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Abstract

Context. The TOI-178 system consists of a nearby, late-K-dwarf with six transiting planets in the super-Earth to mini-Neptune regime, with radii ranging from to 2.9 R⊕ and orbital periods between 1.9 and 20.7 days. All the planets, but the innermost one, form a chain of Laplace resonances. The fine-tuning and fragility of such orbital configurations ensure that no significant scattering or collision event has taken place since the formation and migration of the planets in the protoplanetary disc, thereby providing important anchors for planet formation models.

Aims. We aim to improve the characterisation of the architecture of this key system and, in particular, the masses and radii of its planets. In addition, since this system is one of the few resonant chains that can be characterised by both photometry and radial velocities, we propose to use it as a test bench for the robustness of the planetary mass determination with each technique.

Methods. We performed a global analysis of all the available photometry from CHEOPS, TESS and NGTS, and radial velocity from ESPRESSO, using a photo-dynamical modelling of the light curve. We also tried different sets of priors on the masses and eccentricity, as well as different stellar activity models, to study their effects on the masses estimated by transit-timing variations (TTVs) and radial velocities (RVs).

Results. We demonstrate how stellar activity prevents a robust mass estimation for the three outer planets using radial velocity data alone. We also show that our joint photo-dynamical and radial velocity analysis has resulted in a robust mass determination for planets c to 𝑔, with precision of ~ 12% for the mass of planet c, and better than 10% for planets d to 𝑔. The new precisions on the radii range from 2 to 3%. The understanding of this synergy between photometric and radial velocity measurements will be valuable for the PLATO mission. We also show that TOI-178 is indeed currently locked in the resonant configuration, librating around an equilibrium of the chain.

Key words: methods: data analysis / techniques: photometric / techniques: radial velocities / planets and satellites: detection / planets and satellites: gaseous planets


★ The reduced CHEOPS lightcurves are 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/688/A211

★★ This study uses CHEOPS data observed as part of the Guaranteed Time Observervation (GTO) programmes CH_PR100031, CH_PR120053 and CH_PR140080.



1 Introduction
The observed architecture of planetary systems, defined as the orbit and composition of their planets, is the outcome of their formation in their proto-planetary disc and long-term evolution (typically on scales of Gyr) after its dispersal. In this context, planetary systems observed in chains of Laplace resonances, where each consecutive pair of planets are in (or close to) a two- body mean-motion resonance (MMR), are of particular interest. Indeed, the fine-tuning and fragility of such orbital configurations ensure that no significant scattering or collision event has taken place since the end of the migration of the planets in the protoplanetary disc (e.g. Mills et al. 2016; Izidoro et al. 2017). Hence, these systems are especially valuable for constraining the outcome of protoplanetary discs and provide important floats for planet formation models.
To date, chains of Laplace resonances have only been observed for a few systems: GJ 876 (Rivera et al. 2010), Kepler-60 (Goździewski et al. 2016), Kepler-80 (MacDonald et al. 2016), Kepler-223 (Mills et al. 2016), TRAPPIST-1 (Gillon et al. 2017; Luger et al. 2017), K2-138 (Lopez et al. 2019), TOI-178 (Leleu et al. 2021a, hereafter L21), TOI-1136 (Dai et al. 2023), and HD 110067 (Luque et al. 2023). All these systems, except GJ 876, are transiting, which provides an opportunity to observe the effect of planet-planet gravitational interactions and, thus, to constrain the masses and eccentricities of the planets via their transit-timing variations (TTVs). For stars that are bright enough, it is also possible to obtain radial velocity (RV) measurements, which can provide complementary constraints on the planetary masses and orbital parameters. Out of the transiting systems cited above, only K2-138, TOI-178, TOI-1136, and HD 110067 have had their RV measurements published so far, while the stars are too faint in the visible (V -mag ≳ 14). Having the possibility to measure planetary masses independently from RVs and TTVs is especially valuable to our understanding of how the choices of noise models and degeneracies between parameters affect the robustness of mass measurements for each technique.
Using data from Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015), CHaracterising ExOPlanets Satellite (CHEOPS, Benz et al. 2021; Fortier et al. 2024), and Next Generation Transit Survey (NGTS, Wheatley et al. 2018), L21 reported that the nearby (~63 pc) late-K-type star TOI-178 is a compact system of at least six transiting planets in the superEarth to mini-Neptune regime, with radii ranging from ~1.1 to 2.9 R⊕ and orbital periods of 1.91, 3.24, 6.56, 9.96, 15.23, and 20.71 days. The planetary radii were later refined by Delrez et al. (2023), hereafter D23. The five outer planets form a 2:4:6:9:12 chain of Laplace resonances, while the innermost planets b and c are just wide of the 3:5 MMR, which could indicate that it was previously part of the chain but was then pulled away, possibly by tidal forces (L21).
Using RV measurements obtained with the Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO, Pepe et al. 2021) installed at ESO’s Very Large Telescope (VLT), L21 were also able to derive preliminary estimates for the masses of the planets, and, thus, their bulk densities (when combined with the radii inferred from the transit photometry). The planetary densities that they found show important variations from planet to planet, jumping for example from ∼1 to 0.2 ρ⊕ between planets c and d. By performing a Bayesian internal structure analysis, they showed that the two innermost planets are likely to be mostly rocky, which could indicate that they have lost their primordial gas envelope through atmospheric escape, while all the other planets appear to contain significant amounts of water and/or gas (see also the independent internal structure analysis by Acuña et al. 2022). However, the planetary densities on which these results were based were constrained by a relatively low number of RV points (46 ESPRESSO points).
In this paper, we re-analyse the data presented in L21 and D23, together with additional CHEOPS observations taken in 2021, 2022, and 2023, TESS sector 69 (2023), and NGTS observations taken in 2021, as described in Sect. 2. The whole analysis was performed by a photo-dynamical fit of all available photometry joint with the fit of available RV measurements, as detailed in Sect. 3. We present the result of our analysis in Sect. 4. In particular, we discuss the robustness of the extracted masses, exploring the effect of the mass-eccentricity degeneracy in TTVs and the effect of activity modelling in RV. Finally, we present our conclusions in Sect. 5.
2 Data
In this study, we used the TESS, CHEOPS, ESPRESSO, and NGTS data presented in L21 and D23. In addition, we used 27 new CHEOPS visits, 8 new NGTS observations, and 4 EulerCam observations that were taken in order to monitor the TTVs of the five outer planets of TOI-178. The new data are available at the CDS. We also added the new data from TESS sector 69.
2.1 CHEOPS
Following D23, the raw data of each visit were reduced with PIPE1 (Brandeker et al. 2022), a point spread function (PSF) photometry package developed specifically for CHEOPS. PIPE first uses a principal component analysis (PCA) approach to derive a PSF template library from the data series. The first five principal components (PCs) together with a constant background are then used to fit the individual PSFs of each image using a least-squares minimisation and measure the target’s flux. The number of PCs to use is a trade-off between following systematic PSF changes and overfitting the noise. For faint stars such as TOI-178, the mean PSF (first PC) is sufficient for a good extraction, and attempts to model the PSF better with more PCs usually introduce noise in the extracted light curve. Some advantages of using PSF photometry rather than aperture photometry for faint targets are as follows: (1) the contributions to the signal of each pixel over the PSF are weighted according to noise so that higher S/N photometry can be extracted; (2) cosmic rays and bad pixels (both hot and telegraphic) are easier to filter out or give lower weight in the fitting process; (3) PSF photometry is less sensitive to contamination from nearby background stars; (4) the background is fit simultaneously with the PSF for the same pixels, which can be an advantage if there is some spatial structure. For each visit, we then filter out all the data for which the background contamination rises above 300 [electrons/pixel/exposure]. The raw data can be found on DACE2. The detrended data are shown in Fig. 1, and the details of the CHEOPS visit can be found in Tables A.1 and A.2.
2.2 TESS
TESS observed TOI-178 for the first time during Cycle 1+Sec- tor 2 of its primary mission (22 August to 20 September 2018). These data, obtained with a 2-min cadence, were previously presented in L21 and we include them in our global analysis. TESS observed again TOI-178 during Cycle 3+Sec- tor 29 and Cycle 5+Sector 69 of its extended mission, from 26 August to 22 September 2020 (presented in D23) and from 25 August to 20 September 2023. The data were processed with the TESS Science Processing Operations Center (SPOC) pipeline (Jenkins et al. 2016) at NASA Ames Research Center. We retrieved the 2-min cadence Pre-search Data Conditioning Simple Aperture Photometry (PDCSAP, Stumpe et al. 2012, 2014; Smith et al. 2012) from the Mikulski Archive for Space Telescopes3 (MAST), using the default quality bitmask. The detrended data are shown in Fig. 2.
	[image: thumbnail]	Fig. 1 Detrended light curves from CHEOPS as described in Sects. 2.1 and 3.3 The unbinned data are shown as blue points and the data from the 30 min bins are shown as green circles. The best fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. Vertical lines indicate the planet that is transiting, unflagged transits are caused by planet b. Each line contains about six days of observation. Data published in L21 are indicated by a red upper line, the one published in D23 by an orange upper line, and new data by a green upper line. The raw and detrended data are available at the CDS.



2.3 NGTS
We also included in our global analysis the light curves obtained with the NGTS that were previously published in L21, as well as eight additional transit observations that were obtained between the dates of 23 June 2021 and 3 November 2021. The NGTS photometric facility consists of 12 independently operated robotic telescopes each with a 20 cm diameter aperture and a field-of-view of 8 square-degrees. Using multiple NGTS telescopes to simultaneously observe the same star has been shown to yield vast improvements in the photometric precision compared to observing with a single telescope (Smith et al. 2020; Bryant et al. 2020) and TOI-178 was observed using this high-precision multi-telescope observing mode. We observed three transits of TOI-178d, two transits of TOI-178e, two transits of TOI-178f, and one transit of TOI-178g. The NGTS observations were all performed using the custom NGTS filter (520–890 nm) at a cadence of 13 s and were reduced using a custom aperture photometry pipeline, which utilises the SEP package (Bertin & Arnouts 1996; Barbary 2016) to perform the source extraction and also automatically selects comparison stars which are similar to TOI-178 in magnitude, colour, and CCD position using Gaia DR2 (Gaia Collaboration 2018). For more details on the reduction, we refer to Bryant et al. (2020). The NGTS light curves used are displayed in Fig. 3. We refer to L21 and references therein for more information about the previously published NGTS data and their reduction.
	[image: thumbnail]	Fig. 2 Detrended light curves from TESS as described in Sects. 2.2 and 3.3. The unbinned data are shown as blue points and the data from the 30 min bins are shown as red circles. The best fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. Each line contains about 11 days of observation. The detrended data are available at the CDS.



	[image: thumbnail]	Fig. 3 Detrended light curves from NGTS as described in Sects. 2.3 and 3.3. Data in 30 min bins are shown as purple circles. The best-fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. The line contains about two days of observation, each visit containing the data taken by respectively 7, 4, 3, 4, 4, 4, 3, 4, and 5 of the NGTS telescopes. The unbinned data are not shown because the scatter is much larger than the than the flux range shown here. The raw and detrended data are available at the CDS.



2.4 EulerCam
Multiple transits of planets d, e, and f were observed with the EulerCam instrument between 2021-08-11 and 2021-10-20. EulerCam is a CCD imager installed at the Cassegrain focus of the 1.2m Leonhard Euler telescope at La Silla observatory (Lendl et al. 2012). We used the broadband NGTS filter for our observations to maximise the signal-to-noise ratio (S/N). The data were reduced using the standard EulerCam pipeline, which performs basic image calibration and relative aperture photometry. The optimal aperture and reference stars are selected by minimising the residual RMS of the final light curve. The EulerCam observations took place simultaneously to CHEOPS and (as expected for ground-based data) show much lower precision (RMS in the 900–1800 ppm range). We eventually excluded them from our final analysis, but we show them in Fig. B.1 for completeness.
2.5 ESPRESSO
The RV data, presented in L21, consist of 46 ESPRESSO points. Each measurement was taken in high resolution (HR) mode with an integration time of 20 min using a single telescope (UT) and slow read-out (HR 21). The source on fibre B is the Fabry– Perot interferometer. Observations were made with a maximum airmass of 1.8 and a minimum 30° separation from the Moon.
3 Data analysis
3.1 Stellar properties
In this study, we use the stellar properties that were updated by D23. These properties are summarized in Table 1.
3.2 Approach
The transit timing variations expected for TOI-178 were explained in Sect. 6.4 and illustrated in Fig. 14 of L21. A dominant feature of these TTVs is the effect of the proximity of two-body MMRs (Lithwick et al. 2012), which induce sinusoidal TTVs with a period of ≈260 days (called super-period) on the five planets that are part of the resonant chain (planets c to g). Transit timing variations due to the proximity of two-body MMRs are known to present a mass-eccentricity degeneracy at first order in the eccentricities (Boué et al. 2012; Lithwick et al. 2012). This degeneracy may be broken if either higher harmonics of the super-period (Hadden & Lithwick 2016), the short-term chopping effect (Deck & Agol 2015), or the long-term evolution in the resonance can be constrained.
To check the robustness of the masses we derive, we followed Hadden & Lithwick (2017) and try out priors that pull the solution toward opposite directions of the degeneracy. We used their ‘default’ prior, which is log-uniform in planet masses and uniform in eccentricities, and their ‘high-mass’ prior, which is uniform in planet masses and log-uniform in eccentricities. In addition, following Leleu et al. (2023), we performed a third fit, using log-uniform mass prior and the Kipping (2013) prior for the eccentricity: a β-distribution of parameters α = 0.697 and β = 3.27. The posterior associated with this set of priors is referred to as the ‘final’ posterior. Then, following Leleu et al. (2023), we quantify the robustness of the mass determination by studying the difference between the mass posteriors using the quantity, ΔM:
[image: equation](1)
which estimates the departure of the median of the ‘default’ and ‘high-mass’ posteriors from the median of the ‘final’ posterior, in units of the error bars of the ‘final’ posterior. More precisely:
[image: equation](2)
where mhigh,0 is the maximum between the medians of the ‘default’ and ‘high-mass’ posterior, mfinal,0 is the median of the ‘final’ posterior, and mtinal,+σ is the 0.84 quantile of the ‘final’ posterior. ∆M+ = 0 if mhigh,0.
[image: equation](3)
where mlow,0 is the minimum of the default and high-mass posterior medians, and mfinal −σ is the 0.16 quantile of the final posterior. ∆M2212= 0if mlow,0 >mfinal,0. The values of ∆M obtained for each planet is given in Tables 2 and 3, and discussed in Sect. 4.3.
Transit timing variations can be studied by pre-extracting all the transit timings of the planets, then fitting these transit timings. Alternatively, we can analyse TTVs using a photo-dynamical model (Ragozzine & Holman 2010); in which the ideal light-curve, accounting for TTVs, is modelled and then fit to the data. Leleu et al. (2023) showed that photo-dynamical analysis often allows for a more robust mass estimate, especially for systems harbouring planets whose individual transit S/N is low (typically ≲ 3.5). We therefore performed a photo-dynamical analysis of the data.
Table 1 
Properties of the host star TOI-178.

Table 2 
Fitted and derived properties of the planets of TOI-178.

Table 3 
Fitted and derived properties of the planets of TOI-178.

3.3 Data modelling
We performed a joint analysis of all available transit events as well as the RV data. The gravitational interaction of the five resonant planets (c to g) was also taken into account. For these planets, we used wide, flat priors for the mean longitude, period, impact parameter, and ratio of the radius of the planet over the radius of the star, Rp/R★. The mass, e cos ϖ, and e sin ϖ priors were given in Sect. 3.2. The stellar density and radius have Gaussian priors, with values given in Table 1.
3.3.1 Photometry
The photo-dynamical model of the planetary signals, presented in detail in Leleu et al. (2021b, 2023), is computed by predicting transit timings using the TTVfast package (Deck et al. 2014) for the outer five planets and a circular orbit for TOI-178b, as well as modeling the transits of each planet using the batman package Kreidberg (2015). We modelled the instrumental sys-tematics as well as stellar activity using a linear combination of indicators and B-splines. We used B-splines as functions of time for all photometric data and an additional B-spline is added with respect to the roll-angle for each CHEOPS visit. The temporal B-splines have nodes separated by 0.4 days for all photometry and the periodic B-splines on the roll angle for CHEOPS have nodes separated by 0.1 radian. For CHEOPS, we used as indicators the telescope tube temperature, the position of the centroid along the Y direction, and the background contamination. For NGTS, we used the airmass. For TESS, the light curves were pre-detrended so no indicator were used. This model (indicators and B-splines) only introduces linear parameters. To accelerate the exploration of the parameter space, we compute the likelihood marginalized over these linear parameters, using the linmarg4 python package (Leleu et al. 2023). The limb-darkening parameters have Gaussian priors computed by LDCU (Deline et al. 2022) for each photometric instrument. In addition, a jitter term was added per instrument with a flat prior.
3.3.2 Radial velocities
The RV model of the planetary signals is also computed using the TTVfast package (Deck & Agol 2016) for the five outer planets and a circular model for TOI-178b. We fitted these data by modeling the planets’ orbits as well as stellar activity using a Gaussian process (GP) model trained simultaneously on the RVs and ancillary activity indicators using the spleaf5 package with the FENRlR two modes - four harmonics – Matérn 1/2 kernel; see Appendix D and Hara & Delisle (2023). The GP is trained simultaneously on the RVs, the FWHM, and the Hα activity indicators.
4 Results of the data analysis
In total, the photodynamical+RV fit has 96 free parameters. For the ‘final’ posterior, the MCMC ran for 4.2 × 106 steps. To estimate the convergence of the fit, we computed the integrated auto correlation time of all parameters. Our convergence criterion is that the length of the chain is at least 300 times the longest integrated auto correlation time. For the ‘final’ posterior, we used a burn-in of 7 × 105 samples. The remaining chain is 426 times longer than the longest integrated auto correlation time.
The transit timings estimated for each planet, as well as 300 samples of the final posterior, can be found at the CDS. In particular, the transit timings are propagated until 2030, to be usable for follow-up observations of the system.
4.1 Recovered TTV signal
Figures 4 and 5 show the TTVs of the full fit model for both the ‘default’ and ‘highmass’ sets of priors, along with estimations of individual transit timings for each instrument. In these TTV plots, in addition to the super-period at ~260 days visible for all planets, the long-term evolution of the resonant angles start to be visible for planets c, d, and e. The saw-tooth shape of the chopping effect (Deck & Agol 2015) can be seen on the posterior of planets f and 𝑔.
We also fit the individual transit timings to illustrate how each portion of the TTVs curve is constrained. These individual transit timings were estimated by additional fits of the light curves, fixing all parameters but the transit timings at their values in the best sample of the ‘final’ posterior. Then, for each half of the TESS sectors, CHEOPS visit, and NGTS observation, we fit the transit timings of the planet along with the noise model. The timings are initialised at their position in the best fit of the ‘final’ posterior, with a Gaussian prior centred on that value and a standard deviation of 30 min. These individual transit timings are shown as colored circles in Figs. 4 and 5. While individual transit timings follow the TTV pattern recovered by the photo-dynamical fit for planets d to g. For planet c, the median error of the transit timings is larger than the amplitude of the TTV signal. The median standard deviation of the timing derived from the photo-dynamical model (0.86 min) highlights the necessity of using photo-dynamical modelling for planets with low-S/N transits (Leleu et al. 2023).
A downside of the photo-dynamical analysis is its model dependency: we have to choose a priori how many planets we are considering in the modelling of the light curves, as well as the effect of potential missed planets can be hard to identify on the light curve residuals. Having the individual transit timings also allows us to check if there are hints of additional planets in the resonant chain, for example, at orbital periods larger than Pg = 20.7 days. Indeed, the effect of this additional planet, which is not modelled by the five-resonant planet model, could become apparent when subtracting the timing from the photo-dynamical analysis to the individual transit timings. However, we did not find strong evidence of a planet significantly impacting the TTVs of the observed planets.
4.2 Recovered planetary parameters
The planetary masses, radii, transit parameters and Jacobi orbital elements at epoch 1352.55018 [BJD-2457000] are given in Tables 2 and 3 for the ‘final’ posterior of the photo-dynamical fit and the combined photo-dynamical and radial-velocity fits, while Tables C.1 and C.2 shows the fitted stellar and noise parameters.
In this joint analysis, the final posterior reaches a precision of 12% for the mass of planet c, while the precision on the mass of planets d to 𝑔 is better than 10%. The precision we reach for planet b remains similar to the one published in L21, since the planet does not induce any significant TTVs on the other planets of the system. The precision on the planetary radius ranges from ≈3% for planet b to better than 2% for the largest planet of the system. Figure 6 shows the mass-radius relation of the TOI-178 planets derived in this study with respect to the planets whose mass was characterised by either TTVs (green) or RV (blue). These reference planets were chosen for their robustness to the choice of prior for the TTV population and for their precision for the RV population. The RV-characterised planets appear to be denser than the TTV-characterised ones, although we note that selecting RV-characterised planets based on their precision might bias that population toward denser mass-radius combinations. The apparent discrepancy between the TTV and RV-characterised planets has been heavily discussed (e.g. Wu & Lithwick 2013; Weiss & Marcy 2014; Mills & Mazeh 2017; Hadden & Lithwick 2017; Cubillos et al. 2017; Millholland et al. 2020; Leleu et al. 2023; Adibekyan et al. 2024). In particular, Hadden & Lithwick (2017) put forward as a possible explanation a selection bias, since TTVs tend to allow the characterisation of small planets on larger orbital periods and, thus, cooler orbits, than the bulk of the RV characterisation. It has also been proposed that the systems formed in different environments, such as a different amount of available iron during the planets’ formation (Adibekyan et al. 2024). The gaseous planets of TOI-178 appear to be on the lower end of density for their respective radius, more akin to the sub-population that was characterised using TTVs. The possibility to characterise TOI-178 both by RV and TTVs makes this system especially relevant to study this discrepancy. With the preliminary masses obtained by the RV data, L21 showed that the density of the planets appeared to not evolve monotonically with respect to the equilibrium temperature of the planets. With our updated planetary masses and radii, we retrieved a similar trend, as seen in Fig. 7.
Finally, L21 claimed that the system is in a chain of Laplace resonances. Using the preliminary mass determination, averaged periods and assuming zero initial eccentricities, they showed that the system was within the stability domain of the three-body resonance chain. Thanks to the joint photo-dynamical and RV fit, we now have estimations of the instantaneous orbital elements of each planet at a given date, see Tables 2 and 3. Using 300 randomly-selected samples of the final posterior, we can simulate the future evolution of the Laplace angles ψ1 = 1λc − 4λd + 3λe, ψ2 = 2λd − 5λe + 3λf, and ψ3 = 1λe − 3λf + 2λ𝑔, where λ is the mean longitude of the planet. Figure 8 shows the three-sigma envelope of the evolution of these angles over the next 1000 yr. Although we lose the information on the phase of the libration after a few decades, we can see that our full posterior yields librating angles, confirming that the system is indeed currently librating in the chain of Laplace resonances, around the equilibrium described in Table 6 of L21.
	[image: thumbnail]	Fig. 4 Transit timing variations observed for TOI-178 c, d and e. The filled area correspond to the 1σ posterior of the photo-dynamical fits presented in Sect. 3.2. The error bars show an estimation of the 1σ interval for the mid-transit timing of individual transits for each instrument, with transparency depending on the precision of the timings. See the text for more details.



	[image: thumbnail]	Fig. 5 Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).



	[image: thumbnail]	Fig. 6 Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).



	[image: thumbnail]	Fig. 7 Mean density of the TOI-178 planets as a function of their equilibrium temperature.



4.3 Robustness of the retrieved masses
To estimate the robustness of mass determination with each technique, we performed RV fits, photo-dynamical fits and joint fits with the sets of priors defined in Sect. 3.2. We note that for the RV fit, the eccentricity of the planets is set to zero and therefore the ‘default’ and ‘final’ sets of priors are identical. For the RV fits, we additionally tested several activity models (see Appendix D), as they could have an impact on the mass determination (e.g. Bonfils et al. 2018; Ahrer et al. 2021).
We show in Fig. 9 a summary of the mass posteriors from these analyses. We can see from Fig. 9 that the RV mass determination (black and gray) is robust for the three inner planets, in the sense that the posteriors for the default and the high-mass priors agree well. The three outer planets’ masses are more sensitive to the priors. We also note that these planets’ masses are also more sensitive to a change of stellar activity model (see Appendix D). We recall that the stellar rotation period was estimated to be about 35 d by L21, and that we only have 46 RV measurements over 113 days. It is thus very challenging to train a GP at the same time as fitting for the six planets’ masses on these data. Since we noticed a strong model sensitivity for the three outer planets’ mass, we selected one of the activity models that exhibited large uncertainties for these three parameters for the subsequent analyses (joint fit), to avoid biasing the final mass estimates for these planets (see Appendix D). This does not mean that the chosen activity model is intrinsically better, and better constraining the activity model and the planets’ masses from RV would require more measurements.
The posteriors of the masses from the photo-dynamical fit for the different sets of priors are shown in blue in Figs. 9. As explained in Sect. 3.2, the ∆M criterion quantifies the prior-dependency of these masses. Also, ∆M = 0 indicates that the posteriors of the default, high-mass, and final fit all perfectly agree, while ∆M = 1 indicates that the median of the default or high-mass posteriors lies exactly at 1 – σ from the median of the final posterior. Leleu et al. (2023) set an arbitrary limit at ∆M = 1.3 to estimate if the retrieved mass was degenerate or not. From the photo-dynamical fit alone, planets c, d, e, and f have robust masses, with values of ∆M = 0.72, 0.84, 0.54, and 0.93, while the mass of planet g shows a greater dependency on priors, with ΔM = 1.34 (see Tables 2 and 3).
Overall, the photo-dynamical model gives better mass precision than the RV fit for planets d to e, while having a much lower prior dependency for the three outer planets. The mass of TOI-178c is fully consistent between the two techniques, which is important to note, since this mass is also the least sensitive to the choice of activity model or mass prior in the RV analysis (see Appendix D). For TOI-178d the median of the ‘default’ photo-dynamic posterior is 3-σ away from the RV ‘default’ posterior. However, while the posteriors shown in Fig. 9 display a low dependency on the mass prior, the dependency to the choice of activity model is bigger, see Appendix D.
When looking at the posteriors of the joint fit, in green in Fig. 9, we can see that most of the constraints on the mass come from the photo-dynamical model, as the joint mass posteriors (green) remain close to the photo-dynamical posteriors (blue). We nonetheless note a general improvement in the robustness of the determined mass, as the prior dependency (ΔM in Tables 2 and 3) is generally smaller in the joint fit than in the photo-dynamical fit alone, beside a slight increase to 1.15 for TOI-178f.
Finally, we estimated the robustness of the derived masses to the existence of a seventh planet in the resonant chain, with more details given in Appendix E. The outcome of this test is reported by the cyan error bars in Fig. 9. Overall, adding an additional planet to the model does not significantly change the derived mass for the six known planets. These results are in agreement with the findings of Leleu et al. (2023), namely, that having the proper TTV model (number of planets in the system) goes hand-in-hand with having a low prior dependency (low value of ΔM) for the retrieved masses of the system.
	[image: thumbnail]	Fig. 8 Three-sigma envelope of the evolution of the Laplace angles Ψ1, Ψ2, and Ψ3 over 1000 yr for the final posterior.



	[image: thumbnail]	Fig. 9 Mass determinations for different datasets and choices of priors. In black: the posterior from the RV analysis with the FENRIR two modes – four harmonics – Matérn 1/2 model (see Appendix D). The blue posteriors are from the photo-dynamical model alone, while the green posteriors are from the joint photo-dynamical and RV fits. The ‘default’, ‘high-mass’, and ‘final’ set of priors are defined in Sect. 3.2. The cyan posterior synthesise the best fits of all our models with additional planets in the resonant chain, see Appendix E. The photodyn ‘final’ and photodyn+RV ‘final’ are the cases reported in Tables 2 and 3.



5 Summary and conclusion
In this study, we present a joint analysis of all available data for the TOI-178 system. We combined a photo-dynamical analysis of the data taken by TESS, CHEOPS, and NGTS, with the RVs taken by ESPRESSO. In addition, we explore the robustness of the derived masses by comparing the results of the joint fit to the mass constraints obtained by RV and photometry independently.
We show that the available RVs on their own do not enable us to fully distinguish the planetary signal from stellar activity for the three outer planets. In particular, for planet g, when fitting the RV data with different activity models and mass priors, it results in a large range of unphysical mass measurements, an issue that was also reported for example by Lopez et al. (2019) in the case of K2-138f. Arguably, the case of TOI-178d is the most intriguing, with all activity models and choice of priors giving relatively consistent masses using the RV data alone. These masses are at least 2 σ away from the results of the photo-dynamical fit. On the other hand, the techniques fully agree for the mass of TOI-178c, which is reassuring since it is the mass that is the most robust to the choice of activity model and mass prior across all our tests (see Appendix D).
We show that the photo-dynamical analysis is able to retrieve robust masses on its own (low dependency on the chosen set of priors) for planets c to f, and our joint photo-dynamical+RV analysis is able to retrieve robust masses for planets c to g. This highlights the need for thorough follow-up campaigns for the characterisation of multi-planetary systems, as well as the development and calibration of robustness criteria for the derived planetary masses. For these criteria, bright resonant systems such as TOI-178 have an important role to play since its planetary masses can be obtained independently by both RV and TTVs. Obtaining these two independent mass measurements for the same planets can ensure the accuracy of these measurements and therefore help with the calibration of the robustness criteria. In the case of TOI-178, additional transit measurements would further increase our confidence in the robustness of the TTV masses, while additional RV measurements are necessary both to obtain better constraints on planet b (which is outside of the chain). In addition, it would be helpful to distinguish the signal of the three outer planets from the stellar activity. These observations also enable a better understanding of the synergies between photometric and RV measurements on a given system, which will be key to achieve the full potential of the upcoming PLATO mission (Rauer et al. 2014).
Thanks to the intensive follow-up effort, TOI-178 now has one of the best characterised architectures of resonant chains of sub-Neptunes. We were able to show that the system is indeed librating inside the Laplace resonant chain, around the equilibrium that was described in Sect. 6.2 of L21. We also reached a precision of ~12% for the mass of planet c, and better than 10% for planets d, e, f, and g. The new precisions on the radii range from ≈3% for planet b to better than 2% for planet g. We note that we were not able to improve the mass of planet b as it is not interacting with the resonant chain. The newly derived mass and radius of c appear to depart from the 100% rocky composition that was favoured in L21, implying that a gaseous envelope is necessary to reproduce the observed density. Planet d to g remain akin to the TTV-characterised Mini-Neptunes (see Fig. 6), making of TOI-178 a key system in the study of the apparent mass-radius discrepancy between TTV and RV-characterised population (Wu & Lithwick 2013; Weiss & Marcy 2014; Mills & Mazeh 2017; Cubillos et al. 2017; Hadden & Lithwick 2017; Millholland et al. 2020; Leleu et al. 2023; Adibekyan et al. 2024). We also retrieve the non-monotonous density variations as function as the distance to the star that was hinted at by L21.
These new constraints will allow for better comparisons with models of the formation and evolution of planetary systems (e.g. Emsenhuber et al. 2021; Izidoro et al. 2022), as well as enabling the exploitation of the JWST transmission spectrum of the system to their full potential.
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Appendix A  CHEOPS
The logs of the CHEOPS visit used in this study are given in Tables A.1 and A.2.
Table A.1 
log of CHEOPS visits

Table A.2 
CHEOPS visits


Appendix B  EulerCam
The detrended Eulercam data are shown in Fig. B.1
	[image: thumbnail]	Fig. B.1 Detrended light curves from EulerCam as described in Sect. 2.4. The unbinned data are shown as blue points and the data from the 30 min bins are shown as purple circles. The best-fitting transit model for the system is shown in black.




Appendix C  Posteriors of the stellar and noise parameters
The posteriors of the stellar and noise parameters are given in Tables C.1 and C.2.
Table C.1 
Fitted properties of the star and noise parameters

Table C.2 
Fitted properties of the star and noise parameters


Appendix D  Robustness of the RV mass estimation and activity modelling
Poorly modelled noise sources can introduce biases, in particular in parameters which are always positive such as mass and eccentricity (Hara et al. 2019). To test the robustness of the mass estimates of the six planets obtained from the ESPRESSO RVs, we analyzed the RV time series using different activity models and different mass priors. The results are shown in Fig. D.1. In all cases, we fixed the periods and phases of the planets to the values of Delrez et al. (2023, median values from Tables 3 and 4). We assumed circular orbits and only let the semi-amplitudes of the RV signals to vary. We tested each activity model with a log-uniform (default) prior on the semi-amplitudes and with a uniform (high-mass) prior. In the case of the high-mass prior, we also allow for negative semi-amplitudes (hence, negative planetary masses). A negative semi-amplitude means that the signal is found in opposite phase with what is expected from the transit. We allow for this to better assess the reliability of the mass constraints we get from RVs and the dependency of the results with respect to the activity model and the mass prior. We used the spleaf GP package (Delisle et al. 2020), with either the ESP kernel (Delisle et al. 2022) or the FENRIR kernel (Hara & Delisle 2023). In both cases, the GP is trained simultaneously on the RVs, FWHM, and the Hα activity indicators.
The ESP kernel is an approximation of the widely spread SEP (squared-exponential periodic) kernel (e.g. Aigrain et al. 2012). The approximation is truncated at a given number of harmonics of the rotation period. We used between two (rotation period + semi-period) and five harmonics.
The FENRIR kernel is, in its data-driven form that we used here, a more flexible kernel which is also decomposed into harmonics of the rotation period, but with free coefficients. As for the ESP kernel, we used between two and five harmonics.
We also tested different decay envelopes (Matérn 1/2 and 3/2), as well as one or two modes. Having two modes is equivalent to having two independent FENRIR processes with the same hyper-parameters but different amplitudes. It is thus a much more flexible model than the one-mode FENRIR kernel.
From Fig. D.1, we conclude that the mass of the three inner planets seems robust to changes in the activity model and in the mass prior. The mass of planet e is more prior-dependent. Finally, planets f and g are both dependent on the priors and the activity model. The mass of planet g seems especially challenging to constraint from the existing RV data. Some models (e.g. ESP kernel, FENRIR with a Matérn 3/2 envelope) prefer a negative mass for planet g, which means that they probably use the planetary signal in opposite phase to model a component of the stellar activity. When only allowing for positive masses, the mass posteriors for these models is still pushed toward zero. Obtaining a negative mass is a clear diagnostic that the model is not behaving correctly, but a bias in the opposite direction (i.e. artificially increasing the planet mass) is much more difficult to detect. Planet f might be in this latter case (i.e. overestimated mass).
	[image: thumbnail]	Fig. D.1 Comparison of RV mass estimates for various activity models and priors.



In order to avoid biasing the final mass estimates for the combined RV + photodynamical fit, but still benefiting from the RV constraints, we selected from this analysis the FEN-RIR two modes, four harm, Matérn 1/2 activity model. Indeed, for the most model-sensitive planets (e, f, and g) this model exhibits large uncertainties on the mass posteriors and strong prior-sensitivity, which reflects the overall lack of constraint we have on these masses rather well. However, this does not mean that this an intrinsically better model for stellar activity. In particular, we noticed that the rotation period is not well constrained with this model as it reaches the upper bound of the prior interval. We stress here the need for additional RV measurements to better constrain the masses and activity model.

Appendix E  Adding a planet in the chain
Here, we check whether additional planets in the resonant chain, on an external orbit to the known planet g, could either better explain the available data or invalidate the masses that we found for the six-planet solution. We considered a set of first- and second-order mean-motion resonances and computed what their orbital period should be to fit in the resonant chain. For each of these potential periods for planet h, we ran 10 fits of the individual transit timings shown in Figs. 4 and 5. Each of these fits were initialised as follow: the orbital parameters and masses of the planets c to g were set to the best fit of the photo-dynamical analysis, the mean longitude of planet h was randomly picked in the [0°,360°] range, the period was randomly picked in order to continue the chain with a super-period of 260 ± 20 days (see Eq.C.6 of L21). The expressions kh = eh cos ϖh and hh = eh sin ϖh were initially set at 3 10−4 and Mh /M was initially set to 6 10−7. The set of priors is identical to the ‘high-mass’ case described in Sect. 3.2. Once these fits converged, the best solution of each fit was used to initialise a joint photo-dynamical+RV fit, identical in all points to those presented in Sect. 3.2, only adding the additional planet.
In Fig. E.1, we show the best solution of each of these fits, as a function of the MMR near to the g-h pair, the mass of planet h, and the logprob of the solution. From these, we find that several resonances have similar probabilities, with the general trend that the larger Ph, the more massive mh. Such a degeneracy is well understood when considering the TTV induced at the super-period for nearly resonant pair of planets (e.g. Lithwick et al. 2012; Hadden & Lithwick 2016). However, there are additional arguments that could have allowed us to favour some solutions with respect to others. Indeed, small period ratios can also lead to short-term sawtooth-like TTVs known as chopping (Deck & Agol 2015, e.g.), that could better explain the TTVs of planet g. In addition, some of the tried periods for h are also close to significant MMR with planet f: for example, g and h close to a 3:2 or a 5:4 MMR implies that f and h are close to a 2 : 1 or a 5:3 MMR, which could also impact the overall goodness of the fit.
Our best solutions are for an additional planet between a 5/4 and 3/2 MMR with planet g, and masses of the order of 1MEarth or less. We would like to point out that the parameter space for this potential additional planet is much larger than the ones explored here; therefore, we cannot exclude that an additional more massive planet is orbiting TOI-178, especially if it is not in direct continuation of the resonant chain. Nonetheless, this preliminary study allows us to draw two conclusions: there are no obvious signals in the available data for an additional planet in the chain and the best fits of the available data with the additional planet do not significantly impact the derived mass for the known planets in the system. Indeed, we aggregated the mass of the planets b to g for the best fits of the configurations where the added planet has a period in either 5/4, 4/3, 7/5, or 3/2 MMR with planet g. These aggregated results are represented in cyan in the Fig. 9. As we can see, these aggregated masses remain close to the six-planet solution with the high-mass prior.
	[image: thumbnail]	Fig. E.1 Best solutions of the joint photo–dynamical + RV fit when adding an hypothetical planet h near various MMR with respect to planet ɡ.
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	[image: thumbnail]	Fig. 1 Detrended light curves from CHEOPS as described in Sects. 2.1 and 3.3 The unbinned data are shown as blue points and the data from the 30 min bins are shown as green circles. The best fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. Vertical lines indicate the planet that is transiting, unflagged transits are caused by planet b. Each line contains about six days of observation. Data published in L21 are indicated by a red upper line, the one published in D23 by an orange upper line, and new data by a green upper line. The raw and detrended data are available at the CDS.
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	[image: thumbnail]	Fig. 2 Detrended light curves from TESS as described in Sects. 2.2 and 3.3. The unbinned data are shown as blue points and the data from the 30 min bins are shown as red circles. The best fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. Each line contains about 11 days of observation. The detrended data are available at the CDS.
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	[image: thumbnail]	Fig. 3 Detrended light curves from NGTS as described in Sects. 2.3 and 3.3. Data in 30 min bins are shown as purple circles. The best-fitting transit model for the system is shown in black; the associated parameter values are from the final posterior shown in Tables 2 and 3. The line contains about two days of observation, each visit containing the data taken by respectively 7, 4, 3, 4, 4, 4, 3, 4, and 5 of the NGTS telescopes. The unbinned data are not shown because the scatter is much larger than the than the flux range shown here. The raw and detrended data are available at the CDS.
In the text



	[image: thumbnail]	Fig. 4 Transit timing variations observed for TOI-178 c, d and e. The filled area correspond to the 1σ posterior of the photo-dynamical fits presented in Sect. 3.2. The error bars show an estimation of the 1σ interval for the mid-transit timing of individual transits for each instrument, with transparency depending on the precision of the timings. See the text for more details.
In the text



	[image: thumbnail]	Fig. 5 Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).
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	[image: thumbnail]	Fig. 6 Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).
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	[image: thumbnail]	Fig. 7 Mean density of the TOI-178 planets as a function of their equilibrium temperature.
In the text



	[image: thumbnail]	Fig. 8 Three-sigma envelope of the evolution of the Laplace angles Ψ1, Ψ2, and Ψ3 over 1000 yr for the final posterior.
In the text



	[image: thumbnail]	Fig. 9 Mass determinations for different datasets and choices of priors. In black: the posterior from the RV analysis with the FENRIR two modes – four harmonics – Matérn 1/2 model (see Appendix D). The blue posteriors are from the photo-dynamical model alone, while the green posteriors are from the joint photo-dynamical and RV fits. The ‘default’, ‘high-mass’, and ‘final’ set of priors are defined in Sect. 3.2. The cyan posterior synthesise the best fits of all our models with additional planets in the resonant chain, see Appendix E. The photodyn ‘final’ and photodyn+RV ‘final’ are the cases reported in Tables 2 and 3.
In the text



	[image: thumbnail]	Fig. B.1 Detrended light curves from EulerCam as described in Sect. 2.4. The unbinned data are shown as blue points and the data from the 30 min bins are shown as purple circles. The best-fitting transit model for the system is shown in black.
In the text



	[image: thumbnail]	Fig. D.1 Comparison of RV mass estimates for various activity models and priors.
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	[image: thumbnail]	Fig. E.1 Best solutions of the joint photo–dynamical + RV fit when adding an hypothetical planet h near various MMR with respect to planet ɡ.
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      Table 1 

      Properties of the host star TOI-178.

      
        


	Property (unit)
	Value
	Source





	Astrometric properties



	RA (J2000)
	00:29:12.49
	[1]



	Dec (J2000)
	−30:27:14.86
	[1]



	µRA (mas yr−1)
	150.032 ± 0.028
	[1]



	µDec (mas yr−1)
	−87.132 ± 0.030
	[1]



	Parallax (mas)
	15.900 ± 0.031
	[1]



	Distance (pc)
	62.89 ± 0.12
	from parallax



	




	Photometric magnitudes



	G (mag)
	11.1575 ± 0.0028
	[1]



	GBP (mag)
	11.8398 ± 0.0029
	[1]



	GRP (mag)
	10.3602 ± 0.0038
	[1]



	J (mag)
	9.372 ± 0.021
	[2]



	H (mag)
	8.761 ± 0.023
	[2]



	K (mag)
	8.656 ± 0.021
	[2]



	W1 (mag)
	8.573 ± 0.022
	[3]



	W2 (mag)
	8.64 ± 0.02
	[3]



	




	Spectroscopic and derived properties



	Teff (K)
	4316 ± 70
	Spectroscopy [4]



	log ɡ★ (cgs)
	4.45 ± 0.15
	Spectroscopy [4]



	[Fe/H] (dex)
	−0.23 ± 0.05
	Spectroscopy [4]



	v sin i★ (km s−1)
	1.5 ± 0.3
	Spectroscopy [4]



	R★ (R⊙)
	0.662 ± 0.010
	IRFM [5]



	M★ (M⊙)
	[image: equation]
	Isochrones [5]



	t★ (Gyr)
	[image: equation]
	Isochrones [5]



	L★ (L⊙)
	0.136 ± 0.010
	from R⋆ and Teff [5]



	ρ★ (ρ⊙)
	2.23 ± 0.14
	from R⋆ and M⋆ [5]





      

      
References. [1] Gaia EDR3 (Gaia Collaboration 2021); [2] 2MASS (Skrutskie et al. 2006); [3] WISe (Wright et al. 2010); [4] Leleu et al. (2021a); [5] Delrez et al. (2023).




    

  
    
      Table 2 

      Fitted and derived properties of the planets of TOI-178.

      
        


	Parameter
	Prior
	Photo-dynamical
	Photo-dynamical + RV





	TOI-178b



	




	t0 (day)
	𝒰(–1.0e+30, 1.0e+30)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(0.0e+00, 1.0e+04)
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	M (MEarth)
	derived
	–
	[image: equation]



	R(REarth)
	derived
	[image: equation]
	[image: equation]



	ρ (ρEarth)
	derived
	–
	[image: equation]



	




	TOI-178c



	




	λ (deg)
	𝒰(−360.00, 360.00)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(3.14, 3.34)
	[image: equation]
	[image: equation]



	e cos ϖ
	(*)
	[image: equation]
	[image: equation]



	e sin ϖ
	(*)
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	e
	derived
	[image: equation]
	[image: equation]



	ϖ (deg)
	derived
	[image: equation]
	[image: equation]



	M ( MEarth)
	derived
	[image: equation]
	[image: equation]



	R (REarth)
	derived
	[image: equation]
	[image: equation]



	ρ (ρEarth)
	derived
	[image: equation]
	[image: equation]



	∆M
	
	0.72
	0.55



	




	TOI-178d



	




	λ(deg)
	𝒰(–360.00, 360.00)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(6.36, 6.75)
	[image: equation]
	[image: equation]



	e cos ϖ
	(*)
	[image: equation]
	[image: equation]



	e sin ϖ
	
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	e
	derived
	[image: equation]
	[image: equation]



	ϖ (deg)
	derived
	[image: equation]
	[image: equation]



	M (MEarth)
	derived
	[image: equation]
	[image: equation]



	R (REarth)
	derived
	[image: equation]
	[image: equation]



	ρ (ρEarth)
	derived
	[image: equation]
	[image: equation]



	∆M
	
	0.84
	0.52





      

      
Notes. Results of the photo-dynamical and photo-dynamical+RV fits for the final set of priors. The orbital elements are given at the date 2458352.55018382 BJD. λ is the mean longitude of the planet, ϖ its longitude of periastron. ∆M is the robustness criterion defined in Eq. (1). b, e, M and R are the planet’s impact parameter, eccentricity, mass and radius respectively. M⊙ is the mass of the sun and R★ is the radius of the star.(*) The mass and eccentricity priors depend on the case, see Sect. 3.2.




    

  
    
      Table 3 

      Fitted and derived properties of the planets of TOI-178.

      
        


	Parameter
	Prior
	Photo-dynamical
	Photo-dynamical + RV





	TOI-178e



	




	λ (deg)
	𝒰(−360.00, 360.00)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(9.66, 10.26)
	[image: equation]
	[image: equation]



	e cos ϖ
	(*)
	[image: equation]
	[image: equation]



	e sin ϖ
	(*)
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	e
	derived
	[image: equation]
	[image: equation]



	ϖ (deg)
	derived
	[image: equation]
	[image: equation]



	M(MEarth)
	derived
	[image: equation]
	[image: equation]



	R (REarth)
	derived
	[image: equation]
	[image: equation]



	ρ(ρEarth)
	derived
	[image: equation]
	[image: equation]



	∆M
	
	0.54
	0.49



	




	TOI-178f



	




	λ(deg)
	𝒰(-360.00, 360.00)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(14.78, 15.69)
	[image: equation]
	[image: equation]



	e cos ϖ
	(*)
	[image: equation]
	[image: equation]



	e sin ϖ
	
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	e
	derived
	[image: equation]
	[image: equation]



	τ (deg)
	derived
	[image: equation]
	[image: equation]



	M(MEarth)
	derived
	[image: equation]
	[image: equation]



	R (REarth)
	derived
	[image: equation]
	[image: equation]



	ρ(ρEarth)
	derived
	[image: equation]
	[image: equation]



	∆M
	
	0.93
	1.15



	




	TOI-178g



	




	λ(deg)
	𝒰(−360.00, 360.00)
	[image: equation]
	[image: equation]



	P (day)
	𝒰(20.09, 21.34)
	[image: equation]
	[image: equation]



	e cos ϖ
	(*)
	[image: equation]
	[image: equation]



	e sin ϖ
	(*)
	[image: equation]
	[image: equation]



	M/M⊙
	(*)
	[image: equation]
	[image: equation]



	R/R★
	𝒰(0.0e+00, 2.0e-01)
	[image: equation]
	[image: equation]



	b
	𝒰(0.0e+00, 1.5e+00)
	[image: equation]
	[image: equation]



	dF (ppm)
	derived
	[image: equation]
	[image: equation]



	e
	derived
	[image: equation]
	[image: equation]



	τ (deg)
	derived
	[image: equation]
	[image: equation]



	M(MEarth)
	derived
	[image: equation]
	[image: equation]



	R (REarth)
	derived
	[image: equation]
	[image: equation]



	ρ(ρEarth)
	derived
	[image: equation]
	[image: equation]



	∆M
	
	1.34
	0.79





      

      
Notes. Results of the photo-dynamical and photo-dynamical+RV fits for the final set of priors. The orbital elements are given at the date 2458352.55018382 BJD. λ is the mean longitude of the planet, σ its longitude of periastron. ∆M is the robustness criterion defined in Eq. (1). b, e, M and R are the planet’s impact parameter, eccentricity, mass and radius respectively. M⊙ is the mass of the sun and R★ is the radius of the star.(*) The mass and eccentricity priors depend on the case, see Sect. 3.2.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Transit timing variations observed for TOI-178 c, d and e. The filled area correspond to the 1σ posterior of the photo-dynamical fits presented in Sect. 3.2. The error bars show an estimation of the 1σ interval for the mid-transit timing of individual transits for each instrument, with transparency depending on the precision of the timings. See the text for more details.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Mass-radius relationship of the TOI-178 planets (final posterior), compared with the super-Earth to Mini-Neptune populations for which the mass was derived through RV (Otegi et al. 2020) and TTVs (Hadden & Lithwick 2017; Leleu et al. 2023). The composition lines ‘terrestrial Earth-like’, in solid brown, and pure MgSiO3 ‘rocky’, in dashed brown, are taken from Zeng et al. (2016).

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Mean density of the TOI-178 planets as a function of their equilibrium temperature.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Three-sigma envelope of the evolution of the Laplace angles Ψ1, Ψ2, and Ψ3 over 1000 yr for the final posterior.

      

    

  
    
      Table A.1 

      log of CHEOPS visits

      
        


	file_key
	start date [BJD-2457000]
	duration [hour]
	reference





	CH_PR100031_TG028901_V0300
	2051.9631
	3.44
	Leleu et al. (2021a)



	CH_PR100031_TG029001_V0300
	2055.5869
	3.22
	Leleu et al. (2021a)



	CH_PR100031_TG030201_V0300
	2066.4286
	99.78
	Leleu et al. (2021a)



	CH_PR100031_TG030301_V0300
	2070.6211
	164.05
	Leleu et al. (2021a)



	CH_PR100031_TG030701_V0300
	2099.8429
	13.36
	Leleu et al. (2021a)



	CH_PR100031_TG032101_V0300
	2113.3819
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG031001_V0300
	2115.3818
	3.22
	Delrez et al. (2023)



	CH_PR100031_TG031801_V0300
	2115.5235
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG032201_V0300
	2120.6658
	8.44
	Delrez et al. (2023)



	CH_PR100031_TG031101_V0300
	2121.7713
	5.02
	Delrez et al. (2023)



	CH_PR100031_TG031201_V0300
	2123.8192
	3.22
	Delrez et al. (2023)



	CH_PR100031_TG031401_V0300
	2125.9386
	3.22
	Leleu et al. (2021a)



	CH_PR100031_TG033301_V0300
	2126.2907
	8.00
	Leleu et al. (2021a)



	CH_PR100031_TG031301_V0300
	2127.2149
	2.95
	Delrez et al. (2023)



	CH_PR100031_TG033001_V0300
	2127.3566
	8.72
	Delrez et al. (2023)



	CH_PR100031_TG033302_V0300
	2128.2010
	7.24
	Delrez et al. (2023)



	CH_PR100031_TG033101_V0300
	2129.7586
	9.35
	Delrez et al. (2023)



	CH_PR100031_TG033303_V0300
	2130.1558
	7.24
	Delrez et al. (2023)



	CH_PR100031_TG031901_V0300
	2131.4245
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG032001_V0300
	2131.8453
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG033304_V0300
	2132.0558
	7.12
	Delrez et al. (2023)



	CH_PR100031_TG033901_V0300
	2135.2612
	5.30
	Delrez et al. (2023)



	CH_PR100031_TG035101_V0300
	2141.6130
	7.74
	Delrez et al. (2023)



	CH_PR100031_TG033902_V0300
	2142.5192
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG034001_V0300
	2143.9761
	3.22
	Delrez et al. (2023)



	CH_PR100031_TG033903_V0300
	2144.9989
	4.82
	Delrez et al. (2023)



	CH_PR100031_TG034201_V0300
	2146.1423
	7.57
	Delrez et al. (2023)



	CH_PR100031_TG034002_V0300
	2147.3791
	2.88
	Delrez et al. (2023)



	CH_PR100031_TG033904_V0300
	2148.7550
	4.87
	Delrez et al. (2023)



	CH_PR100031_TG034003_V0300
	2150.5667
	3.22
	Delrez et al. (2023)



	CH_PR100031_TG035601_V0300
	2151.2247
	6.99
	Delrez et al. (2023)



	CH_PR100031_TG033905_V0300
	2152.3582
	5.05
	Delrez et al. (2023)



	CH_PR100031_TG035701_V0300
	2152.5989
	7.50
	Delrez et al. (2023)



	CH_PR100031_TG035702_V0300
	2155.8393
	8.07
	Delrez et al. (2023)



	CH_PR100031_TG036101_V0300
	2156.8177
	6.79
	Delrez et al. (2023)





      

      
Notes. Log of the first 35 CHEOPS visits used in this study.




    

  
    
      Table A.2 

      CHEOPS visits

      
        


	file_key
	start date [BJD-2457000] 
	duration [hour]
	reference





	CH_PR100031_TG036401_V0300
	2159.6988
	9.35
	Delrez et al. (2023)



	CH_PR100031_TG036301_V0300
	2160.0959
	8.72
	Delrez et al. (2023)



	CH_PR100031_TG035602_V0300
	2160.8015
	6.77
	Delrez et al. (2023)



	CH_PR100031_TG036201_V0300
	2162.0944
	8.04
	Delrez et al. (2023)



	CH_PR100031_TG043601_V0300
	2430.8894
	9.57
	Delrez et al. (2023)



	CH_PR100031_TG043701_V0300
	2431.2964
	10.89
	Delrez et al. (2023)



	CH_PR120053_TG000501_V0300
	2451.9361
	10.54
	this study



	CH_PR120053_TG000201_V0300
	2455.2314
	8.75
	this study



	CH_PR120053_TG000101_V0300
	2457.0168
	7.55
	this study



	CH_PR120053_TG000502_V0300
	2472.6455
	10.89
	this study



	CH_PR120053_TG001401_V0300
	2476.5851
	9.57
	this study



	CH_PR120053_TG001301_V0300
	2478.4538
	10.20
	this study



	CH_PR120053_TG001501_V0300
	2483.0239
	4.02
	this study



	CH_PR120053_TG001201_V0300
	2487.9203
	8.95
	this study



	CH_PR120053_TG000503_V0300
	2493.3368
	11.72
	this study



	CH_PR100031_TG043201_V0300
	2495.7916
	7.15
	Delrez et al. (2023)



	CH_PR100031_TG043202_V0300
	2503.4545
	7.15
	Delrez et al. (2023)



	CH_PR100031_TG043203_V0300
	2505.4003
	7.15
	Delrez et al. (2023)



	CH_PR120053_TG003001_V0300
	2507.0946
	11.70
	this study



	CH_PR120053_TG002901_V0300
	2508.3987
	11.75
	this study



	CH_PR120053_TG005301_V0300
	2803.9183
	10.79
	this study



	CH_PR120053_TG005901_V0300
	2835.9052
	7.74
	this study



	CH_PR120053_TG006101_V0300
	2837.1406
	9.64
	this study



	CH_PR120053_TG006201_V0300
	2842.2781
	9.57
	this study



	CH_PR120053_TG006301_V0300
	2845.4670
	10.89
	this study



	CH_PR120053_TG006102_V0300
	2847.0239
	10.52
	this study



	CH_PR120053_TG006001_V0300
	2848.6267
	13.09
	this study



	CH_PR120053_TG007301_V0300
	2856.9952
	9.77
	this study



	CH_PR120053_TG008001_V0300
	2872.6856
	9.52
	this study



	CH_PR120053_TG008301_V0300
	2876.9236
	10.74
	this study



	CH_PR120053_TG007701_V0300
	2886.8716
	10.25
	this study



	CH_PR120053_TG008201_V0300
	2887.6854
	7.19
	this study



	CH_PR120053_TG008101_V0300
	2888.0181
	8.95
	this study



	CH_PR120053_TG007501_V0300
	2890.9998
	7.79
	this study



	CH_PR140080_TG003501_V0300
	3223.1542
	10.95
	this study



	CH_PR140080_TG003601_V0300
	3238.8272
	10.80
	this study





      

      
Notes. Log of the remaining 36 CHEOPS visits used in this study.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Detrended light curves from EulerCam as described in Sect. 2.4. The unbinned data are shown as blue points and the data from the 30 min bins are shown as purple circles. The best-fitting transit model for the system is shown in black.

      

    

  
    
      Table C.1 

      Fitted properties of the star and noise parameters

      
        


	Parameter
	Prior
	photo-dynamical
	photo-dynamical + RV





	Star



	




	ρ★[ρ⊙]
	𝒩(2.23,0.14)
	[image: equation]
	[image: equation]



	R★ [R⊙]
	𝒩(0.66,0.01)
	[image: equation]
	[image: equation]



	




	TESS



	




	σ
	𝒰(0.0e+00,1.0e+30)
	[image: equation]
	[image: equation]



	u1
	𝒩(0.49,0.02)
	[image: equation]
	[image: equation]



	u2
	𝒩(0.19,0.05)
	[image: equation]
	[image: equation]



	




	CHEOPS



	




	σ
	𝒰(0.0e+00,1.0e+30)
	[image: equation]
	[image: equation]



	ul
	𝒩(0.54,0.02)
	[image: equation]
	[image: equation]



	u2
	𝒩(0.16,0.03)
	[image: equation]
	[image: equation]



	




	NGTS



	




	σ
	𝒰(0.0e+00,1.0e+30)
	[image: equation]
	[image: equation]



	ul
	𝒩(0.53,0.03)
	[image: equation]
	[image: equation]



	u2
	𝒩(0.17,0.04)
	[image: equation]
	[image: equation]





      

      
Notes. Stellar and noise parameters, with σ the jitter terms and uk the limb-darkening coefficients.




    

  
    
      Table C.2 

      Fitted properties of the star and noise parameters

      
        


	Parameter
	Prior
	photo–dynamical
	photo–dynamical + RV





	offset RV
	𝒰(−1.0e+300,1.0e+300)
	–
	[image: equation]



	offset Hα
	𝒰(−1.0e+300,1.0e+300)
	–
	[image: equation]



	offset FWHM
	𝒰(−1.0e+300,1.0e+300)
	–
	[image: equation]



	σ RV
	𝒰(0.0e+00,3.0e+01)
	–
	[image: equation]



	σ Hα
	𝒰(0.0e+00,3.0e+01)
	–
	[image: equation]



	σ FWHM
	𝒰(0.0e+00,3.0e+01)
	–
	[image: equation]



	GPα000
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα010
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα011
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα020
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα021
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα100
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα110
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ110
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα111
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα120
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ120
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα121
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ121
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα200
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα210
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ210
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα211
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα220
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ220
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα221
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ221
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα300
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα310
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ310
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα311
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα320
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ320
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα321
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ321
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα400
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα410
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ410
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα411
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα420
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ420
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPα421
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GPβ421
	𝒩(0.0e+00,2.0e+02)
	–
	[image: equation]



	GP P
	𝓛𝒰(20.00,60.00)
	–
	[image: equation]



	GP ρ
	𝓛𝒰(10.00,100000.00)
	–
	[image: equation]





      

      
Notes. Noise parameters for the RV fit. σ are the jitter term for the velocity and indicators. P is the period of the GP. ρ is the decay timescale. αklm and βklm are amplitudes of the cosine and sine terms in the spleaf.term.MultiFourierKernel (https://obswww.unige.ch/%7Edelisle/spleaf/doc/_autosummary/spleaf.term.MultiFourierKernel.html#spleaf.term.MultiFourierKernel), respectively, with k the harmonic (f = k/P), l the timeseries, and m the mode.




    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Comparison of RV mass estimates for various activity models and priors.

      

    

  
    
      Fig. E.1 

      
        [image: thumbnail]
      

      
        Best solutions of the joint photo–dynamical + RV fit when adding an hypothetical planet h near various MMR with respect to planet ɡ.
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