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Abstract

Context. TOI-1055 is a Sun-like star known to host a transiting Neptune-sized planet on a 17.5-day orbit (TOI-1055 b). Radial velocity (RV) analyses carried out by two independent groups using nearly the same set of HARPS spectra have provided measurements of planetary masses that differ by ∼2σ.

Aims. Our aim in this work is to solve the inconsistency in the published planetary masses by significantly extending the set of HARPS RV measurements and employing a new analysis tool that is able to account and correct for stellar activity. Our further aim was to improve the precision on measurements of the planetary radius by observing two transits of the planet with the CHEOPS space telescope.

Methods. We fit a skew normal function to each cross correlation function extracted from the HARPS spectra to obtain RV measurements and hyperparameters to be used for the detrending. We evaluated the correlation changes of the hyperparameters along the RV time series using the breakpoint technique. We performed a joint photometric and RV analysis using a Markov chain Monte Carlo scheme to simultaneously detrend the light curves and the RV time series.

Results. We firmly detected the Keplerian signal of TOI-1055 b, deriving a planetary mass of [image: equation] (∼12%). This value is in agreement with one of the two estimates in the literature, but it is significantly more precise. Thanks to the TESS transit light curves combined with exquisite CHEOPS photometry, we also derived a planetary radius of [image: equation] (∼1.9%). Our mass and radius measurements imply a mean density of [image: equation] g cm−3 (∼14%). We further inferred the planetary structure and found that TOI-1055 b is very likely to host a substantial gas envelope with a mass of [image: equation] and a thickness of [image: equation].

Conclusions. Our RV extraction combined with the breakpoint technique has played a key role in the optimal removal of stellar activity from the HARPS time series, enabling us to solve the tension in the planetary mass values published so far for TOI-1055 b.

Key words: techniques: radial velocities / techniques: photometric / planets and satellites: fundamental parameters / stars: fundamental parameters


⋆ Light curves are only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/671/L8

⋆⋆ This article uses data from CHEOPS program CH_PR100024.

⋆⋆⋆ Based on observations made with ESO-3.6 m telescope at the La Silla Observatory under programme IDs 106.21TJ.001, 188.C-0265, and 0100.D-044.



1. Introduction
TOI-1055 (also known as HD 183579) is a bright (V = 8.68) Sun-like star hosting a transiting Neptune-sized planet on a ∼17.5-day orbit that was discovered by the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015). Recently, Palatnick et al. (2021, hereafter P21) and Gan et al. (2021, hereafter G21) carried out two independent radial velocity (RV) analyses of the TOI-1055 system, which led to a tension at about the 2σ level with regard to the derived semi-amplitude Kb of the Doppler reflex motion induced by the transiting planet.
In more detail, while searching for archival RV data to possibly confirm exoplanet candidates among the TESS Objects of Interest (TOIs; Guerrero et al. 2021), P21 found 53 archival measurements of TOI-1055 acquired between 13 October 2011 and 21 October 2017 (UT) with the High Accuracy Radial velocity Planet Searcher (HARPS; Mayor et al. 2003) spectrograph mounted at the European Southern Observatory (ESO) 3.6 m telescope. They found that the 53 HARPS RVs are in phase with the TESS transit ephemeris and consistent with a semi-amplitude variation of [image: equation] m s−1. After determining the isochronal stellar parameters and performing a photometric analysis of the three available TESS transits, P21 derived a planetary mass of [image: equation], a radius of [image: equation], and a mean density of [image: equation] g cm−3.
G21 carried out an independent analysis of the TOI-1055 system, modelling the same TESS data used by P21, but further including two partial ground-based transit light curves acquired with the Las Cumbres Observatory Global Telescope (LCOGT; Brown et al. 2013). The results obtained by G21 from the transit modelling and stellar characterisation are consistent with those given by P21. In addition to the 53 HARPS RVs used by P21, G21 benefitted from three further HARPS spectra taken between 16 and 20 August 2019. When analysing the subset of 53 RV data only, G21 obtained results consistent with P21. However, the analysis performed on the complete set of 56 HARPS RVs provided a Kb value lower by a factor of 2, which differs by ∼1.7σ from the P21 estimate. This implies an equal decrease in the planetary mass, Mb, and density, ρb. Taking into account these results, G21 finally adopted a mass of Mb, G21 = 11.2 ± 5.4 M⊕ and a mean density of [image: equation] g cm−3, remarking that their planetary mass measurement is not statistically significant being at the 2.1σ level.
To ease the tension in the measured planetary mass, we refined the stellar parameters and performed a transit and RV joint analysis, employing new transit light curves (LCs) obtained with the Characterising Exoplanet Satellite (CHEOPS; Benz et al. 2021), along with additional HARPS RVs. The Doppler measurements were extracted and detrended applying a Skew Normal (SN) fit (Simola et al. 2019) onto the cross-correlation functions (CCFs) combined with the breakpoint (bp) algorithm (Simola et al. 2022), a new technique specifically developed to disentangle stellar activity from the Doppler reflex motion induced by orbiting planets. This allows us to remove the RV contribution arising from stellar variability and derive more precise planetary parameters, enabling planetary interior modelling.
This paper is organised as follows. In Sect. 2, we present the photometric and spectroscopic data. In Sect. 3, we give the updated stellar properties. In Sect. 4, we describe the algorithms and methods we used to analyse the data and perform the LC and RV joint analysis. Our results are presented in Sect. 5. Finally, in Sect. 6, we summarise our work, discuss the results, and present our conclusions.
2. Observational data
For the LC analysis, we used the three available TESS transits (also analysed by P21 and G21) complemented with two additional transit LCs acquired with the CHEOPS space telescope. We further expanded the available HARPS data-set comprising 56 spectra (also used by P21 and G21) with 16 additional HARPS spectra.
2.1. TESS photometry
TESS observed two transits of TOI-1055 b in Sector 13 (19 June – 17 July 2019; 20 479 data points) and a third one in Sector 27 (5 – 30 July 2020; 17 546 data points). We downloaded the data from the Mikulski Archive for Space Telescopes (MAST)1 portal. For our analysis we used the Presearch Data Conditioning Simple Aperture Photometry (PDCSAP; Smith et al. 2012; Stumpe et al. 2012), which is corrected for instrumental systematics, as processed by the TESS Science Processing Operation Center (SPOC; Jenkins et al. 2016). We discarded all data points marked with bad quality flags and applied a five-median absolute deviation (MAD) clipping algorithm to remove additional outliers. To save computational time while properly detrending the LCs, we extracted ∼12 h of TESS data points centred around each transit.
2.2. CHEOPS photometry
The CHEOPS space telescope carried out two transit observations of TOI-1055 b, the first on 25 May 2021 (file key: CH_PR100024_TG012301_V0200) and the second one on 11 June 2021 (file key: CH_PR100024_TG012302_V0200). CHEOPS photometry was processed using the dedicated data reduction pipeline (version 13.1; Hoyer et al. 2020), and is available via the Data & Analysis Center for Exoplanets (DACE) database2. We discarded data points with bad quality flags and applied a 5-MAD-clipping to reject outliers; the raw CHEOPS LCs are shown in Fig. A.1. To identify and correct for systematics affecting CHEOPS LCs, the data also contain vectors reporting the temporal evolution of the telescope roll angle (roll, for a complete discussion see Bonfanti et al. 2021), flux of background stars inside the photometric aperture (contamination), smearing effect (smear, seen as trails on the CCD), background light (bg, e.g. due to zodiacal light), and the x- and y-coordinates of the point spread function centroid (x, y).
2.3. HARPS high-resolution spectroscopy
We retrieved the 56 publicly available high-resolution (R ≈ 115 000) HARPS spectra of TOI-1055 from the ESO archive (prog. ID 188.C-0265, PI: J. Meléndez; prog. ID 0100.D-0444, PI: D. Lorenzo-Oliveira) and acquired 16 additional HARPS spectra between 3 October 2021 and 17 March 2022, as part of the observing programme 106.21TJ.001 (PI: D. Gandolfi). We reduced the 72 HARPS spectra using the dedicated HARPS data reduction software (DRS Lovis & Pepe 2007) and computed the cross-correlation function (CCF) using a G2 numerical mask (Baranne et al. 1996; Pepe et al. 2002). We also extracted the Ca II H & K lines activity index log [image: equation] using the DRS, along with the star’s color index B − V = 0.653. In June 2015, the HARPS circular fibres were replaced with octagonal ones (Lo Curto et al. 2015). We treated the HARPS RV measurements taken before (HARPS-pre, 36 measurements) and after (HARPS-post, 36 measurements) June 2015 as two independent data sets to account for the RV offset caused by the instrument upgrade.
3. Host star characterisation
3.1. Spectroscopic and isochronal parameters
TOI-1055 is a G2 V star (P21) with a Tycho V-band magnitude of V = 8.68 (Høg et al. 2000), lying at a distance of ∼57 pc from the Sun (Gaia Collaboration 2021). To derive the stellar spectroscopic parameters (i.e. effective temperature, Teff, metallicity, [Fe/H], and surface gravity, log g), we co-added the HARPS spectra (see Sect. 2.3). To this end, we applied the two-steps methodology described in Santos et al. (2013) and Sousa et al. (2021). In brief, we first extracted the equivalent widths of the Fe lines listed in Sousa et al. (2008), employing the ARES code3 (Sousa et al. 2007, 2015). We then applied the MOOG code4 (Sneden 1973) to determine the atmospheric parameters using a grid of stellar atmospheric models from Kurucz (1993). We thus obtained Teff = 5784 ± 61 K, [Fe/H] = −0.038 ± 0.040, and log g = 4.45 ± 0.10 (cgs).
To derive the stellar radius, R⋆, we used the spectroscopic stellar parameters and the Gaia EDR3 parallax π (Gaia Collaboration 2021), and we applied the infrared flux method (IRFM Blackwell & Shallis 1977; Schanche et al. 2020) via a Markov chain Monte Carlo (MCMC) algorithm. Within this framework, we compared the synthetic spectral energy distribution (SED) built from the catalogue of ATLAS models by Castelli & Kurucz (2003) with multi-photometry, as detailed in Wilson et al. (2022), deriving a stellar angular diameter θ = 0.1576 ± 0.0013 mas and obtaining R⋆ = 0.960 ± 0.006 R⊙.
Finally, we determined the stellar mass, M⋆, and age, t⋆, using the derived Teff, [Fe/H], and R⋆ values, with their uncertainties, and two different sets of stellar evolutionary models, to improve the robustness of the results. In particular, we used the isochrone placement algorithm developed by Bonfanti et al. (2015, 2016) to interpolate within pre-computed grids of PARSEC5 v1.2S (Marigo et al. 2017) isochrones and tracks, and the Code Liègeois d’Évolution Stellaire (CLES, Scuflaire et al. 2008) to build the best fitting evolutionary track according to the Levenberg-Marquadt minimisation scheme outlined in Salmon et al. (2021). We obtained M⋆ = 0.996 ± 0.049 M⊙ and t⋆ = 3.1 ± 1.9 Gyr. We note that the mean stellar density inferred from the isochronal mass and the IRFM radius, that is ρ⋆ = 1.126 ± 0.059 ρ⊙, agrees well within 1σ with its counterpart computed from the spectroscopic log g and the IRFM radius, that is ρ⋆, spec = 1.09 ± 0.25 ρ⊙.
We refer the reader to Bonfanti et al. (2021) for a detailed discussion of the theoretical models and statistical methodologies. The stellar parameters are listed in Table 1 and are consistent within 1σ with those found by P21 and G21.
Table 1. 
Stellar properties.

3.2. Rotation period
Based on the stellar radius, R⋆, and projected rotational velocity, vrot sin i⋆, and assuming the star is seen equator-on (i⋆ = 90 deg), G21 estimated the rotation period of TOI-1055 to be Prot, G21 = 24.6 ± 2.6 d. We independently inferred the rotation period from the relationship between log [image: equation] and Prot empirically found by Suárez Mascareño et al. (2015). Using the mean chromospheric activity index log [image: equation] = −4.84  ±  0.03, as extracted from the HARPS spectra, we estimated a rotation period of Prot = [image: equation] d in very good agreement with the value reported by G21. The empirical relation between stellar jitter and log [image: equation] from Hojjatpanah et al. (2020) predicts an activity-induced RV jitter of ∼4 m s−1.
4. Methods
4.1. Radial velocity extraction and detrending
To unveil possible Keplerian signals induced by the orbital motion of planets, it is essential to properly model stellar activity in RV time series (e.g. Saar & Donahue 1997; Queloz et al. 2001; Boisse et al. 2011; Davis et al. 2017; Dumusque 2018; Reiners et al. 2018; Zhao & Tinney 2020; Faria et al. 2020). Stellar activity in Doppler measurements is often constrained by the change in the width and asymmetry of the CCFs used to measure the RVs of a star from high-resolution spectra (e.g. Hatzes 1996; Queloz et al. 2001, 2009; Figueira et al. 2013; Simola et al. 2019).
Following Simola et al. (2019), we modelled the CCFs as skew normal (SN) functions, which contain not only a location and a scale parameter (i.e. the counterparts of the mean and standard deviation of a normal function), but also a skewness parameter (hereafter denoted as γ) that quantifies the asymmetry of the function. In detail, we performed the SN fit to each available CCFs, retrieving the median [image: equation], the full width at half maximum, FWHMSN, the contrast, A, and the asymmetry, γ, of each SN function. To consistently attribute the uncertainties to each RV data point, σRV, we followed a bootstrap approach after perturbing each CCF. For each epoch (i.e. for a given CCF), we perturbed the CCF data points by sampling values from a Normal distribution with mean μ = fCCF and standard deviation [image: equation], where fCCF is the CCF of that data point. After performing a SN fit onto each perturbed CCF, we retrieved the root mean square of the [image: equation] posterior distribution, which corresponds to σRV.
The set (FWHMSN, A, γ) constitutes the basis vector against which to detrend the RV measurements. To account for stellar activity, we applied the breakpoint (bp) algorithm, which has been presented and broadly discussed in Simola et al. (2022). Here we briefly recall that the bp method belongs to the class of Change Point Detection (CPD) techniques (see, e.g. Page 1954; Truong et al. 2020; Simola et al. 2022, and references therein), which detect the locations in a time series where correlation changes against the parameter of interest (in our case: FWHMSN, A, and γ) are statistically significant. The bp method determines the optimal segmentation (i.e. the number of segments and their locations along a time series) for which the stellar activity does not change significantly within each segment, but rather between segments. Simola et al. (2022) demonstrated that the RV detrending applied to each piecewise stationary segment of the RV time series removes the stellar activity contribution significantly better than the overall detrending applied on whole time series.
The bp algorithm detected one change point location at the 12th observation (BJD ∼ 2456165.6 corresponding to 26 August 2012, that is, within the HARPS-pre dataset), dividing the HARPS-pre RV measurements in two piecewise stationary segments. Since the change in the coefficients of correlation of RV against (FWHMSN, A, γ) is judged to be statistically significant (ΔBIC ≈ −8 in favour of that change point location), that date likely marks an inflection point in the stellar activity cycle with which (FWHMSN, A, γ) are supposed to be correlated.
The RV detrending baseline we applied to each segment is a polynomial of the following form
[image: thumbnail](1)
where the β parameters are the polynomial coefficients and (kt, kF, kA, kγ) is the vector of polynomial degrees to be attributed to the regression versus time t, FWHMSN, A, and γ, respectively, whose best values are determined according to the Bayesian information criterion (BIC; Schwarz 1978) minimisation criterion. The parameters extracted from the CCFs and the detrended RV time series are listed in Table A.1. Instead, Fig. A.3 shows the distributions inferred a posteriori of the activity-related coefficients of detrending (i.e. β0, β⋅, F, β⋅, A, and β⋅, γ) for the two different piecewise stationary segments found within the HARPS-pre dataset. The difference between each pair emphasises that stellar activity impacts the RV observations of the two segments differently.
4.2. Joint photometric and RV analysis
We analysed the five transit light curves (three from TESS and two from CHEOPS) and the HARPS RV time series jointly following an MCMC approach and using the MCMCI code (Bonfanti & Gillon 2020). As the star was already robustly characterised using two different stellar evolutionary codes (Sect. 3), we switched off the isochrone placement interaction at each chain step to save computational time.
Gaussian priors were imposed on the stellar parameters Teff, [Fe/H], M⋆, and R⋆, which have been used to derive (1) the best-fitting quadratic limb darkening (LD) coefficients u1 and u2 for both TESS and CHEOPS bandpasses following interpolation within a grid of ATLAS9 models6 using the code described by Espinoza & Jordán (2015); (2) the mean stellar density, ρ⋆, that supports transit model convergence via Kepler’s third law. We adopted uniform priors spanning the whole physical domain for all the planetary jump parameters, namely, the transit depth d[image: equation], the impact parameter, b, the transit timing, T0, the orbital period, P, and the RV semi-amplitude Kb. Though set to be uniform, priors on [image: equation] and [image: equation] were used to impose an eccentricity upper limit of e < 0.5. The specific parameterisations adopted by the code are discussed in detail in Bonfanti & Gillon (2020).
We evaluated the best detrending models (in terms of low-order polynomials) to be applied to the flux and RV residuals, that is the LCs and RV time series after subtracting the transit and the Keplerian models, respectively. To this end, we launched several MCMCI runs comprising 10 000 steps each, changed each time the polynomial orders, and looked for the minimum BIC to select the best fitting model. In the case of the TESS LCs, the PDCSAP flux does not correlate with any of the variables provided in the SPOC data product. The two LCs extracted from Sector 13 only require a first-order polynomial to detrend flux against time, t, while the baseline function to be applied to the TESS LC from Sector 27 is a scalar (i.e. flat line). Similarly, we evaluated the photometric baseline for each of the CHEOPS LCs and the RV baseline according to Eq. (1). The detrending models employed for the joint LC and RV analysis are listed in Table A.2.
We launched a preliminary longer run to evaluate the possible rescaling of the photometric errors, as detailed in Bonfanti & Gillon (2020), and obtain reliable error bars on the fitted parameters. Finally, we performed the global MCMC analysis employing four chains of 300 000 steps each, adding two RV jitter terms to account for any instrumental noise not included in our nominal uncertainties and/or possible sources of stellar variability not removed by our method. The chain convergence was checked through the Gelman-Rubin test (Gelman & Rubin 1992).
5. Results
5.1. Planet parameters
The MCMCI run successfully converged leading to the results reported in Table 2. By refining the stellar parameters and adding two CHEOPS LCs to the already available three TESS LCs, we obtained a planetary radius of [image: equation]R⊕. This is consistent with the radius measurement derived by P21 and G21, but has an improved precision of 1.9%. Figure 1 displays the phase-folded TESS and CHEOPS LCs. As mentioned above, in our joint analysis we imposed Gaussian priors on both M⋆ and R⋆, which drive the convergence of the transit modelling through the constraint given by the consequent ρ⋆. To check whether our adopted stellar parameters are consistent with the photometric data, we further performed a run, where no a priori constraint was imposed on ρ⋆. From this transit modelling, we inferred [image: equation], which is consistent with our adopted ρ⋆ at the 1.4σ level.
	[image: thumbnail]	Fig. 1. Phase-folded LCs showing the transit of TOI-1055 b from TESS (top panel) and CHEOPS (bottom panel). The red lines show the best-fit transit models.



Table 2. 
TOI-1055 b parameters derived from the joint LC and RV MCMC fit.

From the RV analysis, we obtained [image: equation] m s−1 (detection at ∼8σ level), which implies a planetary mass of [image: equation] and a mean density of [image: equation] g cm−3. Figure 2 shows the phase-folded RV curve of TOI-1055 b. The SN-fit-based extraction of RV data, the application of the breakpoint analysis, and the additional 16 HARPS spectra enabled us to obtain a firm planetary mass measurement, with a significantly increased precision when comparing our results with the literature (see Table 3).
	[image: thumbnail]	Fig. 2. Phase-folded RV signal produced by TOI-1055 b with the best-fit Keplerian model superimposed (red). Marker colours distinguish the subsample used by P21 (black), the further three data points used by G21 (green), and the additional 16 data points we acquired. Instead, the marker shapes distinguish the measurement acquired before (HARPS-pre) and after (HARPS-post) the instrument upgrade. Error bars include the estimated jitter contributions.



Table 3. 
Comparison of the planetary radius, Rb, mass, Mb, RV semi-amplitude, Kb, and average RV uncertainties accounting for the jitter, σRV + jitter, as derived across the range of studies considered in this work.

We also performed the analysis with a more standard approach based on directly taking the data as released from the HARPS Data Reduction Software (DRS) and applying a polynomial detrending within the MCMC framework. The results agree well within 1σ with those obtained from the SN-fit and bp-based analysis, but the Kb detection is at the ∼7σ level (compared to the ∼8σ level obtained using our novel technique), with [image: equation] m s−1. Furthermore, after accounting for the jitter terms, the RV average error bars are larger than those obtained from our reference analysis by a factor of ∼2 and ∼1.2, respectively, for the HARPS-pre and HARPS-post datasets.
To further test our novel technique, instead of summing up all the order-by-order individual CCFs to get one global CCF per epoch, we built two different CCFs per epoch (CCFblue and CCFred) by summing up all those individual CCFs derived from the first and the last 44 orders of the spectrograph, respectively. Then we extracted two different RV values per epoch by applying a SN-fit onto the two series of CCFblue and CCFred, obtaining two different RV time series (RVblue(t) and RVred(t), respectively). After performing two different joint analyses, as described in Sect. 4.2, but inputting the RVblue(t) (resp. RVred(t)) time series, we obtained Kb, blue = 4.94 ± 0.86 m s−1 (resp. Kb, red = 4.73 ± 0.88 m s−1), which agree well within 1σ with the Kb value of our reference analysis. Moreover, the rms of the RV residuals for the HARPS-pre and HARPS-post data resulted to be rmsblue = (3.5; 2.7) m s−1 and rmsred = (2.5; 2.4) m s−1, where the higher rmsblue values agree with expectation for which the line-profile distortion caused by stellar spots is higher at bluer wavelengths (e.g Jeffers et al. 2022).
Following our SN-fit extraction and bp analysis, the mass we obtained is consistent within 1σ with that found by P21. Remarkably, both P21 and particularly G21 needed to significantly increase the RV error bars through the jitter terms to model the HARPS data. Accounting for the jitters terms, the average RV uncertainties to be attributed to the HARPS-pre and HARPS-post measurements are (2.86; 3.77) and (5.29; 5.76) m s−1 for P21 and G21, respectively. Following our analysis, the average RV errors after accounting for jitter terms are sensibly lower, being (1.29; 2.33) m s−1 for the HARPS-pre and HARPS-post datasets. Following the log [image: equation]–jitter relation of Hojjatpanah et al. (2020), we obtain a jitter value of ∼4 m s−1, which, given the large scatter of a few m s−1 intrinsic to the relation, is consistent with our results.
5.2. Planet interior modelling
The exquisite CHEOPS photometry and HARPS Doppler measurements, along with our statistical treatment of the RVs allowed us to determine the planetary mean density with a precision better than 15%, which enables meaningful planetary interior modelling (Otegi et al. 2020). We applied a Bayesian inference scheme to the derived stellar and planetary parameters (reported in Tables 1 and 2) to further investigate the internal structure of TOI-1055 b. The used method is described in detail by Leleu et al. (2021). In the following, we briefly recall the most important aspects of our modelling approach and present the results it yields.
Our Bayesian analysis is based on a forward model that is used to calculate the radius that a planet with a certain combination of internal structure parameters would have. This information can then be used to determine the likelihood of this specific combination of internal structure parameters given the stellar and planetary observables, in particular, the transit depth and the RV semi-amplitude. The used forward model assumes the planet to be spherically symmetric and to consist of four fully distinct layers, namely an iron core, a silicate mantle, a water layer, and a H/He envelope, where the latter is modelled separately following Lopez & Fortney (2014) and does not influence the other three layers. We further assume that the composition of the planet, namely, its Si/Mg/Fe ratios are identical to those measured in the host star’s atmosphere (see e.g. Dorn et al. 2015; Thiabaud et al. 2015); however, we note that although the stellar and planetary composition are indeed correlated, the relation might not be one-to-one (Adibekyan et al. 2021).
For the Bayesian analysis itself, we need to specify priors for all internal structure parameters. We chose a uniform prior for the mass fractions of the iron core, silicate mantle, and water layer with respect to the non-gaseous part of the planet, with the additional constraints that these mass fractions need to add up to unity and that the water mass fraction cannot be higher than 50% (Thiabaud et al. 2014; Marboeuf et al. 2014). For the gas mass fraction of the planet, we chose a prior that is uniform in log. We stress that the results of our interior modelling do depend on the chosen priors to some extent.
The resulting posterior distributions for the interior of TOI-1055 b are summarised in Fig. A.2. The first two columns show the posterior distributions of the mass fractions of the inner iron core and the water layer. Together with the mass fraction of the silicate mantle (not pictured), these add up to 1. The next three columns depict the molar fractions of silicon and magnesium within the silicate mantle and iron within the inner iron core. In the last column, we show the posterior of the gas mass of the planet in Earth masses on a logarithmic scale. Looking at these results, we expect TOI-1055 b to host a substantial gas envelope with a mass of [image: equation] and a thickness of [image: equation]. Instead, the water mass fraction is unconstrained.
Figure 3 shows the position of TOI-1055 b in a mass-radius diagram, together with different theoretical planet composition models. We remark that this diagram does not take into account the intrinsic degeneracy of modelling the internal structure of a planet. More specifically, even though TOI-1055 b lies close to the theoretical model for a pure water sphere, other compositions, especially those including a H/He layer, can also reproduce the measured density. Furthermore, a planet made up of pure water is actually not considered to be physically realistic (see e.g. Marboeuf et al. 2014), which is also why we limit the water mass fraction in our internal structure model to an upper value of 50%.
	[image: thumbnail]	Fig. 3. Mass-radius diagram showing exoplanets with Mp < 30 M⊕, whose estimated mean density ρp is more precise than 15%. TOI-1055 b is represented by a triangle. All markers are colour-coded according to the planetary equilibrium temperature, Teq, where available. Dotted black lines represent the loci of constant ρp equal to 0.5, 1, 3, 5, and 10 g cm−3 (from top to bottom). Solid lines represent different planet composition models (as explained in the legend) computed for an equilibrium temperature Teq = Teq, TOI − 1055b = 750 K.



6. Summary and conclusions
TOI-1055 b is a transiting sub-Neptune for which two different mass estimates are available in the literature. In P21, 53 HARPS measurements were used to derive [image: equation] m s−1, which implies [image: equation]. G21 added three HARPS measurements to those considered by P21, obtaining Kb, G21 = 2.7 ± 2.3 m s−1, that is, Mb, G21 = 11.2 ± 5.4 M⊕. Given the statistical tension at the ∼2σ level, we acquired further HARPS RV measurements and collected transit photometry with CHEOPS aiming at a more precise determination of the planetary mass and radius.
By performing a SN fit onto the HARPS CCFs, we extracted the RV time series together with FWHMSN, A, and γ, which enable RV detrending. We then applied the bp algorithm (Simola et al. 2022) to detect the optimal locations along the time series, where the change in the correlations involving FWHMSN, A, and γ are statistically significant. Simola et al. (2022) showed that the stellar activity removal from the RV time series is much more effective when the detrending is separately applied to each piecewise stationary segment bounded by the breakpoint locations.
We jointly modelled five transit LCs (three from TESS and two from CHEOPS) and 72 HARPS measurements through the MCMCI code, simultaneously detrending the LCs and the RV time series. We derived [image: equation], [image: equation], and [image: equation] g cm−3. The planetary mass is firmly detected (at ∼8σ) and agrees with the value derived by P21. According to our internal structure analysis, the planetary density can be explained by the presence of a substantial gas envelope made of H and He having a mass of [image: equation] and a thickness of [image: equation], while the water content is unconstrained.
The additional RV measurements and, particularly, the SN-fit-based RV extraction and the use of the bp algorithm lead to a determination of the mass of TOI-1055 b which is significantly more precise than the value previously published in the literature. Our results show that the SN fit combined with the bp technique enables an efficient cleaning of the RV time series from stellar activity, providing a firm detection of the Doppler reflex motions induced by orbiting planets.


1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html


2 https://dace.unige.ch/cheopsDatabase/?


3 The latest version of ARES code (v2) is available at https://github.com/sousasag/ARES.


4 https://www.as.utexas.edu/~chris/moog.html


5 PAdova and TRieste Stellar Evolutionary Code: http://stev.oapd.inaf.it/cgi-bin/cmd.


6 http://kurucz.harvard.edu/grids.html
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Appendix A:  Supplementary material
	[image: thumbnail]	Fig. A.1. Raw CHEOPS LCs displayed from top to bottom in chronological order of observation. Top panel: File key CH_PR100024_TG012301_V0200. Bottom panel: File key CH_PR100024_TG012302_V0200.



	[image: thumbnail]	Fig. A.2. Corner plot showing the posteriors of the most important internal structure parameters of TOI-1055 b. Depicted are the distributions of the mass fractions of the inner iron core and the water layer with respect to the solid part of the planet, the molar fractions of Si and Mg in the mantle layer and of Fe in the inner core and the absolute mass of H/He gas in Earth masses, on a logarithmic scale. The titles of each column give the median and the 5 and 95 percentile of each posterior distribution.



	[image: thumbnail]	Fig. A.3. Distributions inferred a posteriori for the activity-related detrending coefficients (i.e. β0, β⋅, F, β⋅, A, and β⋅, γ of Eq. (1); the digit in the subscript refers to the polynomial order). Each panel compares the optimal detrending coefficients applied to the two different piecewise stationary segments that were found within the HARPS-pre dataset. The difference between the two distributions of each parameter emphasises that stellar activity impacts the RV observations differently when moving from one segment to the other.



Table A.1. 
Radial velocities [image: equation] as extracted from the centred CCFs with their errors σRV. They are followed by the hyperparameters inferred from the SN fit onto the CCFs (i.e. FWHMSN, A, and γ) and by the bp-detrended RV values (RVbp) with their errors which also account for the jitter (σRV(bp + jitter)).

Table A.2. 
Polynomial detrending baseline models. c indicates a normalisation scalar; see text for the other symbols.
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      Table 1. 

      Stellar properties.

      
        


	Star names
	TOI-1055



	
	HD 183579



	
	HIP 96160



	
	Gaia DR2 6641996571978861440



	




	Parameter
	Value
	Source





	Teff [K]
	5784 ± 61
	Spectroscopy



	log g
	4.45 ± 0.10
	Spectroscopy



	[Fe/H]
	−0.038 ± 0.040
	Spectroscopy



	[Mg/H]
	−0.06 ± 0.01
	Spectroscopy



	[Si/H]
	−0.06 ± 0.03
	Spectroscopy



	π [mas]
	17.584 ± 0.016
	Gaia EDR3 (a)



	θ [mas]
	0.1576 ± 0.0013
	IRFM (b)



	R⋆ [R⊙]
	0.960 ± 0.006
	IRFM (b)



	M⋆ [M⊙]
	0.996 ± 0.049
	Isochrones



	t⋆ [Gyr]
	3.1 ± 1.9
	Isochrones



	L⋆ [L⊙]
	0.925 ± 0.041
	R⋆ & Teff



	ρ⋆ [ρ⊙]
	1.126 ± 0.059
	R⋆ & M⋆



	
[image: equation]
	−4.84 ± 0.03
	Spectroscopy



	Prot [d]
	
[image: equation]
	
[image: equation]





      

      
Notes.

(a) Correction from Lindegren et al. (2021) applied.


(b) Infrared Flux Method.




    

  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Phase-folded LCs showing the transit of TOI-1055 b from TESS (top panel) and CHEOPS (bottom panel). The red lines show the best-fit transit models.

      

    

  
    
      Table 2. 

      TOI-1055 b parameters derived from the joint LC and RV MCMC fit.

      
        


	Parameter
	Unit
	Value





	P
	[d]
	
[image: equation]



	T0
	[BJDTDB]
	
[image: equation]



	dF
	[ppm]
	
[image: equation]



	Rb/R⋆
	
	
[image: equation]



	b
	
	
[image: equation]



	W
	[h]
	
[image: equation]



	u1, TESS
	
	0.300 ± 0.010



	u2, TESS
	
	0.2752 ± 0.0057



	u1, CHEOPS
	
	0.417 ± 0.012



	u2, CHEOPS
	
	0.2555 ± 0.0080



	a
	[AU]
	
[image: equation]



	ib
	[°]
	
[image: equation]



	e
	
	
[image: equation]



	ω
	[°]
	
[image: equation]



	Kb
	[m s−1]
	
[image: equation]



	HARPS-pre RV jitter
	[m s−1]
	
[image: equation]



	HARPS-post RV jitter
	[m s−1]
	
[image: equation]



	Teq(a)
	[K]
	752 ± 10



	Rb
	[R⊕]
	
[image: equation]



	Mb
	[M⊕]
	
[image: equation]



	ρb
	[g cm−3]
	
[image: equation]





      

      
Notes.

(a) Assuming zero albedo.




    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Phase-folded RV signal produced by TOI-1055 b with the best-fit Keplerian model superimposed (red). Marker colours distinguish the subsample used by P21 (black), the further three data points used by G21 (green), and the additional 16 data points we acquired. Instead, the marker shapes distinguish the measurement acquired before (HARPS-pre) and after (HARPS-post) the instrument upgrade. Error bars include the estimated jitter contributions.

      

    

  
    
      Table 3. 

      Comparison of the planetary radius, Rb, mass, Mb, RV semi-amplitude, Kb, and average RV uncertainties accounting for the jitter, σRV + jitter, as derived across the range of studies considered in this work.

      
        


	Parameter
	P21
	G21
	This work





	Rb [R⊕]
	
[image: equation]
	
[image: equation]
	
[image: equation]



	Mb [M⊕]
	
[image: equation]
	11.2 ± 5.4
	
[image: equation]



	Kb [m s−1]
	
[image: equation]
	2.7 ± 1.3
	
[image: equation]



	HARPS-pre σRV + jitter [m s−1]
	2.86
	5.29
	1.29



	HARPS-post σRV + jitter [m s−1]
	3.77
	5.76
	2.33





      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Mass-radius diagram showing exoplanets with Mp < 30 M⊕, whose estimated mean density ρp is more precise than 15%. TOI-1055 b is represented by a triangle. All markers are colour-coded according to the planetary equilibrium temperature, Teq, where available. Dotted black lines represent the loci of constant ρp equal to 0.5, 1, 3, 5, and 10 g cm−3 (from top to bottom). Solid lines represent different planet composition models (as explained in the legend) computed for an equilibrium temperature Teq = Teq, TOI − 1055b = 750 K.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Raw CHEOPS LCs displayed from top to bottom in chronological order of observation. Top panel: File key CH_PR100024_TG012301_V0200. Bottom panel: File key CH_PR100024_TG012302_V0200.

      

    

  
    
      Fig. A.2. 

      
        [image: thumbnail]
      

      
        Corner plot showing the posteriors of the most important internal structure parameters of TOI-1055 b. Depicted are the distributions of the mass fractions of the inner iron core and the water layer with respect to the solid part of the planet, the molar fractions of Si and Mg in the mantle layer and of Fe in the inner core and the absolute mass of H/He gas in Earth masses, on a logarithmic scale. The titles of each column give the median and the 5 and 95 percentile of each posterior distribution.

      

    

  
    
      Fig. A.3. 

      
        [image: thumbnail]
      

      
        Distributions inferred a posteriori for the activity-related detrending coefficients (i.e. β0, β⋅, F, β⋅, A, and β⋅, γ of Eq. (1); the digit in the subscript refers to the polynomial order). Each panel compares the optimal detrending coefficients applied to the two different piecewise stationary segments that were found within the HARPS-pre dataset. The difference between the two distributions of each parameter emphasises that stellar activity impacts the RV observations differently when moving from one segment to the other.

      

    

  
    
      Table A.1. 

      Radial velocities [image: equation] as extracted from the centred CCFs with their errors σRV. They are followed by the hyperparameters inferred from the SN fit onto the CCFs (i.e. FWHMSN, A, and γ) and by the bp-detrended RV values (RVbp) with their errors which also account for the jitter (σRV(bp + jitter)).

      
        


	BJDTDB
	
[image: equation]
	σRV
	FWHMSN
	A
	γ
	RVbp
	σRV(bp + jitter)



	[JD − 2 450 000]
	[m s−1]
	[m s−1]
	[km s−1]
	[%]
	
	[m s−1]
	[m s−1]





	5847.53678513
	9.743
	1.250
	7.092
	33.320
	-0.0225
	0.785
	1.506



	5850.51602077
	0.449
	0.728
	7.078
	33.322
	-0.0134
	-3.207
	1.112



	5851.51879988
	-2.057
	0.590
	7.068
	33.285
	-0.0157
	-4.300
	1.027



	5852.50528724
	-5.218
	0.895
	7.063
	33.296
	-0.0182
	-5.031
	1.227



	6042.79345732
	-1.266
	0.978
	7.074
	33.386
	-0.0224
	-3.318
	1.289



	6043.87867695
	-0.901
	0.944
	7.074
	33.368
	-0.0188
	-4.461
	1.264



	6045.88836933
	10.194
	1.104
	7.079
	33.356
	-0.0198
	-5.142
	1.387



	6046.93991428
	6.054
	0.810
	7.081
	33.240
	-0.0160
	-4.228
	1.167



	6048.94306496
	4.349
	0.786
	7.075
	33.052
	-0.0165
	0.052
	1.150



	6162.59232687
	8.308
	1.735
	7.085
	33.288
	-0.0138
	0.003
	1.928



	6164.65192835
	3.057
	1.376
	7.081
	33.285
	-0.0151
	-2.776
	1.612



	6165.63332813
	6.592
	0.807
	7.073
	33.275
	-0.0182
	-3.930
	1.165



	6378.90776269
	-11.627
	0.669
	7.073
	33.270
	-0.0185
	-4.037
	1.074



	6484.74450599
	-8.916
	1.302
	7.090
	33.312
	-0.0219
	-4.889
	1.550



	6485.72460462
	-6.043
	0.714
	7.082
	33.334
	-0.0191
	0.360
	1.102



	6486.70288673
	-3.610
	0.654
	7.084
	33.315
	-0.0197
	2.122
	1.064



	6487.70666740
	-2.297
	0.606
	7.082
	33.316
	-0.0188
	3.487
	1.036



	6488.72760264
	-1.224
	0.789
	7.088
	33.329
	-0.0190
	4.237
	1.153



	6489.69485948
	5.240
	0.788
	7.089
	33.306
	-0.0144
	6.208
	1.152



	6490.70116321
	-0.449
	0.727
	7.081
	33.299
	-0.0168
	5.090
	1.111



	6557.59074155
	2.601
	1.650
	7.088
	33.228
	-0.0165
	6.041
	1.852



	6558.57259332
	-1.161
	0.725
	7.074
	33.267
	-0.0199
	3.965
	1.109



	6559.58347266
	1.153
	0.884
	7.079
	33.263
	-0.0208
	5.686
	1.219



	6560.57904039
	-0.709
	0.700
	7.073
	33.258
	-0.0204
	4.913
	1.093



	6850.71460802
	-4.850
	1.127
	7.073
	33.196
	-0.0159
	-4.977
	1.405



	6851.72558860
	-1.229
	0.895
	7.076
	33.235
	-0.0146
	-3.913
	1.227



	6852.73047310
	-2.609
	0.929
	7.076
	33.282
	-0.0189
	-1.210
	1.253



	6853.79488843
	2.774
	1.319
	7.088
	33.288
	-0.0168
	4.665
	1.564



	6855.72584001
	4.441
	0.857
	7.083
	33.293
	-0.0184
	6.793
	1.200



	6856.71600423
	1.386
	0.795
	7.085
	33.288
	-0.0173
	3.925
	1.156



	6904.57466653
	1.080
	0.798
	7.075
	33.265
	-0.0200
	2.004
	1.159



	6906.57383255
	5.307
	1.536
	7.079
	33.213
	-0.0193
	4.058
	1.750



	6907.58764193
	1.746
	1.086
	7.078
	33.261
	-0.0221
	2.956
	1.373



	6961.50537101
	8.572
	1.770
	7.086
	33.265
	-0.0269
	5.030
	1.959



	6965.50200209
	-7.177
	0.625
	7.083
	33.300
	-0.0190
	-1.142
	1.047



	6966.52198606
	-4.859
	0.821
	7.079
	33.309
	-0.0218
	1.678
	1.175



	7226.71719719
	4.567
	0.671
	7.099
	33.242
	-0.0085
	4.092
	2.281



	7227.70356856
	3.339
	0.617
	7.102
	33.246
	-0.0085
	1.639
	2.266



	7228.69831813
	-1.179
	0.847
	7.102
	33.252
	-0.0056
	-3.524
	2.339



	7229.71155768
	-0.510
	0.533
	7.098
	33.244
	-0.0066
	-2.054
	2.244



	7230.69925828
	-3.856
	0.540
	7.094
	33.223
	-0.0072
	-3.415
	2.246



	7232.67077753
	-2.385
	1.085
	7.103
	33.241
	-0.0061
	-5.625
	2.435



	7283.54965871
	-11.988
	1.118
	7.087
	33.251
	-0.0088
	-4.030
	2.450



	7284.60138328
	-13.061
	0.766
	7.090
	33.278
	-0.0122
	-3.744
	2.311



	7507.88041927
	-8.615
	0.640
	7.116
	33.303
	-0.0089
	0.388
	2.272



	7587.71855865
	-4.987
	0.724
	7.086
	33.250
	-0.0085
	2.514
	2.297



	7588.76805796
	-4.577
	0.780
	7.085
	33.265
	-0.0084
	4.408
	2.315



	7588.78034201
	-4.781
	0.780
	7.081
	33.231
	-0.0126
	7.134
	2.315



	7664.61178176
	-1.244
	0.652
	7.093
	33.318
	-0.0084
	3.554
	2.275



	7665.54986919
	-6.840
	0.642
	7.095
	33.304
	-0.0088
	-3.467
	2.272



	7682.49965115
	-7.995
	0.670
	7.090
	33.275
	-0.0127
	-0.055
	2.281



	7683.56929593
	-12.276
	0.890
	7.089
	33.305
	-0.0150
	-1.965
	2.355



	8047.50511052
	-5.093
	0.497
	7.087
	33.232
	-0.0105
	0.967
	2.236



	8711.61992092
	10.641
	0.745
	7.099
	33.220
	-0.0099
	5.083
	2.304



	8713.76108636
	7.254
	0.792
	7.100
	33.217
	-0.0081
	-0.744
	2.319



	8715.71516874
	1.617
	0.788
	7.102
	33.241
	-0.0096
	-4.541
	2.318



	9490.51985211
	2.193
	0.876
	7.080
	33.181
	-0.0077
	2.268
	2.350



	9491.51619503
	-1.084
	0.983
	7.087
	33.216
	-0.0101
	-0.778
	2.391



	9492.54609652
	3.925
	1.001
	7.077
	33.164
	-0.0077
	3.837
	2.399



	9493.51875260
	1.015
	0.794
	7.083
	33.194
	-0.0080
	0.543
	2.320



	9497.52783204
	7.482
	1.173
	7.092
	33.239
	-0.0086
	3.586
	2.476



	9498.54318197
	5.005
	1.129
	7.093
	33.214
	-0.0094
	-0.379
	2.455



	9499.50944480
	7.827
	0.906
	7.089
	33.200
	-0.0050
	4.255
	2.361



	9500.50980525
	8.627
	1.094
	7.097
	33.176
	-0.0051
	-1.805
	2.439



	9501.52248169
	8.608
	0.830
	7.095
	33.169
	-0.0061
	-1.762
	2.333



	9502.51735788
	2.829
	0.915
	7.088
	33.149
	-0.0062
	-3.585
	2.364



	9503.52298688
	7.672
	1.061
	7.089
	33.189
	-0.0078
	2.885
	2.425



	9504.54147184
	1.998
	0.717
	7.095
	33.207
	-0.0048
	-5.062
	2.295



	9505.53339626
	0.510
	0.744
	7.091
	33.154
	-0.0057
	-7.866
	2.304



	9506.55052373
	-3.067
	0.652
	7.085
	33.154
	-0.0048
	-5.733
	2.275



	9514.51711531
	-1.677
	0.712
	7.083
	33.206
	-0.0103
	0.519
	2.293



	9655.89641457
	6.841
	0.702
	7.099
	33.165
	-0.0031
	1.839
	2.290





      

    

  
    
      Table A.2. 

      Polynomial detrending baseline models. c indicates a normalisation scalar; see text for the other symbols.

      
        


	Time series
	Detrending model





	TESS1, Sector 13
	t1



	TESS2, Sector 13
	t1



	TESS1, Sector 27
	c



	CHEOPS TG012301(a)
	t1 + roll2 + bg3



	CHEOPS TG012302(b)
	t4 + smear1



	HARPS-pre RV
	t4 + [image: equation] + γ4 + A1



	HARPS-post RV
	t3 + [image: equation] + γ4 + A1





      

      
Notes.

a File key CH_PR100024_TG012301_V0200


b File key CH_PR100024_TG012302_V0200.
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