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Abstract

Context. Earth-like planets orbiting in the habitable zone of K- to G-type stars create an RV effect in amplitude of less than 1 ms−1 and have orbital periods of hundreds of days. Only long-term RV surveys with sub-meter per second precision instruments can explore the outer regions of Sun-like stars and look for Earth-like planets and super-Earths. Detecting Earth-like or super-Earth planets in the habitable zone of Sun-like stars is crucial to provide targets to the next generation of direct imaging facilities.

Aims. We present the analysis of the K-type star HD 176986. It has a brightness of V=8.45 mag and a distance from the Sun of d = 27.88 pc. This star hosts a known planetary system of two super-Earths. We utilize historical and recently collected RV measurements to investigate the presence of Earth- and super-Earth-like planets in the habitable zone of HD 176986.

Methods. We monitored the system with HARPS and HARPS-N. We joined historical datasets with new data collected in an ongoing blind search program. We took advantage of recently developed tools for RV extraction and stellar activity filtering. The analysis of activity indicators permits us to determine the period of the magnetic cycle of the star alongside its rotation period. We performed a joint analysis of RVs and activity indicators through multidimensional GPs to better constrain the activity model in RVs and avoid overfitting.

Results. We detected a new planet orbiting the star and retrieved the two known planets. HD 176986 b has an orbital period of 6.49164−0.00029+0.00030 d and a minimum mass of 5.36 ± 0.44 M⊕. HD 176986 c has an orbital period of Pc = 16.8124 ± 0.0015 d and a minimum mass of 9.75−0.64+0.65 M⊕. HD 176986 d has an orbital period of 61.376−0.049+0.051 d and a minimum mass of 6.76−0.92+0.91 M⊕. From the analysis of activity indicators, we find evidence of a magnetic cycle with a period of 2432−59+64 d, along with a rotation period of 36.05−0.71+0.67 d.

Conclusions. We discover a new planet in the multi-planet system orbiting the K-type star HD 176986. All the planets have minimum masses compatible with super-Earths or mini-Neptunes.
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1 Introduction
The field of exoplanetary sciences has developed incessantly since the last decade of the 20th century. The first discovery of a planet orbiting around a main-sequence star (Mayor & Queloz 1995) paved the way for systematic research on exoplanets. The latter finding was possible thanks to the radial velocity (RV) method (Struve 1952; Hatzes 2020). Other techniques have also been applied to exoplanet detection through the years, such as the transit method (Charbonneau et al. 2000; Henry et al. 2000), which relies on the dimming of starlight when the planet passes in front of the star. The total number of exoplanets detected is rapidly increasing and has passed the number of 6000 confirmed planets up to November 27, 2025, reported in the NASA Exoplanet Archive1 (Akeson et al. 2013). Most of them were detected using the transit method.
Even if outnumbered in terms of detections, the RV method remains fundamental for multiple reasons. This method is the most common technique for mass determination of exoplanets. The RV permits us to explore the outer regions of planetary systems, and long-term RV surveys are necessary to put well-determined constraints on the statistics of exoplanets at long orbital periods (Mayor et al. 2011; Pinamonti et al. 2022; Bryan & Lee 2024). Furthermore, most of the planets in the solar neighborhood do not transit their star, and the RV method enables stars close to the Sun to be analyzed.
At first, the most precise instruments could reach a precision of 5-10 ms−1, as was the case for ELODIE and HIRES (Baranne et al. 1996; Vogt et al. 1994). The High Accuracy Radial velocity Planet Searcher (HARPS; Mayor et al. 2003), installed in 2003 at the Observatory of La Silla, Chile, brought a major improvement toward the detection of lighter planets. HARPS was the first spectrograph able to reach a precision on a single measurement of <1 ms−1. The precision of HARPS was necessary for detecting new planetary mass ranges such as super-Earths (Santos et al. 2004). Several years later, HARPS-N, an updated version of HARPS, was installed at the Telescopio Nazionale Galileo at the Observatory of La Palma (Cosentino et al. 2012, 2014). HARPS-N complements the coverage of the sky of HARPS due to the different latitudes of the two instruments.
In this context, the Rocky Planets in Equatorial Stars (RoPES) program (Suárez Mascareño et al. 2018) is a long-term survey to investigate a sample of 17 G and K dwarf-type stars with HARPS and HARPS-N. The program aims to detect superEarths in the habitable zone (HZ) of Sun-like stars and K-dwarfs. This task requires a time span of observations of several years. Detecting Earth and super-Earth like planets in the HZ of Sunlike stars will provide targets for future characterization of the atmosphere of exoplanets with the next generation of instruments such as ANDES (Marconi et al. 2022; Palle et al. 2025) at the Extremely Large Telescope (ELT; Padovani & Cirasuolo 2023) and space missions such as Habitable World Observatory (HWO; Mamajek & Stapelfeldt 2024) and LIFE (Quanz et al. 2022).
HD 176986 is part of the RoPES program and is known for hosting a multi-planet system (Suárez Mascareño et al. 2018). This star has been observed through the years with HARPS and HARPS-N. With more than 300 nights of observations, it is the most intensively observed star of the program. The addition of new observations can bring further insights into the architecture of this multi-planet system. Furthermore, we applied newly developed tools in our analysis to mitigate systematic effects and stellar activity at the spectral level (Cretignier et al. 2021, 2023), and to model the activity of the star (Rajpaul et al. 2015; Delisle et al. 2022).
The work is structured as follows. In Sect. 2, we discuss the observations of the system used in our analysis. In Sect. 3, we describe the star HD 176986. In Sect 4, we describe in detail the analysis of RV and activity indicators time series. In Sect. 5, we discuss the findings of our analysis. In Sect. 6, we summarize our work, and highlight the principal results.
2 Observations
2.1 HARPS
HARPS (Mayor et al. 2003) is a high-resolution, fiber-fed spectrograph. It covers a wavelength range of between 380 nm and 690 nm. The spectrograph is a high-resolution spectrograph with a ∼115 000 resolving power. The instrument can reach an RV precision better than 50 cm s−1 on a single measurement (Pepe et al. 2011). HARPS is contained in a vacuum vessel in a pressure- and temperature-stabilized environment to minimize spectral drifts due to pressure and temperature changes.
The data reduction software (DRS) of the instrument provides wavelength-calibrated high-resolution spectra and RVs derived from the cross-correlation function (CCF) technique (Fellgett 1953), alongside additional info as full width at half maximum (FWHM) and bisector time span (BIS). The CCF technique to extract velocities relies on the measurement of the Doppler displacement of the stellar spectrum relative to a stellar mask of a similar spectral type. For this work, we extracted RV and other data products with version 3.2.5 of the HARPS DRS, adapted from the DRS of ESPRESSO2. Version 3.2.5 of the DRS corrects for different systematics related to the ageing and change of lamps, among others.
HARPS underwent a fiber update in June 2015 (Lo Curto et al. 2015), which has improved the throughput of the instrument by 40% at 550 nm, as well as the instrument illumination and stability. The intervention introduced an offset compared to the RVs taken before it. This made it necessary to consider the observations taken before and after the fiber link update as two different datasets. We refer to HARPS dataset before the intervention as H03 and HARPS dataset after the intervention as H15. We fit a different zero-point and jitter for the H03 and H15 datasets. Details on the preparation of all the datasets used in our analysis are reported in Appendix A. We collected 149 H03 spectra in 140 nights of observations and 246 H15 spectra in 119 nights of observations. For H03, the standard observing strategy was a single exposure of 900 s. The median signal-tonoise ratio (S/N) reached was 133.8 at order 55. For H15, the standard observing strategy was to take three consecutive exposures of 300 s each. We reached a median S/N of 71.0 at order 55.
2.2 HARPS-N
HARPS-N (Cosentino et al. 2012) is a high-resolution, fiber-fed spectrograph. The instrument is based on the design of HARPS and it covers the spectral range between 380 nm and 690 nm. HARPS-N has a resolving power of ∼115 000 and its main goal is the detection of exoplanets in the Northern Hemisphere. The instrument is contained in a vacuum vessel. It is temperature-and pressure-stabilized in a similar way to HARPS. HARPS-N showed stability similar to HARPS, and a single measurement precision better than 50 cm s−1 (Benatti et al. 2020).
We refer to the HARPS-N datasets as HN. We collected 362 HN spectra in 109 nights. We performed three consecutive exposures of 300 s each at every epoch as our standard observing strategy. The median S/N of the single exposures was 84.9 at order 55.
2.3 RV extraction
In our analysis, we considered both RVs extracted with the CCF technique from the spectra derived by the DRS version 3.2.5 and RVs calculated by YARARA (Cretignier et al. 2021, 2023) on the same spectra. YARARA is a tool to correct the spectra for systematics and extract RVs with a potential implementation of the line-by-line (LBL) technique (Dumusque 2018). The LBL technique relies on a master spectrum built by merging all the spectra for a specific instrument. The following step is to measure the RV of every single line in the spectrum for all the observations. In this way, we obtain a time series of RVs of the single lines. Finally, the information coming from the single lines is merged to derive the RV related to each epoch. This method allows for the follow-up of the different behavior of the single lines, and to weight lines affected differently by stellar activity properly. The YARARA tool for the extraction of RVs applies a list of recipes to correct the spectra from systematics before extracting the RVs through the LBL or the CCF technique. These comprise correction for cosmic rays, interference patterns, telluric lines, point spread function variability, ghosts, stitching of the detector, and thorium-argon lamp contamination. YARARA can also correct stellar activity at the spectral level. This generates RVs and activity indicators cleaned for stellar activity. Depending on the needs of the analysis, we used both activity-corrected and non-activity-corrected datasets. An exhaustive description of YARARA is given in Cretignier et al. (2021). YARARA has a quality control on the spectra to discard spectra with problems related to S/N or anomalies in the CCF. Not all the nights of observations of HD 176986 have passed the quality control of YARARA. The YARARA dataset consists of 124 H03, 108 H15, and 98 HN nightly binned spectra, for a total dataset of 330 epochs. Only considering nights where the spectra passed the YARARA quality check, we can see a decrease in the root mean square (RMS) of the YARARA dataset compared to the dataset derived with the DRS. The RMS goes from 3.82 ms−1 to 3.68 ms−1 for the H03 dataset, from 3.67 ms−1 to 3.14 ms−1 for the H15 dataset, and from 3.51 ms−1 to 3.23 ms−1 for the HN dataset. The total RMS goes to from 3.68 ms−1 to 3.38 ms−1. The mean error goes from 0.63 ms−1 to 0.42 ms−1 for H03, from 0.83 to 0.52 ms−1 for H15, and from 0.53 to 0.34 m s−1 for HN. We have also considered in the analysis the YARARA dataset without the stellar activity correction. In this way, we can assess the effectiveness of the YARARA correction. The YARARA dataset, not corrected for activity, shows an RMS of 3.51 ms−1 in the RV derived with the CCF technique. Where it is not stated differently, the YARARA dataset, not corrected for activity and with CCF-extracted RVs, has been used for the analysis of RVs and activity indicators. We show in Fig. 2 the YARARA-RV and activity indicators time series. We show the RV and activity indicators not corrected for activity.
2.4 TESS
The Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2014) observed HD 176986 in sector 80 with 120 s and 20 s cadence. We considered in our analysis the flux collected in bins of 120 s. The data were processed through the Science Processing Operation Center (SPOC) pipeline (Jenkins et al. 2016). The TESS mission provides different photometric light curves. Our analysis used the PDCSAP flux, automatically correcting artifacts and instrumental effects.
We used a BLS periodogram (Kovács et al. 2002) to investigate important periodicities present in the data. We did not find evidence of a transit. We refer to Appendix B for a brief analysis of the TESS dataset. We used the publicly available code tpfplotter 3 (Aller et al. 2020) for plotting the target pixel file shown in the Fig. B.2. No additional sources within ∆ Mag < 4 are found in the proximity of the target.
2.5 ASAS-SN
ASAS-SN is a photometric all-sky survey (Shappee et al. 2014a; Kochanek et al. 2017) developed to study supernovae and transients. The project is composed by 24 ground-based 14 cm telescopes part of the Los Cumbres Observatory Global Telescope Network. The telescopes are based in different sites worldwide, making it possible to survey the entire sky while minimizing the influence of local bad weather on the program. We collected a total of 3693 photometric measurements from ASAS-SN telescopes, 745 in the V band and 2948 in the g band. We only considered the measurement taken in the g-band. The analysis showed lunar contamination in our dataset and was not informative for the following analysis of RVs. We refer to Appendix C for an analysis of the ASAS-SN dataset.
Table 1 
Stellar parameters of interest for HD 176986.

3 HD 176986
3.1 Stellar parameters
HD 176986 is a K2.5 V star (α = 19:03:05.872 ± 0.020; δ = −11:02:38.131 ± 0.019; Gaia Collaboration 2020), close to the Solar System (d = 27.86 ± 0.02 pc; Gaia Collaboration 2020) and bright (V-mag = 8.45; Høg et al. 2000). In Table 1 we present a summary of the main characteristics of the star.
The limits of the HZ depend on the luminosity of the star and its equilibrium temperature. In the case of HD 176986, we have L* = 0.331 ± 0.027 L⊙ (Sousa et al. 2008) and T* = 4931 ± 77 K (Tsantaki et al. 2013). We followed the method of Kopparapu et al. (2014) and considered the case of a 1 M⊕ planet. They define four different regimes for calculating the HZ for a terrestrial planet, two to determine the inner edge of the HZ and two to infer the outer edge of the HZ. For an optimistic HZ, we considered their “recent Venus” and “early Mars” as inner and outer edges, respectively. For a conservative HZ, we considered their “runaway” and “maximum greenhouse” as inner and outer edges, respectively. We find the conservative HZ between 0.591 ± 0.024 AU and 1.046 ± 0.043 AU. This corresponds to an orbital period for a circular orbit between 186 ± 11 d and 439 ± 28 d. We find the optimistic HZ comprising between 0.446 ± 0.018 AU and 1.099 ± 0.045 AU. This corresponds to an orbital period for a circular orbit of between 122.5 ± 7.5 d and 474 ± 30 d.
3.2 Planetary system
HD 176986 is a star known for hosting a multi-planet system. Suárez Mascareño et al. (2018) found two super-Earths orbiting the star. HD 176986 b has an orbital period of 6.4897 ± 0.0065 d and a Mbsinib equal to 5.74 ± 0.66 M⊕. HD 176986 c has an orbital period of 16.8191 ± 0.0044 d and Mcsinic equal to 9.18 ± 0.97 M⊕. A third significant signal was found at ∼35 d but it was considered as related to stellar activity, as it was also present in activity indicators.
4 Analysis
Here, we report the analysis of the HARPS and HARPS-N time series collected for HD 176986. To infer the parameters of the different models we used the nested sampling algorithm (Skilling 2004) as it is implemented in Dynesty (Speagle 2020). We performed a model comparison by comparing the evidence of the models applied to the same dataset. We refer to Appendix A for details about the methods and tools used in our analysis to conduct parameter estimation and model comparison.
4.1 Stellar activity
Before moving to the analysis of the RVs, we analyzed the activity indicators at our disposal to retrieve information about the star, specifically the stellar rotation period and the period of the stellar magnetic cycle. We analyzed several activity indicators to characterize the stellar activity of HD 176986. We analyzed both CCF-derived metrics, such as the FWHM, bisector, and CCF contrast, and activity indicators related to the variability of specific lines of the spectra as Mount Wilson S index (SMW; Vaughan et al. 1978) and Hα (Gomes da Silva et al. 2011). A brief definition of the activity indicators we used in this work is outlined in Appendix D.
We show in the panels on the left of Fig. 2 the time series of the activity indicators and RVs derived by YARARA, without the correction for activity. We considered the time series not corrected for activity because in this way we can have a clearer signature of the magnetic cycle and the stellar rotation. In the right panels of Fig. 2, we show the GLS periodograms (Zechmeister & Kürster 2009) of the RV and activity indicators time series. The GLS periodogram provides a preliminary indication of the most significant periodicities in our datasets, but it can be misleading if used to infer the best value for a parameter such as the magnetic cycle period or stellar rotation period. Still, the final values of the parameters are obtained in the global model. We explain our methods in Appendix A.
We found the same period for the most prominent peak in FWHM, Hα, Contrast, and S index, at 2331 d. We considered this period related to the magnetic cycle of the star, lying within the range of periods we would expect for a star of the spectral type of HD 176986 (Lovis et al. 2011). We see a peak at the same period with FAP < 10% in the GLS periodogram of the Bisector, but in this case, the main peak in the periodogram is at 17.90 d. We tried to model the cycle in the activity indicators with a sinusoid. We first considered for the analysis the S index, where we see the lower FAP value in correspondence of the 2331.89 d peak. We used a wide uniform prior on the period U(1500 d, 3000 d) to leave the model to choose the best value among a wide range of different periods. The period we found for the cycle is 2347 ± 33 d for the S index. We used the same model for the other activity indicators. We found a result compatible with the result in the S index within 1σ for all the other activity indicators.
Once we recovered the magnetic cycle of the star, we tried to retrieve the rotation period of the star. We conducted a GP analysis using the GP package S+Leaf (Delisle et al. 2020, 2022). We adopted the MEP kernel as a reference kernel in our analysis (Appendix D). We used a uniform prior, U(25 d, 45 d), to fit for the rotation period. This prior encloses the period of the signal found in FWHM at ∼36 d in Suárez Mascareño et al. (2018) and the period of the main peaks found in the periodogram of the residual of FWHM and S index, at 40.52 d and 40.66 d, respectively. The GP analysis gave us a converging result on the rotation period and the timescale of evolution of the activity pattern for S index, FWHM, Bisector, and Contrast, while we did not find a good result for Hα. The results we obtained for the rotation period are consistent among the different indicators at 1σ. We considered the value obtained in the S-index analysis as our reference value. We have a rotation period of 35.20[image: equation] d. Suárez Mascareño et al. (2015) found the rotation period of the star to be 33.4 ± 0.2 d from an analysis of chromospheric activity indicators as CA II H&K and Hα. A signal at 35.74 d was noticed in the RV analysis of Suárez Mascareño et al. (2018) and considered a signal related to activity. The peak at 17.90 d we see in the GLS periodogram of the bisector is at half the rotation period of the star. We concluded this peak is due to the first harmonic of the rotation-related activity signal. In Fig. D.1, we show the activity model for FWHM as an example of the result we obtained.
A similar analysis conducted on RVs revealed the presence of a weak signal related to the magnetic cycle, of amplitude Kcycle = 0.87[image: equation] ms−1 and period Pcycle = 2439[image: equation] d, compatible with the result we found for the activity indicators.
We also ran a GP model on RVs, trying to recover the rotation period of the star, but it was not possible to find a converging result for the analysis of the RV dataset alone. The amplitude of the signal due to rotation is likely smaller than that of the planetary signals, and the GP struggles to model it effectively over the planets.
	[image: thumbnail]	Fig. 1 FIP periodogram for HD 176986. The dashed red line represents the 1% probability threshold for the periodic signal to be a false positive. We see three peaks exceeding this threshold, at period of 6.5 d, 16.8 d, and 61.4 d. The FIP level of 6.5 d and 16.8 d is cut at 11 because the numeric result gives an unphysical infinity. The peak at 61.4 d was not retrieved in the previous analysis and is an original result of our work.



4.2 Planetary signals research
Once we had derived the rotation period and the period of the magnetic cycle, we proceeded to analyze the RV time series to search for planets. We had two different datasets at hand: YARARA-extracted RVs corrected from activity and systematics, and YARARA-extracted RVs only corrected for systematics. We conducted a parallel analysis to validate the results of each method. In the analysis of time series not corrected for activity, we took advantage of the analysis conducted on the activity indicators to guide the stellar activity model in the RVs. We considered the multidimensional GP framework (Rajpaul et al. 2015; Barragán et al. 2023) to constrain the activity model, avoiding overfitting. A 3D GP, with RV and two activity indicators, has been shown to be a very effective model in stellar activity mitigation in Barragán et al. (2023). Based on the results of the stellar activity analysis, we considered the two best activity indicators to use alongside RVs to be the FWHM and S index. We considered a term for the amplitude of the GP and the amplitude of the derivative of the GP in RVs and FWHM, while only a term for the amplitude of the GP in the S index. In Sect. 5, we compare the multidimensional approach with a 1D GP.
	[image: thumbnail]	Fig. 2 Time series of RV and activity indicators. Panel a: RV time series. Panel b: GLS periodogram related to the RV time series. We see two prominent peaks in correspondence with the two planets detected in Suárez Mascareño et al. (2018). Panels c, e, g, i, and k: activity indicators time series. Panels d, f, h, j, and l: corresponding GLS periodograms. The red, green, and blue lines in the periodogram indicate a power corresponding to a 10%, 1%, and 0.1% FAP, respectively. Panels c and d: FWHM. We see a strong peak in the GLS periodogram at 2331.89 d. Panels e and f: bisector. The strongest peak in the GLS periodogram is at 17.9 d period. This peak is likely related to stellar rotation. A weaker peak at FAP ∼10% in correspondence with the magnetic cycle is also visible at a long period. Panels g and h: S index. In panel h, we see again a strong peak at 2331.89 d, caused by the magnetic cycle. In panels i and j, we see the time series and the GLS periodogram of Hα. We see again a peak at 2331.89 d due to the magnetic cycle of the star. Panels k and j: time series and the GLS periodogram of Contrast. We can also find in this dataset the signature of the magnetic cycle in the peak at 2331.89 d in the GLS periodogram. FWHM, S index, Hα, and Contrast all show an additional peak at ∼35 d. This peak is related to the rotation period of the star as shown in the analysis of stellar activity.



4.2.1 False inclusion probability
We show in Fig. 2a the RV dataset. In Fig. 2b, we show the GLS periodogram of the RV dataset. The RV dataset here was extracted with YARARA without stellar activity correction.
We found in the GLS periodogram significative peaks at ∼16.8 d and ∼6.5 d. These two peaks are compatible with the results of Suárez Mascareño et al. (2018).
A more refined analysis for the inference of the significant periodic signals in a time series is defined in Hara et al. (2022b) through the definition of the false inclusion probability (FIP). The FIP is a metric we use to assess the significance of a signal of a determined period in a dataset by comparison to a reference value. The FIP can be computed using a correlated noise model, as is the case for GPs. We consider as signals of interest the signals with an amplitude in the FIP periodogram corresponding to a FIP < 1%. To have a reliable FIP analysis, we have to consider an effective model for stellar activity. We conducted a test considering the activity correction applied by YARARA, as well as a multidimensional GP modeling three time series: the S index, FWHM, and RV. We also put a cycle term for RV in the model. For the analysis with activity indicators, we considered the phase in the RV term of the magnetic cycle independent from the phase in the S index and FWHM, and we searched for it as a free parameter. We ran a model with five sinusoids. We show the FIP periodogram for the model where we considered the stellar activity corrected by YARARA in Fig. 1.
The FIP periodogram shows three peaks corresponding to periods of 6.5 d, 16.8 d, and 61.4 d, all having a value of − log10 FIP above 2, which corresponds to a FIP < 1%. The planets at 6.5 d and the planet at 16.8 d are already known from Suárez Mascareño et al. (2018). The signal at 61.4 d was not recovered in previous works on the system.
4.2.2 Three-planet model
We considered a model with three sinusoids and compared the evidence of this model with the evidence of a model with two sinusoids. To do this, we considered as a metric the logarithm of the evidence (lnZ) provided by Dynesty (Speagle 2020). We considered a fully blind search for the planets. For the two-planet model, we considered two sinusoids with a log-uniform prior on the period between 1 d and 2000 d. We used the same priors on the period of the three planets also for the three-planet model. We tested both the activity-corrected and the non-activity-corrected YARARA dataset. For the activity-corrected dataset, we considered an RV-only model, relying on the correction of activity made by YARARA. In the case of the non-activity-corrected dataset, we worked in a multidimensional GP framework where we modeled the FWHM and S index alongside RVs. In both cases, we found an improvement in the logarithm of the evidence of the model of more than 5. This is the threshold we used to favor a more complex model over a simpler model (Appendix A). For the YARARA-corrected activity dataset, we found a ∆ lnZ = + 16.1. We found a signal amplitude of K = 1.19 [image: equation] ms−1 and a period of P = 61.363± 0.048 d. In the case of the analysis with multidimensional GP, we recover a more significant result, with an improvement ∆ lnZ = +23.6 after the addition of the new signal. In this case, the amplitude of the signal is K = 1.29 [image: equation] m s−1 and the orbital period is recovered to be 61.378± 0.51. We recover the signal at 61.4 d with two different approaches with a similar confidence. This shows the effectiveness of the stellar activity correction by YARARA. We tested a four-sinusoid model. Compared to the three-planet model, the four-planet model yields ∆lnZ = −1.5 for the activity-corrected dataset and ∆lnZ = −10.3 for the non-activity-corrected dataset. We were not able to find a period of the hypothetical fourth planet in the activity corrected dataset. In the non-activity corrected dataset, we see a peak in the posterior distribution of the period at ∼215 d, but the four-planet model is strongly disfavored in terms of model evidence. We adopted the three-planet model as our reference model based on the Bayesian evidence.
4.2.3 Keplerian signals
We tried to model the three signals we detected in our analysis with a Keplerian function instead of a sinusoidal one. We parametrized a combination of the eccentricity, e, and the argument of the periastron, ω, √e∙cos(ω) and √e∙sin(ω) (Anderson et al. 2011; Eastman et al. 2013). We used a normal prior for the parameter: N[0,0.3], with the constraint, expressed inside the likelihood, to have e < 0.99. This avoids the sampler from exploring an unphysical region of the parameter space. We considered the multidimensional GP model with the time series not corrected for activity. We were only able to put upper limits on the eccentricity of the planets. We find for HD 176986 b an upper limit on the eccentricity of eb < 0.08 and for HD 176986 an upper limit of ec < 0.11. Also, for the new signal at 61.4 d we are only able to find an upper limit of ed < 0.31. To calculate the upper limit, we considered the 84th percentile of the posterior distribution of the parameter. We consider this value to be consistent with the calculation of the positive error of the measurements of the other parameters. The model with three Keplerians is only favored with respect to the model with three sinusoids by a ∆ln Z = +0.2. This, in conjunction with the lack of a significant result on the eccentricity, led us to adopt the sinusoidal model as our reference model.
The same test was conducted with the dataset corrected by YARARA for stellar activity. We obtained an upper limit of eb < 0.11 for HD 176986 b, ec < 0.08 for HD 176986 c, and ed < 0.61 for the new signal at 61.4 d. The result for the outer planet is less defined than in the case of the multidimensional GP. Anyway, the error in the calculation prevents us from retrieving an eccentricity value at a high confidence level. The eccentric model is disfavored in ln Z by ∆ln Z = −6. This confirms the preference for the model with circular orbits over the model with eccentric orbits. The problem of an overestimation of the eccentricities of planets was considered in Hara et al. (2019). The absence of a correction for the correlated noise, for example, the noise due to stellar activity, can lead the model to fit for a spurious eccentricity. In our case, we were considering the correction for stellar activity made by YARARA as our red-noise model, without further correction. We considered the upper limit in eccentricity larger than 0.50 due to some remnants in the activity, not completely ruled out by YARARA.
Table 2 
Evidence of different models for HD 176986.

4.2.4 Model comparison
We summarize in Table 2 the results on the evidence of the models. We report the difference in ln Z of the two-sinusoid, three-sinusoid, four-sinusoid, and three-Keplerian models. We considered both the dataset with the activity corrected by YARARA and the dataset for which we applied a multidimensional GP. In both datasets, we took the three-sinusoid model as the zero-point for the ∆ln Z analysis because this was the best model in our analysis. We considered a uniform prior on the period of HD 176986 b U[5d,10d], HD 176986 c U[10d,20d], and U[50d,70d] to refine the planetary ephemeris. The results are reported in Sect. 5.1.
4.2.5 Stability of the signal
After the evidence of a signal at an orbital period of 61.4 d, we tested its stability. Planetary signals are stable at every epoch, while activity-related signals can vary in amplitude with time (Robertson et al. 2014; Lubin et al. 2021). We tested if the signal at 61.4 d was present at some specific epoch only. This approach was inspired by the work of Hara et al. (2022a). We refer to it as the apodized test, reconnecting to the name of the test in Hara et al. (2022a). We considered a model in which the planetary signal of interest is a sinusoid multiplied by a Gaussian with a center, μ, and a width, σ, as is shown in Eq. (1). The center of the Gaussian represents the location of the signal in the time series and the width is the timescale on which the signal is constant. If the signal is of planetary origin, it should not be located in a specific subset of the time series. Due to this, we should find a value for μ compatible with any point in the baseline and a large value for σ if the signal was persistent throughout the entire time series.
[image: equation](1)
For this test, we considered our best model (three sinusoids). We considered both the dataset corrected for the activity and the multidimensional GP framework, and we found no relevant differences. We present the results of the multidimensional GP model for brevity.
We repeated the test for the signals at 6.5 d, 16.8 d, and 61.4 d. For all the tests, we used a uniform prior on the center of the Gaussian, μ d U[2 450 000 BJD;2 462 000 BJD]. For the width of the Gaussian, σ, we considered a prior in log space LU[0;20]. For the signal at 61.4 d we obtained μ = 2 455 700 [image: equation] BJD and ln σ = 13.61[image: equation].
We show in Fig. 3 the product of the posterior distribution of the planet multiplied by the Gaussian filter. The signal is stable over the different epochs.
We applied the same test for the two planets announced in Suárez Mascareño et al. (2018). For HD 176986c, we find the signal to be stable over the observing seasons. We obtained for this planet μ = 6300[image: equation] and ln σ = 14.6 ± 3.7. This is strong evidence in the direction of the stability of the signal, because the width of the Gaussian is ∼a factor 100 larger in magnitude than the timescale of observations. For HD 176986 b, we found a less stable behavior. In this case, we have μ = 2 453 500 [image: equation] BJD and ln σ = 8.74[image: equation]. The center of the Gaussian is still not strictly defined, but the model prefers to localize the signal at epochs with BJD < 2456000. The width of the Gaussian is comparable to the time span of the observations. We see by the analysis of the posterior of the apodized amplitude in Fig. 3 how the amplitude of the signal decreases with time, being stronger in amplitude in the part of the dataset at BJD <2 456 000, but does not disappear even at the end of the time series, with an inflection point around 2 458 000 BJD. We conducted a series of tests on the presence of the planet in the different datasets. We tested whether the signal was present only in one of the three instruments: H03, H15, and HN. We found the signal in all three datasets, but with a different amplitude. For H03, we found Kb = 2.72 ± 0.33 m s−1. For H15, we found Kb = 1.42[image: equation] m s−1. For HN we found Kb = 2.08 ± 0.27 ms−1. We see the amplitude value varies at more than 1σ among the datasets, but all the signals are defined with a significance larger than 4σ. We also explored the phase stability of the signal. We calculated the time of conjunction using a common prior for the model of the three instruments: U[2 456 500 - 2 456 506.5]. We found T0b = 6502.17 ± 0.23 BJD-2 450 000 for H03, T0b = 6501.56 [image: equation] BJD-2 450 000 for H15, and T0b = 6501.60± 0.22 BJD-2 450 000 for HN.
The difference in amplitude could be the reason why we see the apodized amplitude change throughout the time series. The presence of the signal in all the datasets indicates that the signal is not due to instrumental systematics, being present in different instruments.
We tried to recover the signal using the RV as extracted from the DRS-CCF instead of YARARA. In this case, we found more homogeneity in the amplitude when comparing the models of different instruments. For H03 we obtained Kb = 2.34 ± 0.22 ms−1, for H15 we obtained Kb = 1.70[image: equation] ms−1, and for HN we obtained Kb = 2.55[image: equation] m s−1.
We also computed the apodized test for the 6.5 d signal with the DRS-CCF dataset. In this case, we obtained a result in line with a signal persistent throughout the full dataset. We found μ = 2 455 900 ± 3900 BJD and ln σ = 13.9[image: equation]. In Fig. 4 we show the apodized amplitude of the signal.
We also performed a different test, in which we multiplied the sinusoid by a box function, B(μ,σ). The function, B(μ, σ), is defined in Eq. (2):
[image: equation](2)
We repeated the test for the three planets of the system using the dataset with the stellar activity correction by YARARA to minimize the computational time of the test. A plot of the box amplitude is shown in Fig. E.1 We found for HD 176986 b μb = 2 455 500 ± 3500 BJD and log σb = 10.4[image: equation]. For HD 176986 c we found μb = 2 456 800 [image: equation] 3500 BJD and log σb = 11.9± 2.1. For the new discovered HD 176 986 d we found μb = 2 456 200 ± [image: equation] BJD and log σb = 11.8[image: equation].
We see the planet at 6.5 d as the planet spanning the lower width of the box, but, as it is possible to see in Fig. E.1, in this case the box covers almost the total time span of observations with a constant amplitude, with just a little decrease after BJD = 2 460 000. For the HD 176986 b and HD 176986 c, we see the signal to be stable throughout all the dataset.
With the current evidence, the drop in the apodized amplitude could be due to a combination of sampling, stellar activity, and the effectiveness of the YARARA correction. On the other hand, only further investigation can solve the puzzle of the origin of the variation we see in the apodized test applied to YARARA dataset.
	[image: thumbnail]	Fig. 3 Apodized test for the three planets orbiting around HD 176986. Color-coded dots represent the epochs of observations of different instruments. Panel a: apodized signal for the 6.5 d planet found in Suárez Mascareño et al. (2018). The signal is stable throughout the time series, but it shows a different amplitude at different epochs. Panel b: apodized signal for the 16.8 d planet. The signal is present in the full dataset and it is stable over time. Panel c: Apodized signal for the 61.4 d candidate. The signal is stable over time.



	[image: thumbnail]	Fig. 4 Apodized test for the 6d signal with the DRS-CCF RVs. The signal is stable throughout the full time series and it is not localized in any specific epoch.



4.2.6 Single-instrument search for the 61.4 d signal
We conducted an informed search for the 61.4 d signal in each of the three time series (H03, H15, HN) independently. This was done to check that the signal is not present only in one of the instruments. We considered for this test the activity-corrected dataset for simplicity, as the results between the datasets are consistent. Due to the limited nights of observations we have for each dataset, 124 for H03, 108 for H15, and 98 for HN, we considered for this test a model with a normal prior on the period of the planet. We obtained, for the 61.4 d signal, an amplitude K = 1.39 ±0.34 ms−1 for H03, an amplitude K = 1.08 [image: equation] ms−1 for H15, and an amplitude K = 1.51[image: equation] m s−1 for HN. The H03 and H15 results are compatible at 0.67 σ, the H03 and HN results are compatible at 0.28 σ, and the H15 and HN results are compatible at 0.84 σ. The periods found for the outer signal are 61.42[image: equation] d in the H03 dataset, 61.15[image: equation] d in the H15 dataset, and 61.32± 0.09 d in the HN dataset. All the results are compatible within 1σ. We conclude that the signal is present in all the different datasets, and the different amplitudes we recover are related to the different sampling and activity phases of the star.
4.3 Presence of detected signals in activity indicators
Following the example of Stefanov et al. (2025), we searched for the planetary signals in the activity indicators. If the signal were of planetary origin, it would only appear in the RV time series. We ran two models with the same characteristics as the three-sinusoid model that we considered as our reference model, with the addition of a sinusoid with a uniform prior U[40d,100d] and we were not able to find a significant signal at ∼61.4 d in either the FWHM or the S index. For the FWHM we found a signal of amplitude KFWHM = 0.57[image: equation] m s−1 and an undefined period of PFWHM = 63[image: equation] d. For the S-index time series multiplied by 100, we found a signal of amplitude KS-index = 0.13[image: equation] and a period of PS-index = 67[image: equation] d. In both tests, we used the time series not corrected for activity, for the purpose of the test.
We repeated the same analysis for the other two planets at 6.49 d and 16.8 d, and we again found a similar result, with an amplitude of the sinusoid compatible with zero and an undefined period. For the 6.5 d signal we considered a uniform prior on the period U[5d,10d]. We found a signal of amplitude KFWHM = 0.84[image: equation] ms−1 and period PFWHM = 6.6[image: equation] d and KS-index = 0.14[image: equation] and PS-index = 7.1[image: equation] d for FWHM and SMW, respectively. For the 16.8-d signal we used a prior U[10d,20d] and we found KFWHM = 0.49[image: equation] ms−1 and PFWHM = 14.8[image: equation] d and KS-index = 0.077[image: equation] and PS-index = 14.9[image: equation] d. We conclude that the planetary signals are not present in the activity indicators.
5 Discussion
5.1 Planetary system
We revisited the planetary system of HD 176986, a K2.5 star intensively observed with HARPS and HARPS-N, which is known for hosting two super-Earths in a close orbit (Suárez Mascareño et al. 2018). We considered a larger dataset compared to the original work, growing from 234 to 330 nights of observations and with a longer baseline, from 13.2 years to 18.6 years. Furthermore, we extracted the RVs with the LBL code YARARA, which corrects for systematics and stellar activity. We performed a FIP analysis to determine the number of signals of interest. We found three signals in the FIP periodogram exceeding the 1% FIP at periods of ∼6.5 d, 16.8 d, and 61.4 d. The 61.4 d period signal is a new planet that resides interior compared to the inner edge of the HZ. We compared the evidence of a two-planet and a three-planet model. We considered the RV time series alone with activity corrected by YARARA and multidimensional GP framework with RVs and activity indicators. The new planet is favored in terms of lnZ by a ∆lnZ = 16.1-17.7, depending on the dataset we consider. We discuss the difference between the datasets in Sect. 5.2. In this section, and when not explicitly stated, we are going to consider only the multidimensional GP analysis because this permits us to include the analysis of the stellar rotation period and magnetic cycle. In our three-planet model we found Kb = 2.14 ± 0.17 ms−1, Pb = 6.49164[image: equation] d, and the time of conjunction T0b = 2460624.06 ± 0.17 BJD. For planet c, we found Kc = 2.84 ± 0.18 ms−1, Pc = 16.8124 ± 0.0015 d, and time of conjunction T0c = 2 460 614.69[image: equation]  BJD. For the new signal, which we refer to as HD 176986 d, we found Kd = 1.28 ± 0.17 m s−1, Pd = 61.376[image: equation] d, and T0d = 2 460 640.5[image: equation] BJD. We show in Fig. 5 the phase-folded plot of the three planets in the multidimensional GP model.
HD 176986 d is a planet discussed for the first time in this work. It has a minimum mass of Mdsinid = 6.76[image: equation] M⊕. The minimum masses found for the two other planets are Mbsinib = 5.36 ± 0.44 M⊕ for HD 176986 b and Mcsinic = 9.75[image: equation] M⊕ for HD 176986 c. Masses of HD 176986 b and HD 176986 c are compatible within 1σ with the masses found in Suárez Mascareño et al. (2018). We resume in Table G.1 the ephemeris of the three planets. We show in Table G.2 the results of our best model and the priors we used.
All the planets reside in an inner orbit compared to the HZ of the system. We plot in Fig. 6 the position of the planets of the system with respect to the HZ. HD 176986 b receives an insolation Sb = 81.7 + [image: equation] S⊕, HD 176986 c receives an insolation Sc = 22.9 + [image: equation] S⊕, and HD 176986 d receives an insolation Sd = 4.09[image: equation] S⊕. The equilibrium temperatures of the planets are Teqb = 767 ± 21 K, Teqc = 558 ± 15 K, Teqd = 363 ± 10 K. To calculate the temperature of the planets, we used Eq. (3) (Seager 2010):
[image: equation](3)
We considered an albedo of 0.3.
HD 176986 d is an example of the capabilities of blind search RV surveys, as RoPES, to detect sub-Neptune planets with orbital periods of more than 50 d. We compared our results with other detections of planets with minimum mass <20 M⊕ detected orbiting stars hotter than 4000 K. We chose this cut to limit ourselves to stars similar to HD 176986. We compared the results obtained for HD 176986 with the literature results from the NASA Exoplanet archive (Akeson et al. 2013). We limited the comparison to planetary systems hosting planets with insolation S comprising between 0.1 S⊕ and 10 S⊕ discovered by the RV method. Figure H.1 shows the results. Only three planets reside inside the conservative HZ of their host star, with a total of 13 planets orbiting inside the optimistic HZ. The discovery of a planet like HD 176986 d, with an insolation of 4.09[image: equation] S⊕ and the shortage of sub-Neptunes in the HZ of hot stars points toward the need to continue long-term RV surveys to better explore the HZ of G-&K-dwarfs.
The amplitude of the signal of HD 176986 b varies when considering the three instruments of our analysis independently (Sect. 4.2.5). This creates the effect in the apodized test we see in Fig. 3. Additional observations of the system are required to understand the origin of this variation, which could be related to sampling, stellar activity correction, although it is unlikely due to instrumental systematics being present in the dataset of all of our instruments.
Due to the angular separation between the star and the planets, they are out of range for the future generation of direct imaging facilities for atmospheric characterization. A brief discussion on this topic is presented in Appendix F.
We tested the dynamical stability of the system with the code REBOUND (Rein & Liu 2012). We built a stability map of the mean exponential growth of nearby orbits (MEGNO). A MEGNO value close to 2 indicates a stable orbit. We calculated the MEGNO of the system for two different configurations. We integrated the system for 500 000 years to calculate the MEGNO. First, we considered a circular orbit for the two inner planets and calculated the MEGNO for a 100×100 grid of values of eccentricity of HD 176986 d and inclination (we assume the same value of the inclination for all the planets in the system). This permits us to calculate the MEGNO for the tentative true masses of all the planets and different configurations of eccentricity of the third planet. We show the map in Fig. 7a). We repeated the test assuming an eccentric orbit of 0.1 for the two inner planets. This value is compatible with the upper limits on their eccentricity we found in our analysis. We show in Fig. 7b) the results for the test with the eccentric model. We found the system to be stable with inclinations larger than 10 degrees. This is not conclusive on the true mass of the planets of the system. We found the system to be stable for eccentricity <0.4. This value is compatible with the results found for the case of circular orbits.
	[image: thumbnail]	Fig. 5 Phase-folded plot of HD 176986 b, HD 176986 c, and HD 176986 d.



	[image: thumbnail]	Fig. 6 Planetary system of HD 176986 relative to the HZ of the star.



	[image: thumbnail]	Fig. 7 Orbital stability tests for the planetary system of HD 176986. Panel a: MEGNO stability map for the planetary system assuming a circular orbit for the two inner planets. Panel b: MEGNO stability map for the planetary system assuming an eccentric (e=0.1) orbit for the two inner planets.



5.2 Activity correction by YARARA
We repeated all the tests of our analysis twice to compare the results of two different models: (1) a multidimensional GP applied to RV, FWHM, S index, with shared parameters of the MEP kernel as the timescale of evolution and the stellar rotation period (see Appendix D for a description of the MEP kernel). (2) An RV-only analysis in which we exploited the correction for the activity made by YARARA at the level of the spectra.
The two different analyses highlighted the model with three planets in a circular orbit as being the best model. The results on the amplitude of the three planets in the YARARA dataset corrected for activity are: Kb = 2.03 ± 0.18 ms−1, Kc = 2.99±0.17 ms−1, and K = 1.19[image: equation] ms−1. All the results are 1σ compatible with the results obtained for the multidimensional GP analysis. We note that the amplitudes for HD 176986 b and HD 176986 d are smaller than the one we found in the multidimensional GP analysis, while the amplitude for HD 176986 c is larger. We found a result compatible within 1σ also for the period and phase of the signals. All the tests we conducted did not show a special preference between the datasets. We show in Fig. 8 a comparison between the GLS periodogram of the RV residuals of the two models. We see how the multidimensional GP model has some remnants in the GLS periodogram of the residuals at the rotation period of the star, while the strongest peak in the RV GLS periodogram of the residuals for the activity-corrected dataset is at ~22 d. Both the peaks have a FAP larger than 1% and in both cases, a model with an additional signal was disfavored in terms of evidence.
In both cases, with and without the stellar activity correction, we found that the signal of HD 176986 becomes smaller in amplitude in the H15 dataset, as it was shown Sect. 4.2.5 on the apodized test. We do not find the same behavior in the analysis performed with the CCF-derived RVs. We cannot exclude the possibility that the signal is partially absorbed by the YARARA correction of systematics.
	[image: thumbnail]	Fig. 8 GLS periodogram of the residuals. Panel a: GLS periodogram of the RV residuals after the subtraction of the planetary model along with the stellar activity model in the multidimensional GP framework. Panel b: GLS periodogram of the RV residuals of the activity-corrected dataset after the subtraction of a three-planet model.



5.3 Need for multidimensional GP
We tested the need for multidimensional GPs. We subtracted the known planets from the data. Then, we injected different signals at the periods of planets b, c, and d in different runs, with amplitudes ranging from 0.2 ms−1 to 1.5 ms−1. We fixed the period and phase of the injected planets and fit only for the amplitude. We left the nested sampler to determine parameters of the GP as the amplitude, the rotation period, the timescale of evolution, and the harmonic complexity. We imposed a uniform prior on the rotation period U[25 d,45 d]. The prior on the timescale of evolution goes in logarithm space from half the lower limit of the prior on the rotation period, 12.5 d, to roughly 1000 d. We show in Fig. I.1 a comparison of the significance of the detection within the multidimensional GP framework and the 1D GP framework. For injected planets with the period of HD 176986 b, we observed that the two frameworks yield similar results in the detection, with a slightly better result for the 1D GP framework. For the period of HD 176986 c we observed the multidimensional GP framework to provide better results, and the same is more evident at the period of HD 176986 d. This shows the advantage of using a multidimensional GP framework to characterize long-period planets. An additional comparison was done, permitting the timescale of evolution to assume unphysical values, with a range in logarithm space between 0 d and 7 d. For this test, we considered a 1 ms−1 signal injected at the period of the newly discovered planet. For the 1D GP we found a value of the timescale of evolution of 2.57[image: equation] d, while for the multidimensional GP, we found 75[image: equation] d. Such a short value for the 1D GP is unrealistic for the timescale of evolution of the activity pattern, and it turns the GP non-periodic due to its flexibility. The short timescale of evolution of the 1D GP does not permit a proper definition of the rotation period, with Prot = 36.1[image: equation] d. In the multidimensional GP framework, we Prot = 36.19[image: equation] d.
5.4 Detection limits
We performed a sequence of recovery tests to explore the detection limits of the time series of HD 176986. We considered our best model for the multidimensional GP, both in RV and activity indicators. We subtracted from the RV time series the three planetary signals. We also considered the zero-points and jitters of the S index and FWHM datasets as fixed. We considered as free parameters of the model the zero-points and jitters for RV. We fit an additional sinusoidal, which is our test planet, to derive the sensitivity limit. We considered the parameters of the GP model as fixed from the previous analysis and applied them to the new time series of the residuals. The amplitude and the phase of the sinusoidal are free parameters of the model, while the period is taken from a grid of 1000 points covering the range between ∼1.6 d and ∼5000 d uniformly in logarithm.
The detection limit at every period is defined by considering the posterior of the additional signal we fit for. We considered the 99th percentile of the distribution in the amplitude as our detection limit at a specific period. A similar approach was followed in Tuomi et al. (2014) and Suárez Mascareño et al. (2025). We show in Fig. 9 the detection limits in amplitude and mass. The region in light purple is the region comprising between 1% and 99% of the amplitude and mass.
The mean amplitude we are sensitive to over the full dataset is 0.65 m s−1 considering the 99% upper limit. The median value is 0.63 ms−1. The standard deviation is 0.16 ms−1. We find a maximum for the amplitude at 99% of 1.14 m s−1 and a maximum for the amplitude at 1% of 0.28 m s−1. Both of them correspond to a ∼216 d period on the grid. This period is of particular interest because it resides inside the HZ. We cannot claim a detection, and our FIP analysis did not point toward the presence of a significant power excess at that period. This period of interest can justify future follow-up of the system to investigate its nature.
We found a detection limit between 1 M⊕ and 2 M⊕ for orbital periods of less than 10 d. Up to 100 d, we are sensitive to planets with a minimum mass of more than 5 M⊕. This limit increases up to 10 M⊕ at 1000 d orbital period and reaches a value comprising between 15 M⊕ and 20 M⊕ at longer orbital periods, between 2000 d and 5000 d. In the HZ of the star, we are sensitive to planets of minimum masses between 5 M⊕ and 10 M⊕. This result shows the capability of long-term RV surveys as RoPES, to explore the super-Earth regime in the HZ of G and K dwarfs. We can exclude the presence of Jupiter and Saturn-like planets orbiting around the star in orbits up to 5000 d. For the full period range we are sensitive to sub-Neptunian planets in minimum mass. The detected planets are all within our detection capabilities.
	[image: thumbnail]	Fig. 9 Detection limits determination for HD 176986. Panel a: detection limits in amplitude for HD 176986. Panel b: detection limits in mass for HD 176986.



5.5 Stellar activity
The joint analysis of the RVs with activity indicators gave us the possibility to derive the rotation period of HD 176986 and to determine the period of the magnetic cycle of the star. We found Prot = 36.05[image: equation] d and Pcycle = 2432[image: equation] d. The value we found for the rotation period in the multidimensional GP framework is 1 σ compatible with what we found in the analysis of S index and 1σ compatible with the value reported in Suárez Mascareño et al. (2018). The value for the cycle period in the multidimensional GP framework is compatible at 1.26 σ with the value we found in the analysis of the S index alone. The star has a mean log10(R'hk) of ~-4.95. Log10(R'hk) has permitted us to estimate the rotation period of the star at Prot = 30.3[image: equation] following the relationship log10(P) = a∙log10(R'hk) + b of Suárez Mascareño et al. (2015). We used a = −0.773 ± 0.017 and b = −2.347 ± 0.002 for stars with solar metallicity. This value is 1σ compatible with the value we found in our analysis. We found a peak-to-peak amplitude related to the GP term in RV equal to 8.27 ms−1. The derivative term is positively correlated with the RV term. Furthermore, the RV derivative term is larger in amplitude with a ratio of ∼2.9 with respect to the other term. This can point toward an activity which is dominated by the presence of dark spots instead of the inhibition of convective blueshift. We found a value for the timescale of evolution of the GP kernel λ = 78[image: equation] d. This value is more than two times the rotation period of the star λ/Prot ∼2.17. This classifies HD 176986 as a “Beater” and not a “Sun-like” star following the classification of Giles et al. (2017). This could be related to the presence of polar spots, which are on average larger and last longer (Giles et al. 2017).
6 Conclusion
We conducted a reanalysis of the RV datasets of the star HD 176986. HD 176986 is known from the literature to host two super-Earths at short orbital periods (Suárez Mascareño et al. 2018). In our analysis we took advantage of a larger dataset comprising all the observations we collected in the context of the RoPES program, spanning more than 6700 d of observations. We extracted RVs with YARARA, which corrects for instrumental systematics and, eventually, stellar activity. We retained 330 nights of RV observations split between HARPS and HARPS-N. We made a joint analysis of RVs with activity indicators in a multidimensional GP framework to mitigate the tendency of GP to overfit the data and characterize stellar activity. The joint analysis of activity indicators with RVs permitted us to determine the rotation period of the star, Prot = 36.05[image: equation] d, and the period of the stellar magnetic cycle, Pcycle = 2432[image: equation] d.
We recovered three planets orbiting the star. HD 176986 b and HD 176986 c are known in the literature, since Suárez Mascareño et al. (2018). HD 176986 b has a semiamplitude of Kb = 2.14 ± 0.17 m s−1 and an orbital period of Pb = 6.49164[image: equation] d. HD 176986 c has a semi-amplitude of Kc = 2.84 ± 0.18 ms−1 and an orbital period of Pc = 16.8124 ± 0.0015 d.
The third planet was discovered in our analysis. HD 176986 d has a signal amplitude of Kd = 1.28 ± 0.17 m s−1 and an orbital period of Pd = 61.376[image: equation] d. All the planets have a minimum mass of less than 10 M⊕, with Mb = 5.36 ± 0.44 M⊕, Mc = 9.75[image: equation] M⊕, and Md = 6.76 [image: equation] M⊕.
We performed different tests, such as the apodized test, to assess the stability of the signal and research the signal at the period of the planetary signal in activity indicators, to verify the planetary origin of the signal associated with HD 176986 d. The tests suggested a planetary origin of the signal, and we confirm it as a new detected planet.
We were able to perform a comparison between the activity correction in the multidimensional GP framework and the correction of the activity performed by YARARA. We recovered the same configuration for the planetary system, but we found the Keplerian model of the YARARA-corrected dataset to show a higher eccentricity, even if the model is not favored in ∆ln Z.
We tried to model the signals with Keplerians instead of sinusoidals but for all of the planets we were only able to put an upper limit on the eccentricity, with eb < 0.09, ec < 0.14, and ed < 0.33. Furthermore, the models with a Keplerian solution were discarded in terms of the evidence of the model. A circular orbit model is the model favored by the evidence.
We tested the sensitivity limit of our dataset. We found a mean sensitivity limit of 0.65 m s−1 throughout the dataset. Due to the lack of sensitivity, we cannot rule out the presence of 1 M⊕ planets at any period. We are sensitive to planets with M > 5 M⊕ for orbital periods shorter than 100 d. In the HZ of the star, we are sensitive to planets with masses between 5 M⊕ and 10 M⊕. The detection limit in mass rises up to 20 M⊕ at orbital periods of thousands of days.

[bookmark: S7]Data availability
A table of the radial velocities is available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/705/A252.
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Appendix A  Methods
For the parameter estimation, we used the nested-sampling tool Dynesty (Speagle 2020). Dynesty gives an estimate of the natural logarithm of the evidence associated with a model, allowing for an easy model comparison. We considered as a criterion to accept a more complex model an improvement in lnZ of 5 or more. We used for the inference of parameters a number of live-points equal to the minimum between 500 and 40 times the number of parameters of the model. For the FIP analysis we increased the number of livepoints to 100 times the number of parameters to better accomplish the degeneration of the model. We used it as a stopping criterion for convergence when the sampler remains with less than ∆ lnZ = 0.01 to explore. To reckon the different zero-points of different instruments, we always consider an offset term for each instrument in the analysis. A jitter term was added in quadrature to the nominal error of the different instruments for each time series. The jitter term takes into account all the sources of noise we are not modeling for, and the instrumental noise. To remove outliers from different datasets, we binned the observations nightly and we apply a cut on the dataset consisting of a 3σ clipping joined with the exclusion of measurements where the error is larger than three times the median error for each dataset. To implement Gaussian processes in our analysis we used S+LEAF (Delisle et al. 2022). S+LEAF allows for only a certain kind of semi-separable matrix to be taken into account as a covariance matrix. In this way, the computational cost scales linearly with the dimension of the dataset, instead of with its cube, as it used to be in standard implementations. Before a fit for the jitter was available, exploratory GLS periodograms of our datasets were generated adding in quadrature a white noise term to the error on the measurements equal to the standard deviation of the dataset. We used the package for the GLS periodogram described in Zechmeister & Kürster (2009).

Appendix B  TESS analysis
We used a BLS periodogram (Kovács et al. 2002) to investigate the TESS time series searching for transit-like signals. We show in Fig. B.1 the BLS periodogram for sector 80 of HD 176986. We did not find any significant periodicity in the BLS periodogram, nor hints for transit signals of the planets we found in RVs.
	[image: thumbnail]	Fig. B.1 BLS periodogram of TESS sector 80 data. There is no evidence of clear peaks in the periodogram related to a transit. There are no peaks related to the periods of planets found in RVs.



	[image: thumbnail]	Fig. B.2 TPF plotter. No other sources are inside the field of view of TESS within a ∆ mag of 4. We can exclude contamination from the background star in the TESS light curves.




Appendix C  ASAS-SN analysis
We report here our analysis of the ASAS-SN photometric time series. We collected the data from the ASAS-SN Sky Patrol Photometry Database (Shappee et al. 2014b; Hart et al. 2023). We have photometry available from different cameras: bs, bk, bG, bo, bC, bH, and bp. We included in our analysis a total of 2948 single exposures in the g band on a total of 890 nights spanning 2592 d. The standard deviation of the measurements is 93.9 ppt. In Fig. C.1 we see the ASAS-SN time series and the relative GLS periodogram. We see strong peaks at the synodic period of the Moon, at its first harmonic, and at the sidereal period of the Moon. We modeled those with a sum of sinudoidal. Once we removed the three sinusouidal from our dataset, we can no longer see a peak in the GLS periodogram of the residuals with FAP < 10%.

Appendix D  Stellar activity
Precise instruments at the level of 1 m s−1 in RV opened the way to the detection of Earth-like and super-Earth planets orbiting stars other than the Sun. When we reach this level of precision, effects from the star become detectable in the RV time series. Stellar systems are disequilibrium systems on different timescales.
The oscillation of the external envelope of the star can generate short-term RV variations on the order of minutes for a Sun-like star with an amplitude of tens of cm s−1 (O’Toole et al. 2008). To mitigate the effect of stellar pulsations we integrate our observations for a time longer than the timescale of the pulsations (Dumusque et al. 2011; Chaplin et al. 2019).
Granulation phenomena arise from the convective flows happening in the outer layer of Sun-like stars. Granulation is responsible for RV variations on a timescale from a few minutes to multiple days with an amplitude up to a few meters per second (Dumusque et al. 2011; Mathur et al. 2011). Dumusque et al. (2011) proposes repeating the observation of a single target multiple times per night to average out the effect of granulation. Observability constraints make this method difficult to implement, especially in the case of large surveys. With HD 176986 this was not possible, so we could not implement a correction for the effect due to granulation.
	[image: thumbnail]	Fig. C.1 ASAS-SN dataset and GLS periodogram for HD176986. Panel (a): ASAS-SN time series for g-band filter. Panel (b): GLS periodogram of the ASAS-SN photometry collected in the g band. We see significant peaks at 29.56 d, 14.78 d, and 27.43 d. These periods correspond with the synodic period of the Moon, half of the synodic period, and the sidereal period of the Moon.



The Sun is known for showing an 11-year magnetic cycle (Schwabe 1844). This feature is observable in multiple stars other than the Sun (Lovis et al. 2011). Magnetic cycles can create signals up to tens of meters per second with a timescale of multiple years (cit). We modeled the cycle component in our time series with a sinusoidal and, if favored by the Bayesian evidence, additional harmonics.
An important source of stellar activity to consider when searching for exoplanets in RV is the rotation of the star. The presence of spots on the surface of the star can create non-axisymmetric inhomogeneities in stellar flux and the magnetic fields associated with the spots can suppress the convection related to granulation (Saar & Donahue 1997). The amplitude of the effect of stellar rotation on RV can reach tens of meters per second (Saar & Donahue 1997). The RV variations induced by stellar rotation can produce a quasi-periodic pattern in the RV time series, mimicking or hiding Keplerian signals (Meunier & Lagrange 2021).
To model the activity signal of stellar rotation we made use of Gaussian processes (GP) analysis (Rasmussen & Williams 2006; Aigrain & Foreman-Mackey 2023). Despite searching for a determined analytical function to interpolate the signal of activity, GPs are drawing samples from a distribution of functions that share a certain covariance function. We define the covariance function K = k(ti,tj,φ), where k(ti,tj,φ) is the covariance between observations made at time ti and tj, and φ are the hyper-parameters of the covariance function. We define the covariance function as the kernel of the GP.
A common covariance function used in the field of exoplanets to model rotation-related activity is the quasi-periodic kernel defined as
[image: equation](D.1)
where σ is the amplitude of the kernel, λ is the timescale of evolution of the correlations, P is the rotation period, and Γ is the harmonic complexity. We used in our analysis an approximation of this kernel, the MEP kernel. The MEP kernel has the advantage of being representable as an S+LEAF matrix, so a matrix that can be represented as a sum of semi-separable and a LEAF matrix (Delisle et al. 2020). This decreases the computational cost of the likelihood in the process going from O(n3) to O(n).
The GP method tends to overfit the dataset it is trained on, potentially absorbing an eventual planetary signal together with the activity. To mitigate this effect it is possible to model the RV time series together with one or more additional time series of activity indicators. The addition of activity indicators time series helps to constrain the parameter of the GP to be less prone to overfit the planetary signals. The multidimensional GP method is presented in Rajpaul et al. (2015) and an example of its effectiveness is given in Barragán et al. (2023). The multidimensional GP framework was inspired by the FF’ method (Aigrain et al. 2012). The FF’ method models the RV variation with a linear combination of the squared flux obtained in simultaneous photometry and the flux multiplied by its time derivative:
[image: equation](D.2)
The term with the derivative represents the flux modulation coming from the break of the flux symmetry and the term with F2(t) is linked to the suppression of convective blueshift in magnetized regions.
In the multidimensional GP framework, both RV and activity indicators are modeled with a linear combination of an underlying GP and its first derivative:
[image: equation](D.3)
where Vc, Vr, A1c, A2c, and A2r are the coefficient of RV and two hypothetical activity indicators. The presence of one indicator without a term for the derivative and a second indicator with a term for the derivative is just a matter of representation: the number of activity indicators and the need for a derivative in the model are problem-dependent. We used different activity proxies in our analysis to characterize the stellar activity. We analyzed the time series of FWHM (DLW), Mount Wilson S index, H-α line activity, bisector span, and contrast.
Appendix D.1 Full width at half maximum
The FWHM of the CCF is directly provided by the DRS and it has been proven to be an effective proxy for stellar activity in multidimensional GP regression (Suárez Mascareño et al. 2023; González Hernández et al. 2024). In Fig. D.1 we show the activity model for FWHM as an example of the combination of a model for long-term magnetic cycles and stellar rotation.
	[image: thumbnail]	Fig. D.1 FWHM model for HD 176986. Panel (a): Global model of FWHM. It is possible to see the long-term modulation due to the magnetic cycle and the short-term variation related to stellar activity. Panel (b): Zoom of the activity model for FWHM. In the figure, one can see the activity pattern related to stellar activity.



Appendix D.2 S index
S index or SMW is an indicator related to the intensity of the chromospheric emission in the Ca II H & K lines. We used the same method of Lovis et al. (2011) to derive the S index. We defined two triangular passbands centered around the center of the H emission line at 3968.469 Å and the center of the K emission line at 3933.663 Å. Both passbands have an FWHM of 1.09 Å. We defined two rectangular passbands in the continuum as a reference for the emission line. One of them is centered at V = 3901.070 Å and the other is centered at R = 4001.070 Å. Both have an FWHM of 20 Å. The equation for the S index is
[image: equation](D.4)
where ÑH, ÑK, ÑV, and ÑR are, respectively, the mean fluxes in the H, K, V, and R passbands. α and β are two constants derived from the calibration of the method and are α = 1.111 and β = 0.153. For a detailed review of the effects of spots and plages on the shape of Ca II H & K lines, we refer to Cretignier et al. (2024). This indicator has proven to be effective in the analysis of stellar activity to retrieve stellar cycles and the rotation period of the star (as an example see Mittag et al. 2019). Suárez Mascareño et al. (2015) demonstrated that Log R’HK, which is strongly related to the S index, is a proxy of the stellar rotation period.
Appendix D.3 Hα
The Hα index can be a good proxy of stellar activity. It measures the strength of the Hα emission line, which can also be an absorption line for weakly active stars. This activity indicator has been used intensively in the past for M-dwarfs (Suárez Mascareño et al. 2017; Schöfer et al. 2022) but it can also be used as an activity proxy for G & K stars. We calculated the Hα index comparing the flux in the core of the Hα line and the continuum, as explained in Gomes da Silva et al. (2011).
We calculated the average flux over a rectangular passband with an FWHM of 1.6 Å centered at the Hαcore = 6562.808 Å. We divided this value for the averaged flux of two rectangular passbands: one centered at 6550.87 Å with an FWHM of 10.75 (HαV) and the other centered at 6580.31 Å with an FWHM of 8.75 Å (HαR). We used the equation
[image: equation](D.5)
Where Hαcore, HαV, and HαR are the averaged fluxes in the respective passbands.
Appendix D.4 Bisector
We consider as an activity indicator the asymmetry of the lineprofile of the CCF. This indicator has proven to be an effective proxy for the stellar activity since the beginning of the field (Queloz et al. 2001).
Appendix D.5 Contrast
The contrast of the CCF is given by the relative ratio between the center of the CCF and the wings. This value can change due to the presence of stellar activity.

Appendix E  Box test
	[image: thumbnail]	Fig. E.1 Box test for the three planets orbiting around HD 176986. Color-coded dots on the x axis represents the observing epochs for each instrument. Panel (a): Box test for HD 176986 b. The planetary signal is stable at most of the observing epochs, with a decrease in amplitude after BJD = 2460000. Panel (b): Box test for HD 176986 c. We see how the planetary signal is stable at all the epochs of observation. Panel (c): Box test for HD 176986 d. The planetary signal is stable in amplitude at every epoch.




Appendix F  Target for future atmospheric characterization
Future missions, both from space and the ground, will be able to directly analyze the atmosphere of exoplanets.
ANDES for the ELT (Marconi et al. 2022; Palle et al. 2025) will exploit the capability of the 39-m telescope to resolve the angular distance between planets and their star. Disentangling the light coming from the star and the planet will make it possible to analyze the atmosphere of exoplanets through high-dispersion coronography (HDC). The angular resolution of ANDES at 1300 nm will be 13.7 mas (Suárez Mascareño et al. 2023). The angular separation of the three confirmed planets of HD 176986 is ~ 2.3 mas for HD 176986 b, ~ 4.3 mas for HD 176986 c, and 10.1 mas for HD 176986 d. The two inner planets are out of the technical limits of the instrument, while the third planet is close to the edge of the instrumental capability. Furthermore, the observational efficiency of a target depends on its planet-to-star contrast. To calculate the planet-to-star contrast, we need an estimate of the minimum radius of the planets. We followed Otegi et al. (2020) to estimate the planetary radius. For the two smaller planets, we considered both the rocky and volatile-rich scenario, while for the more massive planet we only considered the volatile-rich scenario. The radius of HD 176986 b is ~ 1.7 R⊕ in the rocky planet scenario and ~ 2.1 R⊕ in the volatilerich scenario. This implies a minimum planet-to-star contrast of ~ 1.3 × 10−7 in the rocky planet scenario and a contrast of ~ 1.9 × 10−7 for the volatile-rich scenario. The radius of HD 176986 c is estimated to be ~ 3.0 R⊕, which transform in a minimum planet-to-star contrast of ~ 1.1 × 10−7. The radius of HD 176986 d is estimated to be 1.8 R⊕ in the rocky planet scenario and 2.4 in the volatile-rich scenario, with a minimum contrast of ~ 7.3 × 10−9 and ~ 1.3 × 10−8, respectively. We considered for our calculation an albedo of 0.3. ANDES will be sensitive to planets with a planet-to-star-contrast > 10−9. A planet in the inner conservative limit of the HZ (a = 0.591 ± 0.024 AU) needs to have a radius of ~ 1.5 R⊕. For a rocky planet, this would mean a mass of less than 4 M⊕. With the detection limits derived in Sect. 5.4, we cannot exclude the presence of rocky planets in the HZ observable with ANDES. Other missions are going to test a similar approach from space. The Habitable World Observatory (HWO) is a NASA mission that is scheduled to launch in the 2040s (Mamajek & Stapelfeldt 2024). HWO will be sensitive to a planet-to-star contrast of 10−11. HWO will be able to characterize planets orbiting their parent star at an angular separation larger than 60-70 mas. This limitation excludes the possibility of analyzing the planets orbiting HD 176986 with HWO. In Fig. 6, we can see the optimistic HZ has an angular separation from the star of ~ 40 mas, out of the possibilities of HWO.
Another mission which is going to analyze the atmosphere of exoplanets from space is the Large Interferometer For Exoplanets (LIFE; Quanz et al. 2022. LIFE will use interferometry to analyze the mid-infrared light coming from the thermal emission of exoplanets instead of reflected light. This mission will be able to explore the presence of biosignatures such as ozone, methane, nitrous oxide, and others.

Appendix G  Planetary parameters
We show in Table G.1 the main parameters of the planets found in our analysis. We present in Table G.2 the priors used in our best model, along with the inferred posterior distributions of the parameters. We used Eq. (3) to calculate the equilibrium temperature.
Table G.1 
Parameters for the planetary system of HD 176986.

Table G.2 
Priors and posteriors of our favorite model.
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Appendix I  Multidimensional GP
	[image: thumbnail]	Fig. I.1 Comparison of the σ level detection of planetary injected signals at the periods of detected planets. Panel (a): Injection-recovery of HD 176986 b. The 1D GP is slightly better. The orbital period of the planet is lower than half the rotation period. In this regime, the tendency of the 1D GP model to overfit is less pronounced. Panel (b): Injection-recovery of HD 176986 c. The orbital period of the planet is close to half the rotation period. At this period, the multidimensional GP outperforms the 1D GP. Panel (c): Injection-recovery of HD 176986 d. At a longer orbital period, the multidimensional GP framework outperforms the 1D GP.
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	[image: thumbnail]	Fig. 2 Time series of RV and activity indicators. Panel a: RV time series. Panel b: GLS periodogram related to the RV time series. We see two prominent peaks in correspondence with the two planets detected in Suárez Mascareño et al. (2018). Panels c, e, g, i, and k: activity indicators time series. Panels d, f, h, j, and l: corresponding GLS periodograms. The red, green, and blue lines in the periodogram indicate a power corresponding to a 10%, 1%, and 0.1% FAP, respectively. Panels c and d: FWHM. We see a strong peak in the GLS periodogram at 2331.89 d. Panels e and f: bisector. The strongest peak in the GLS periodogram is at 17.9 d period. This peak is likely related to stellar rotation. A weaker peak at FAP ∼10% in correspondence with the magnetic cycle is also visible at a long period. Panels g and h: S index. In panel h, we see again a strong peak at 2331.89 d, caused by the magnetic cycle. In panels i and j, we see the time series and the GLS periodogram of Hα. We see again a peak at 2331.89 d due to the magnetic cycle of the star. Panels k and j: time series and the GLS periodogram of Contrast. We can also find in this dataset the signature of the magnetic cycle in the peak at 2331.89 d in the GLS periodogram. FWHM, S index, Hα, and Contrast all show an additional peak at ∼35 d. This peak is related to the rotation period of the star as shown in the analysis of stellar activity.
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	[image: thumbnail]	Fig. 3 Apodized test for the three planets orbiting around HD 176986. Color-coded dots represent the epochs of observations of different instruments. Panel a: apodized signal for the 6.5 d planet found in Suárez Mascareño et al. (2018). The signal is stable throughout the time series, but it shows a different amplitude at different epochs. Panel b: apodized signal for the 16.8 d planet. The signal is present in the full dataset and it is stable over time. Panel c: Apodized signal for the 61.4 d candidate. The signal is stable over time.
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	[image: thumbnail]	Fig. C.1 ASAS-SN dataset and GLS periodogram for HD176986. Panel (a): ASAS-SN time series for g-band filter. Panel (b): GLS periodogram of the ASAS-SN photometry collected in the g band. We see significant peaks at 29.56 d, 14.78 d, and 27.43 d. These periods correspond with the synodic period of the Moon, half of the synodic period, and the sidereal period of the Moon.
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	[image: thumbnail]	Fig. D.1 FWHM model for HD 176986. Panel (a): Global model of FWHM. It is possible to see the long-term modulation due to the magnetic cycle and the short-term variation related to stellar activity. Panel (b): Zoom of the activity model for FWHM. In the figure, one can see the activity pattern related to stellar activity.
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	[image: thumbnail]	Fig. E.1 Box test for the three planets orbiting around HD 176986. Color-coded dots on the x axis represents the observing epochs for each instrument. Panel (a): Box test for HD 176986 b. The planetary signal is stable at most of the observing epochs, with a decrease in amplitude after BJD = 2460000. Panel (b): Box test for HD 176986 c. We see how the planetary signal is stable at all the epochs of observation. Panel (c): Box test for HD 176986 d. The planetary signal is stable in amplitude at every epoch.
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	[image: thumbnail]	Fig. H.1 Comparison between HD 176986 and other exoplanetary systems. Only three exoplanets have been discovered orbiting the conservative HZ of their parent star (green region), and 13 planets have been discovered orbiting the optimistic HZ (yellow region). Ephemeries of presented planets are taken from the NASA Exoplanet Archive (Christiansen et al. 2025).
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	[image: thumbnail]	Fig. I.1 Comparison of the σ level detection of planetary injected signals at the periods of detected planets. Panel (a): Injection-recovery of HD 176986 b. The 1D GP is slightly better. The orbital period of the planet is lower than half the rotation period. In this regime, the tendency of the 1D GP model to overfit is less pronounced. Panel (b): Injection-recovery of HD 176986 c. The orbital period of the planet is close to half the rotation period. At this period, the multidimensional GP outperforms the 1D GP. Panel (c): Injection-recovery of HD 176986 d. At a longer orbital period, the multidimensional GP framework outperforms the 1D GP.
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      Table 1 

      Stellar parameters of interest for HD 176986.

      
        


	Parameter
	HD 176986
	Ref





	α
	19:03:05.872
	1



	δ
	−11:02:38.131
	1



	Parallax (mas)
	35.858 ± 0.022
	2



	d (pc)
	27.86 ± 0.02
	2



	μα cos δ (mas yr−1)
	−126.947 ± 0.023
	2



	μδ (mas yr−1)
	−235.938 ± 0.019
	2



	Teff (K)
	4931 ±77
	3



	log10 g (cgs)
	4.44 ± 0.17
	3



	Spectral Type
	K2.5V
	4



	RV (km s−1)
	37.42 ± 0.14
	2



	[Fe/H] (dex)
	0.03 ± 0.05
	3



	M* (M⊙)
	0.789 ± 0.019
	3



	R* (R⊙)
	0.782 ± 0.035
	5



	log10R'HK
	−4.90 ± 0.04
	6



	B (mag)
	9.39 ± 0.03
	7



	V (mag)
	8.45 ± 0.01
	7



	L(L⊙)
	0.331 ± 0.027
	8



	Age (Gyr)
	4.3 ± 4.0
	3



	Inner optimistic HZ (AU)
	0.446 ± 0.018
	0



	Inner conservative HZ (AU)
	0.591 ± 0.024
	0



	Outer conservative HZ (AU)
	1.046 ± 0.043
	0



	Outer optimistic HZ (AU)
	1.099 ± 0.045
	0





      

      
Notes. 0 - this work, 1 - (Gaia Collaboration 2020), 2 -(Gaia Collaboration 2021), 3 - (Tsantaki et al. 2013), 4 - (Gray et al. 2006), 5 - (Boyajian et al. 2012), 6 - (Suárez Mascareño et al. 2018), 7 - (Høg et al. 2000), 8 - (Sousa et al. 2008).




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        FIP periodogram for HD 176986. The dashed red line represents the 1% probability threshold for the periodic signal to be a false positive. We see three peaks exceeding this threshold, at period of 6.5 d, 16.8 d, and 61.4 d. The FIP level of 6.5 d and 16.8 d is cut at 11 because the numeric result gives an unphysical infinity. The peak at 61.4 d was not retrieved in the previous analysis and is an original result of our work.

      

    

  
    
      Fig. 2 
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        Time series of RV and activity indicators. Panel a: RV time series. Panel b: GLS periodogram related to the RV time series. We see two prominent peaks in correspondence with the two planets detected in Suárez Mascareño et al. (2018). Panels c, e, g, i, and k: activity indicators time series. Panels d, f, h, j, and l: corresponding GLS periodograms. The red, green, and blue lines in the periodogram indicate a power corresponding to a 10%, 1%, and 0.1% FAP, respectively. Panels c and d: FWHM. We see a strong peak in the GLS periodogram at 2331.89 d. Panels e and f: bisector. The strongest peak in the GLS periodogram is at 17.9 d period. This peak is likely related to stellar rotation. A weaker peak at FAP ∼10% in correspondence with the magnetic cycle is also visible at a long period. Panels g and h: S index. In panel h, we see again a strong peak at 2331.89 d, caused by the magnetic cycle. In panels i and j, we see the time series and the GLS periodogram of Hα. We see again a peak at 2331.89 d due to the magnetic cycle of the star. Panels k and j: time series and the GLS periodogram of Contrast. We can also find in this dataset the signature of the magnetic cycle in the peak at 2331.89 d in the GLS periodogram. FWHM, S index, Hα, and Contrast all show an additional peak at ∼35 d. This peak is related to the rotation period of the star as shown in the analysis of stellar activity.

      

    

  
    
      Table 2 

      Evidence of different models for HD 176986.

      
        


	Model
	∆lnZ YARARA
	∆ln Z multi-dim GP





	Two-sinusoidal
	−16.1
	−23.6



	Three-sinusoidal
	0.0
	0.0



	Three Keplerian
	−6.0
	+0.2



	Four-sinusoidal
	−1.5
	−10.3





      

      
Notes. We see in the table the difference in evidence of different models. The three-sinusoidal model is favored compared to the two-sinusoidal model and the four-sinusoidal model. The circular solution is also favored compared to the solution with an eccentricity.




    

  
    
      Fig. 3 
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        Apodized test for the three planets orbiting around HD 176986. Color-coded dots represent the epochs of observations of different instruments. Panel a: apodized signal for the 6.5 d planet found in Suárez Mascareño et al. (2018). The signal is stable throughout the time series, but it shows a different amplitude at different epochs. Panel b: apodized signal for the 16.8 d planet. The signal is present in the full dataset and it is stable over time. Panel c: Apodized signal for the 61.4 d candidate. The signal is stable over time.

      

    

  
    
      Fig. 4 
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        Apodized test for the 6d signal with the DRS-CCF RVs. The signal is stable throughout the full time series and it is not localized in any specific epoch.

      

    

  
    
      Fig. 5 
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        Phase-folded plot of HD 176986 b, HD 176986 c, and HD 176986 d.

      

    

  
    
      Fig. 6 
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        Planetary system of HD 176986 relative to the HZ of the star.

      

    

  
    
      Fig. 7 
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        Orbital stability tests for the planetary system of HD 176986. Panel a: MEGNO stability map for the planetary system assuming a circular orbit for the two inner planets. Panel b: MEGNO stability map for the planetary system assuming an eccentric (e=0.1) orbit for the two inner planets.

      

    

  
    
      Fig. 8 
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        GLS periodogram of the residuals. Panel a: GLS periodogram of the RV residuals after the subtraction of the planetary model along with the stellar activity model in the multidimensional GP framework. Panel b: GLS periodogram of the RV residuals of the activity-corrected dataset after the subtraction of a three-planet model.

      

    

  
    
      Fig. 9 
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        Detection limits determination for HD 176986. Panel a: detection limits in amplitude for HD 176986. Panel b: detection limits in mass for HD 176986.

      

    

  
    
      Fig. B.1 
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        BLS periodogram of TESS sector 80 data. There is no evidence of clear peaks in the periodogram related to a transit. There are no peaks related to the periods of planets found in RVs.

      

    

  
    
      Fig. B.2 
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        TPF plotter. No other sources are inside the field of view of TESS within a ∆ mag of 4. We can exclude contamination from the background star in the TESS light curves.

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        ASAS-SN dataset and GLS periodogram for HD176986. Panel (a): ASAS-SN time series for g-band filter. Panel (b): GLS periodogram of the ASAS-SN photometry collected in the g band. We see significant peaks at 29.56 d, 14.78 d, and 27.43 d. These periods correspond with the synodic period of the Moon, half of the synodic period, and the sidereal period of the Moon.

      

    

  
    
      Fig. D.1 
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        FWHM model for HD 176986. Panel (a): Global model of FWHM. It is possible to see the long-term modulation due to the magnetic cycle and the short-term variation related to stellar activity. Panel (b): Zoom of the activity model for FWHM. In the figure, one can see the activity pattern related to stellar activity.

      

    

  
    
      Fig. E.1 

      
        [image: thumbnail]
      

      
        Box test for the three planets orbiting around HD 176986. Color-coded dots on the x axis represents the observing epochs for each instrument. Panel (a): Box test for HD 176986 b. The planetary signal is stable at most of the observing epochs, with a decrease in amplitude after BJD = 2460000. Panel (b): Box test for HD 176986 c. We see how the planetary signal is stable at all the epochs of observation. Panel (c): Box test for HD 176986 d. The planetary signal is stable in amplitude at every epoch.

      

    

  
    
      Table G.1 

      Parameters for the planetary system of HD 176986.

      
        


	Parameter
	HD 176986 b
	HD 176986 c
	HD 176986 d





	T0 (BJD)
	2460624.06 ± 0.17
	[image: equation]
	[image: equation]



	P(d)
	[image: equation]
	16.8124 ± 0.0015
	[image: equation]



	K (m s−1)
	2.14 ± 0.17
	2.84 ± 0.18
	1.28 ± 0.17



	Mpsini (M⊕)
	5.36 ± 0.44
	[image: equation]
	[image: equation]



	a (AU)
	0.062956 ± 0.00053
	0.118730 ± 0.0010
	0.28149 ± 0.0024



	S(S⊕)
	[image: equation]
	[image: equation]
	[image: equation]



	Teq (K)
	767 ± 21
	558 ± 1.5
	363 ± 10





      

      
Notes. The T0 here reported is the time of the inferior conjunction.




    

  
    
      Table G.2 

      Priors and posteriors of our favorite model.

      
        


	Parameter
	Unit
	Prior
	Posterior





	Kb
	m s−1
	[image: equation]
	2.14 ± 0.17



	Pb
	d
	[image: equation]
	[image: equation]



	Phase b
	
	[image: equation]
	[image: equation]



	Kc
	m s−1
	[image: equation]
	2.84 ± 0.18



	Pc
	d
	[image: equation]
	16.8124 ± 0.0015



	Phase c
	
	[image: equation]
	[image: equation]



	Kd
	m s−1
	[image: equation]
	1.28 ± 0.17



	Pd
	d
	[image: equation]
	[image: equation]



	Phase d
	
	[image: equation]
	[image: equation]



	FWHM offset H03
	m s−1
	[image: equation]
	1.6 ± 2.4



	FWHM offset H15
	m s−1
	[image: equation]
	−3.2 ± 2.5



	FWHM offset HN
	m s−1
	[image: equation]
	[image: equation]



	FWHM log jitter H03
	
	[image: equation]
	[image: equation]



	FWHM log jitter H15
	
	[image: equation]
	1.39 ± 0.10



	FWHM log jitter HN
	
	[image: equation]
	[image: equation]



	FWHM acc
	ms−1 d−1
	[image: equation]
	−0.00019 ± 0.00055



	FWHM H03 drift
	ms−1 d−1
	[image: equation]
	[image: equation]



	S-MW×100 offset H03
	
	[image: equation]
	0.34 ± 0.39



	S-MW×100 offset H15
	
	[image: equation]
	−0.82 ± 0.43



	S-MW×100 offset HN
	
	[image: equation]
	[image: equation]



	S-MW×100 log jitter H03
	
	[image: equation]
	[image: equation]



	S-MW×100 log jitter H15
	
	[image: equation]
	[image: equation]



	S-MW×100 log jitter HN
	
	[image: equation]
	−0.44 ± 0.10



	RV offset H03
	m s−1
	[image: equation]
	[image: equation]



	RV offset H15
	m s−1
	[image: equation]
	[image: equation]



	RV offset HN
	m s−1
	[image: equation]
	[image: equation]



	RV log jitter H03
	
	[image: equation]
	[image: equation]



	RV log jitter H15
	
	[image: equation]
	[image: equation]



	RV log jitter HN
	
	[image: equation]
	[image: equation]



	RV acc
	ms−1 d−1
	[image: equation]
	−0.00017 ± 0.00018



	Kcycle FWHM
	m s−1
	[image: equation]
	[image: equation]



	Pcycle
	d
	[image: equation]
	[image: equation]



	Phase cycle
	
	[image: equation]
	[image: equation]



	Kcycle SMW×100
	
	[image: equation]
	[image: equation]



	Kcycle RV
	m s−1
	[image: equation]
	[image: equation]



	Log A1 FWHM
	
	[image: equation]
	[image: equation]



	A1 SMW
	
	[image: equation]
	[image: equation]



	A1 RV
	m s−1
	[image: equation]
	[image: equation]



	A2 RV
	m
	[image: equation]
	[image: equation]



	A2 FWHM
	m
	[image: equation]
	0.41 ± 0.21



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



	Log Timescale
	
	[image: equation]
	[image: equation]



	Log η
	
	[image: equation]
	−0.85 ± 0.14





      

    

  
    
      Fig. H.1 

      
        [image: thumbnail]
      

      
        Comparison between HD 176986 and other exoplanetary systems. Only three exoplanets have been discovered orbiting the conservative HZ of their parent star (green region), and 13 planets have been discovered orbiting the optimistic HZ (yellow region). Ephemeries of presented planets are taken from the NASA Exoplanet Archive (Christiansen et al. 2025).

      

    

  
    
      Fig. I.1 

      
        [image: thumbnail]
      

      
        Comparison of the σ level detection of planetary injected signals at the periods of detected planets. Panel (a): Injection-recovery of HD 176986 b. The 1D GP is slightly better. The orbital period of the planet is lower than half the rotation period. In this regime, the tendency of the 1D GP model to overfit is less pronounced. Panel (b): Injection-recovery of HD 176986 c. The orbital period of the planet is close to half the rotation period. At this period, the multidimensional GP outperforms the 1D GP. Panel (c): Injection-recovery of HD 176986 d. At a longer orbital period, the multidimensional GP framework outperforms the 1D GP.
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