dlW
	σdlw
	crx
	σcrx
	Hα
	BIS
	CCF_FHWM
	S-index
	σs–index
	SNR
	Texp



	—
	(km s−1)
	(km s−1)
	(km−2 s¯2)
	(km−2 s−2
	(m s−1)
	(m s−1)
	—
	(km s−1)
	(km s−1)
	—
	—
	—
	(s)





	2459626.74
	−23.81634664
	0.000848944
	3.846147994
	1.326126148
	13.66794426
	10.57927121
	0.983948301
	−0.016951275
	6.954078739
	0.181637014
	0.001014454
	99.8
	1500



	2459627.78
	−23.81252261
	0.000959742
	2.075952242
	1.43990305
	17.52283094
	10.32374355
	0.982740024
	−0.024461918
	6.957723772
	0.185009486
	0.001177316
	89.6
	1700



	2459628.784
	−23.80894807
	0.000679691
	5.772780144
	1.201660819
	−6.274365888
	6.13518358
	0.981689555
	−0.016765188
	6.960223013
	0.18452779
	0.000862516
	123.9
	1500



	2459628.825
	−23.81073021
	0.000736545
	5.175949702
	1.522926677
	−15.7972952
	8.05105209
	0.984447113
	−0.019061706
	6.960107901
	0.184778148
	0.000996763
	118.3
	1500



	2459629.796
	−23.81694989
	0.000745206
	9.040799319
	1.206887028
	8.160118161
	9.015379128
	0.985988722
	−0.014237337
	6.965701117
	0.183937567
	0.000967848
	114.9
	1500



	2459630.815
	−23.8240658
	0.00089424
	7.293146335
	1.311379023
	−4.711933434
	8.969100789
	0.983616792
	−0.013837771
	6.960550131
	0.184412118
	0.001190777
	98.7
	1500



	2459631.753
	−23.82450219
	0.00090718
	3.520022825
	1.506126036
	−20.84466988
	8.441737559
	0.980787294
	−0.01223902
	6.959490586
	0.1856573
	0.001113644
	94.1
	1500



	2459631.849
	−23.82561963
	0.000842201
	4.591938152
	1.457629472
	−3.851899306
	8.621181622
	0.981372138
	−0.014852202
	6.965124773
	0.1874519
	0.001137536
	104.9
	1800



	2459633.762
	−23.8179495
	0.001008271
	−0.243779863
	1.493026406
	−10.68601408
	10.15031443
	0.978736037
	−0.013287999
	6.952109623
	0.187487834
	0.001233629
	85.4
	1500



	2459633.817
	−23.8194531
	0.000985333
	0.967864549
	1.437758574
	−12.3525101
	9.455692577
	0.984426883
	−0.016698413
	6.957616563
	0.186071554
	0.00125368
	89.2
	1800



	2459634.654
	−23.81874425
	0.000929297
	−0.437742299
	1.647382169
	−0.204005127
	7.581201672
	0.985609597
	−0.016231192
	6.955020371
	0.182129452
	0.001089646
	91.3
	1500



	…
	
	
	
	
	
	
	
	
	
	
	
	
	





      

      
Notes. Full data available in machine-readable format at the CDS.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        GLS periodogram of the FWHM residuals after subtracting the 25.6-day signal (Fig.3, panel d; top panel). The 8.5-day signal seen in the RV panels of Fig.3 becomes significant. The bottom panel shows the FWHM after subtracting both the 25.6-, and the 8.5-day signals. Here, the 12.8-day signal remains, but is not significant.
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