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Abstract

Aims. Giant planets play a major role in multiple planetary systems. Knowing their demographics is important to test their overall impact on the formation of planetary systems. It is also important to test their formation processes. Recently, three radial velocity (RV) surveys have established radial distributions of giant planets. All show a steep increase up to 1–3 au, and two suggest a decrease beyond that.

Methods. We aim to understand the limitations associated with the characterization of long-period giant RV planets, and to estimate their impact on the radial distribution of these planets.

Results. We revisit the results obtained by two major surveys that derived such radial distributions, using the RV data available at the time of the surveys as well as, whenever possible, new data.

Conclusions. We show that the radial distributions published beyond (5–8 au) are not secure. More precisely, the decrease in the radial distribution beyond the peak at 1–3 au is not confirmed.
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1 Introduction
Our giant planets played a significant role in the building of the Solar System (Levison & Agnor 2003; Raymond et al. 2014; Morbidelli et al. 2012; Horner et al. 2020a), and, possibly, also in the development of life on Earth (Horner et al. 2020b). Extra-solar giants are also thought to play a key role in the formation and evolution of planetary systems (Horner et al. 2020a; Quintana & Barclay 2016; Childs et al. 2019), and, in particular, in the presence or absence of rocky planets in their habitable zones (Levison & Agnor 2003). From an observational point of view, giant planets may hinder the detection of lighter and closer-in planets with indirect techniques such as radial velocity (hereafter RV) and astrometry. Last, the radial distribution of giant planets can give precious constraints on the formation processes and early evolution when compared to the outputs of population synthesis models (Mordasini 2018; Emsenhuber et al. 2021; Schlecker et al. 2021b,a; Burn et al. 2021). For these reasons, it is important to get an accurate view of their demographics as well as of individual systems.
Indirect methods (transit photometry, RV, astrometry) are, in principle, best suited to determine the radial distribution of mature giant planets (Perryman 2018; Gaudi et al. 2021) within 10 au. While transit photometry is appropriate for finding exoplanets below ≃ 2 au, RV can perform long monitoring programs that are precise enough to find more remote, longer period (decades) giant planets around solar-type stars (Gaudi et al. 2021). Finally, while siblings of Jupiter (similar distance, similar mass, similar age) may be within reach of high contrast imagers mounted on forthcoming extremely large telescopes, through reflected light (and may be also through thermal emission), direct detection is best suited today to detect the thermal emission of young planets beyond 10 au from their host stars (Vigan et al. 2010; Nielsen et al. 2019).
Three large spectroscopic surveys have estimated the radial distribution of giant planets orbiting up to 10–30 au from solar-type stars. The first one is the CORALIE-HARPS (hereafter CH) survey (Mayor et al. 2011) monitored 822 stars and found 155 planets with a semi-major axis (hereafter a) up to 9.4 au. Based on the detection and an estimate of the survey completeness given in the CH survey, the radial density distribution of giant planets with masses of 30–6000 MEarth up to more than 10 au was estimated in a recent study (hereafter referred to as CHS; Fernandes et al. 2019). The distribution is shown to increase up to 2–3 au, and then to decrease beyond. This so-called turnover is well reproduced by population synthesis models (Mordasini 2018) coupling the core accretion scenario (Kennedy & Kenyon 2008) and migration theories. This result has since been used in the literature to validate ab initio modeling of planetary formation and early evolution processes that predict giant planets’ distribution rates (Matsumura et al. 2021; van der Marel & Mulders 2021; Raymond & Morbidelli 2022), or to propose observing strategies with forthcoming instruments (Dulz et al. 2020). However, the temporal coverage of the RV variations induced by the long-period giant planets (LPGPs) orbiting beyond 3-5 au is rather poor (see Fig. 1), which may have an impact on the estimates for the orbital parameters and minimum masses. In fact, since the CH survey, the orbital parameters of six targets have already been significantly revised, thanks to additional data, and two new planets have been identified.
The second survey is the Anglo Australian Planetary Survey (hereafter AAPS; Wittenmyer et al. 2020) monitored 203 stars with the Anglo Australian Telescope1, and reported 38 planets with periods of up to 10000 days. Despite the limited sample size, the analysis suggests a steep increase in the density of giant planets (defined as with masses in the range 0.3–13 MJup) orbiting up to 1 au from the star, followed by a possible flat distribution.
The third survey is the California Legacy (hereafter CL) survey (Rosenthal et al. 2021) includes 719 F-G-K-M stars2 monitored over more than 20 years, and reports 177 giants with 0.1 < a < 45 au and 0.1 < mp sin i < 47 MJup (uncertainties included). Based on the detection and on an estimate of the survey completeness, a radial distribution is estimated for giants with masses of 30–6000 MEarth, and semi-major axes up to more than 30 au. Fulton et al. (2021) report a steep increase in the giant planets’ occurrence rate between 1 and 3 au, followed by a relative plateau for a up to 7–8 au (period about 8000 days), and a possible falloff at larger orbital distances, a scenario “favored over models with flat or increasing occurrence.” However, the temporal coverage of the LPGPs with a > 7–8 au is poor (see Fig. 1), which, as in the case of the CH survey, should call into question the derived conclusions.
Even though the CH and CL analyses describe the decrease in the radial distribution beyond the observed peak as tentative or possible, many studies now assume these radial distributions to be valid at all separations. It is therefore important to take a deeper look at the characterization of these (very) long-period planets, and their radial distribution.
The detection and characterization of long-period RV planets is a complicated task. An illustrative example is HD 7449Ac, for which the CH survey, using data spread over 4000 days and a genetic algorithm to fit the data, reported a period of 4046 days and a minimum mass of 2 MJup. A subsequent study (Wittenmyer et al. 2019), based on data spread over 4452 days, and using Monte Carlo Markov chains (MCMC) fitting, instead reports a period of 15441 ± 1059 days (a = 12.7 ± 0.6 au) and a minimum mass of 19.2 ± 4.2 MJup. Independently, highresolution images (Rodigas et al. 2016; Moutou et al. 2017) reveal the companion at a projected separation of about 20 au in 2015–2016, and show that it is in fact a 0.17 M⊙ mass star, orbiting at ~ 18 au from HD 7449A. This motivated the present study, which aims to (i) analyze the difficulties of the characterization of LPGPs using RV data; (ii) revise the orbital parameters and minimum masses of those identified in the CH and CL surveys; and (iii) reconsider the radial distribution of such planets.
In this paper, we, therefore, investigate several factors that impact the detectability of exoplanets (Sect. 2). Then, we describe our approach to analyze the RV data of the stars considered in Fernandes et al. (2019) and Fulton et al. (2021; Sect. 3). The results of this new analysis are shown in Sect. 4. The implication on the radial distribution of LPGPs is provided in Sect. 5. Finally, using the data collected by CL survey, we test the detectability of Solar System analogs with the RV technique (Sect. 6) and conclude in Sect. 7.
	[image: thumbnail]	Fig. 1 Orbital periods vs. temporal baselines for reported planets with a > 3 au (CH survey) and a > 5 au (CL survey). The uncertainties are indicated, whenever available. The dotted line represents the limit where the period is equal to the baseline.



2 Detection and characterization of LPGPs with RV data: Issues
The ability to detect and accurately characterize RV LPGPs is limited when the time coverage of the RV variations (Ford et al. 2005; Gaudi 2022) is poor (limited time baselines, uneven temporal samplings). This is particularly true when the RV time series do not cover a maximum and/or minimum of the RV signature of the planet. The poor orbital characterizations are due to the presence of noise in the data (stellar noise, instrumental noise), to the unknown star’s RV, or to a combination of these effects.
2.1 Stellar activity/noise
Stellar activity occurs on different timescales (Meunier 2021), ranging from minutes (solar-type oscillations) to hours (granulation), days (supergranulation), days or weeks (spots, faculae), and years or decades (magnetic cycles). Short-term variations are usually accounted for by jitter in the fitting procedures. Magnetic cycles can lead to false detections, or poor accuracy of planet parameters, if the planets have a similar period (and phase) to the magnetic cycle (Robertson et al. 2013; Endl et al. 2016). To take this long-term activity into account, one should ideally simultaneously fit the activity and planetary RV signals using spectroscopic tracers of magnetic activity. An alternative is to correct the RV signal from the stellar activity signal as estimated from such proxies. This approach, which was adopted in the CH survey, using the measured log(R’HK), may however also partially remove the planet’s induced RV variations as well (Meunier et al. 2019b; Costes et al. 2021). Another approach was used in CL survey, where potential planets giving signatures in the periodograms close to identified activity peaks were rejected. This might lead to an underestimation of the number of detected planets in the corresponding semi-major axes’ range (3–5 au). Furthermore, if not removed, the activity signal may also impact the detection and characterization of planets with periods different from the cycle length.
To evaluate the impact of an uncorrected long-term activity cycle on the characterization of the LPGPs identified with a > 3 au (CH survey) or a > 5 au (CL survey), we estimated the magnetic activity signal of each star, using the results of earlier simulations of stellar activity (Meunier et al. 2019b; Meunier & Lagrange 2019)3. The approach is described in Appendix A. The amplitudes associated with the activity signal over the calendar of observations are found to be between 2 and 15 m s−1. For each star, we computed the most impacted domain of (a, mp sin i) (see Fig. A.1). It turns out that the stellar activity signal mainly impacts the detection and characterization of planets <0.6 MJup orbiting beyond typically 3 au. More massive planets at similar separations produce higher amplitude RV signals; their characterization is impacted to a lesser extent. Similarly, higher-mass planets orbiting further away could be impacted but to a lesser extent.
2.2 RV of the star
Temporal coverage of the planet-induced RV variations shorter than typically half of the planet’s period leads to degeneracies between the planet’s properties and the star’s intrinsic RV (a constant value for a single star, which acts as an offset). This is particularly true when only one extremum or even none of the extrema are covered. Such degeneracies are not or are only partly captured by the fitting tools used (see Sect. 3.2). An extreme example is shown in Fig. 2, in the case of HD 26161, whose RV time series includes neither a minimum nor a maximum. The CL survey reports a companion with a period of [image: equation] days (a of [image: equation] au), that is to say four times larger than the time baseline (8706 d) and a minimum mass of [image: equation]. Shifting the RV of the star by 300 m s−1 (i.e., 2.5 times the uncertainty associated with the RV measured by Gaia over six years) leads to significantly different orbital parameters and minimum mass: 42 au and 80 MJup. More generally, assuming various values of star RV offsets leads to a much wider range of orbital and mass solutions (see Sect. 3 for a detailed description of the procedure).
2.3 Instrumental RV offsets
When the RV time series are obtained using different instruments, the fitting procedure requires one instrumental RV offset to be considered for each instrument, in addition to the usual set of parameters (orbital elements, planet mass, star RV, and jitter). This is also true when significant changes occur on a given instrument. This may lead to degenerate solutions if the data only cover part of the planet’s period or if there is no overlap between the data obtained with different instruments. An example is given in Fig. 3 for the case of HD 142A, which was observed with HARPS prior to and after a major instrumental upgrade in 2015 (Lo Curto et al. 2015) that induced non-negligible, spectral-type-dependent RV offsets. This instrumental offset could not be constrained properly with the data available at the time of the CH survey, due to the large temporal gap between the two HARPS datasets.
Using these data, and considering the instrumental offset between the two HARPS datasets as a free parameter, we find that a semi-major axis is 7.7 au, with its minimum mass being 5.1 MJup, an eccentricity close to 0, and an instrumental offset of 123.6 m s−1. This value is considerably higher than that (14.9 m s−1) measured for similar stars (Lo Curto et al. 2015). Fixing instead an instrumental offset of 14.9 m s−1 between the two HARPS datasets, the semi-major axis would became 10.3 au, with a minimum mass of 11.7 MJup and an eccentricity of 0.34. Both solutions lead to a similar root mean square (hereafter rms) of the residuals (9.6 and 10.4 m s−1). We note that new AAT and MIKE data have recently been published by Feng et al. (2022), covering a similar period as the HARPS data. Using these data in addition to the previous ones, we find a semi-major axis of 9.6 au, a minimum mass of 10.4 MJup, an eccentricity of 0.27, and an offset of 27 m s−1. It is therefore critical that the temporal periods of the RV data obtained with different instruments overlap, at least partially, to properly constrain the different instrumental offsets.
	[image: thumbnail]	Fig. 2 Degeneracies between the star RV and the planet orbital parameters and masses: the case of HD 26161. The RV time series are shown with filled circles, and the fit with a genetic algorithm is illustrated with the blue curve. Top: all priors are left free. We use red for Hir94, green for Hir04, and blue for APF. Middle: semi-major axis is fixed to 240 au. The same color codes are used as in the top. Bottom: star RV is fixed to 300 m s−1. The black points correspond to RVs corrected from the instrumental offsets for clarity purposes. The semi-major axes found are 33 au, 240 au, and 42 au and the minimum mass found are 14 MJup, 23 MJup, and 80 MJup, while the rms of the residuals are almost identical (6.2 m s−1,7 m s−1, and 7.2 m s−1).



	[image: thumbnail]	Fig. 3 Impact of the instrumental offsets: the case of HD 142A. Top: fit (blue curve; genetic algorithm; see GitHub for the MCMC fits) of the RV with the instrumental offset between the two HARPS datasets taken as a free parameter. We use red for AAT, green for HARPS pre-upgrade, and blue for HARPS post-upgrade. Middle: fit of the RV data assuming an instrumental offset of 14.9 m s−1 between the two HARPS datasets. We use red for AAT and green for HARPS. Bottom: fit of all the RV data available. We use red for AAT, green for HARPS pre-upgrade, blue for HARPS post-upgrade, and cyan for MIKE.



2.4 Fitting tools
Finally, the detection and characterization of RV planets rely on approaches and tools that are not perfect. The orbital and mass characterization relies on genetic algorithms4 (CH survey), or on Bayesian MCMC statistical tools (CL survey) whose exploration may be limited, and sometimes biased (Gregory 2011), especially in the case of sparsely sampled data (Price-Whelan et al. 2014). For instance, in the case of HD 26161, solutions with very high eccentricities (up to 0.98) and a (up to 240 au) yield an rms of residuals (genetic algorithms) or likelihoods (MCMC) comparable to a large range of solutions with lower eccentricity and semi-major axis values. Yet, such solutions are not captured by the genetic algorithm or the MCMC.
As an additional illustration of the limits of the genetic algorithm or the MCMC in the case of (very) poor temporal coverage of the orbits, we computed the RV time series induced by a fake, high eccentricity (0.95), 70 MJup companion planet, corresponding to one plausible solution with a = 240 au found when fitting the HD 26161 RV data. We used the calendar of observations of HD 26161. Noise was added in the following way: for each epoch, the synthetic RV was drawn from a normal distribution centered on the theoretical value of the RV and with a 1-σ width corresponding to the measurement uncertainties. With priors on a in the range 0–300 au, the MCMC posteriors are in the range ~20–30 au, eccentricity 0.56–0.67, and minimum mass 40–110 MJup. Hence, MCMC fails to find the actual orbital parameters and minimum mass of the fake planet.
3 Revisiting the CH and CL surveys. Approach
3.1 Data
As mentioned above, we focused on the LPGPs with a greater than 3 au (CH survey) and a greater than 5 au (CL survey). Among these 22 (resp. 19) planets, 41% (resp. 47%) have reported orbital periods (much) longer than the actual temporal baseline of the available data5. Hence, the risk of a poor characterization of these LPGPs is high. We, therefore, revisited these targets using the following: (i) the RV data used in the surveys plus, when available, additional RV data; and (ii) fitting tools similar to those used in the published analysis, that is a genetic algorithm (CH survey), and MCMC (CL survey).
3.1.1 CH survey data
We focus here on the 22 LPGPs with a semi-major axis greater than 3 au. We also consider HD 142A, for which the CH survey detected a short-period (350 d) planet, and for which an LPGP was detected after the publication of the CH survey. Each RV dataset includes data from several (up to seven) instruments. As the data used by the CH survey were not published in that paper, we use the data available in the literature, in the ESO archive, or in the DACE database6. Additional data were obtained for 22 systems (only HD 142022 was not reobserved). The new data are included in our new analysis.
3.1.2 CL survey data
We focus here on the 19 LPGPs with a semi-major axis greater than 5 au. We use the data published in the CL survey. Whenever available, additional public data are also considered for the present analysis. However, in no cases do they increase the time baseline. Again, each RV dataset includes data from several (up to seven) instruments.
3.2 Fitting procedures
The data were first fitted using a genetic algorithm as was done by the CH survey. Our algorithm, named DPASS, is described in Lagrange et al. (2019). It provides only the best solution, corresponding to the smallest rms of the RV residuals. MCMC fitting was also performed, as in the CL study. Unlike genetic algorithms, it estimates uncertainties associated with the various parameters of the solution. The MCMC sampling tool is based on the emcee 3.0 library (Foreman-Mackey et al. 2013), using a mix of custom move functions to alleviate potential multi-modality problems and the cyclicity of angular variables.
For both DPASS and MCMC, the free parameters considered are the orbital parameters (semi-major axis, eccentricity, argument of periastron and phase), the minimum mass(es) of the planet(s), the star RV (global offset due to the star systemic velocity), a stellar jitter to take the short-term (up to several days) stellar variations into account, and additional instrumental offsets. One instrumental offset was considered for each instrument, unless major changes occurred during their lifetimes. This is the case for HARPS, which had a fiber upgrade in 2015; HIRES, which had a detector change in 2004; CORALIE, which had significant upgrades in 2007 (Ségransan et al. 2010) and 2014; and SOPHIE, which had significant upgrades in 2011. The instruments are therefore regarded as different instruments before and after these upgrades. HARPS before and after the upgrades is referred to as H03 and H15, respectively. HIRES before and after the 2004 upgrades (Tal-Or et al. 2019) is referred to as Hir94 and after Hir04, respectively. CORALIE is referred to as C98 before the 2007 upgrade, C14 after 2014, and C07 in between. Finally, SOPHIE before and after the 2011 upgrades (Bouchy et al. 2013) is referred to as SOPHIE and SOPHIE+, respectively.
The priors associated with the LPGPs are very loose in order to explore a wide range of possibilities. Uniform priors were considered for all fitting parameters except for targets with poorly constrained periods. In these cases, a log-uniform prior was considered for the semi-major axis in order to allow a better exploration of large a solutions. In the case of systems hosting one or several well-characterized shorter-period planets, in addition to the LPGP, the priors related to the short-period planets were chosen in the vicinity of the actual orbital parameters and minimum masses to help obtain a faster convergence.
Depending on the temporal coverage of the RV variations, we used different strategies to characterize or constrain the orbital parameters of the companions. They are described below.
3.2.1 Cases of good temporal coverage
When the temporal coverage of the data is good, there is no degeneracy between orbital solutions and star RV. The MCMC provides good estimates for the orbital solutions.
An example is the case of HD 117207 which is a 1.04 M⊙, G8 IV star (Marcy et al. 2005). Based on 42 RV HIRES measurements obtained between 1997 and 2004, Marcy et al. (2005) reported a giant planet signal with a period of 2627 ± 63.51 days, a minimum mass of 2.06 MJup, and an eccentricity of 0.16 ± 0.05. The CH survey reported properties for the HD 117207b close to those reported in Marcy et al. (2005).
For the present study, in addition to the dataset of Marcy et al. (2005), 96 RV HARPS measurements obtained between 2004 and 2019 were used. DPASS and MCMC (1000 walkers and 300000 iterations) were used to fit the data. The fits are shown in Fig. 4. The properties used in the CH survey for HD 117207b are confirmed.
	[image: thumbnail]	Fig. 4 Orbital fits for HD 117207 b. Top: fit of the HD 117207 RV with DPASS. We use red for Hir94, green for H03, and blue for H15. The blue curve shows the best fit. Bottom: fit of the HD 117207 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. The gray dotted line indicates the end of the CH survey.



3.2.2 Cases of poor temporal coverage
When the temporal coverage is poor, the solutions may be degenerate. This is, of course, not captured by the genetic algorithms, which only provide the best solution (corresponding to the lowest rms of the residuals). The MCMC allows a better exploration, but there is no guarantee that all the possible solutions are sampled in the case of poor temporal coverage. Two important parameters identified (see Sect. 2) are the star RV offset and the semi-major axis of the planet. We explored their impact by fixing the RV offset to arbitrary but plausible values given the star RV uncertainties provided by Gaia or constraining the prior range of semi-major axes, and fitting the data with DPASS or MCMC. We compared the rms of the residuals (DPASS) or the likelihoods (MCMC) with the ones obtained with the RV offset or a free. When comparable values are obtained, we conclude that the solutions are equally plausible. This leads to sometimes considerably wider ranges of possible solutions.
An example is provided in the case of HD 26161 which is a 1.13 M⊙, G0 star (Rosenthal et al. 2021). Using 50 RV HIRES measurements obtained between 1998 and 2019 and 84 RV APF measurements obtained between 2019 and 2020, the CL survey reports an LPGP with a period of [image: equation] days, a minimum mass of [image: equation], and an eccentricity of [image: equation] We used DPASS and MCMC (1000 walkers, 400000 iterations, a between 0 and 1000 au, RV offset between −1 and 1 km s−1, eccentricity between 0 and 0.99) to fit the data. DPASS finds a companion with a period of 64 224 days, a minimum mass of 14.1 MJup, and an eccentricity of 0.78, with a corresponding rms of residuals of 6.3 m s−1. With the MCMC, solutions with a period peaking at about 100 yr and extending to more than 300 yr (peak of a at about 14 au, extending to more than 30 au), a minimum mass between 13 and 170 MJup, and an eccentricity larger than 0.75 are found. The fits are shown in Fig. 5.
Yet, as no extremum is covered with the present dataset, the stellar offset, and therefore the companion orbital properties, are not well constrained. To explore the impact of the RV offset on the results of the genetic algorithm, we fixed the RV offset to arbitrary values up to 300 m s−1 (compatible with the range of published values) and fit the data with DPASS. Very different solutions are found, with an rms of residuals very close to that obtained with a free offset. For instance, with an RV offset of 300 m s−1, we find a semi-major axis of 42 au, a minimum mass of80 MJup, and an eccentricity of 0.66, associated with an rms of 7.2 m s−1, comparable to the rms obtained with a free RV offset.
A similar exercise was done by fixing various semi-major axes and similar conclusions are reached. It appears that with a up to 240 au, solutions giving an rms of residuals within 1 m s−1 from the baseline (7 m s−1) are obtained. An example is shown in Fig. 5.
We then checked the impact of the RV offset or the semimajor axis on the MCMC results. We performed a new MCMC sampling, fixing the RV offset at 300 m s−1. The prior on a is, again, very loose, 0–1000 au. The a distribution peaks at about 40 au, which is significantly higher than in the case where the RV offset is free. The best likelihood is, however, only slightly lower than that obtained with a loose prior on the RV offset, and the distributions of the likelihoods overlap.
Finally, we ran an MCMC with the prior on the a constrained to 240–300 au. As expected, the distribution of a sample by the MCMC is truncated at the min value, 240 au, but the distribution of likelihoods overlaps with the one obtained with very loose priors for the a in the range 0–1000 au. Hence, some solutions sampled with a in the range 240–300 au provide likelihoods identical to those sampled with loose priors on a. These solutions are equally likely, but the MCMC does not capture them when the priors on a are very loose.
This analysis shows thatneitherDPASS norMCMC captures all of the solutions, especially those with high eccentricities or a high semi-major axis7.
In most cases of poorly covered RV, however, the RV time series includes one (putative) extremum. The solutions are less degenerate than in the case ofHD 26161, depending on the number of instruments used, and the level of overlap between the instruments. An illustration is given in the case of HD 66428 (1.05 M⊙, G5 star; Rosenthal et al. 2021), a system with an inner, well-constrained, planet (HD 66428b) and an outer companion (HD 66428c), whose RVs are poorly constrained. Using 99 RV HIRES measurements obtained between 2000 and 2019, the CL survey reports, for HD 66428b, a period of [image: equation] days, a minimum mass of 3.19 ± 0.11 MJup, and an eccentricity of [image: equation] and, for HD 66428c, a period of [image: equation] days, a minimum mass of [image: equation], and an eccentricity of [image: equation].
For the present study, in addition to the CL survey’s dataset, we used 28 RV HARPS measurements obtained between 2004 and 2015. DPASS and MCMC (1000 walkers and 400000 iterations) were used to fit the data. The properties found for HD 66428b are similar to those reported in the CL survey. For HD 66428c, a period of 9107 days, a minimum mass of 2 MJup, and an eccentricity of 0.19 were found with DPASS, with a corresponding rms of residuals of 2.8 m s−1, and a period between 27 000 and 125 000 days, a minimum mass between 22 and 296 MJup, and an eccentricity between 0.38 and 0.78 were found using MCMC. As the RV curve of HD 66428c only covers a minimum, the period (or a) is actually not well constrained.
To explore the range of possible values, we fixed the semi-major axis to different values and fit the data with DPASS. The semi-major axis up to 190 au does not significantly change the rms of the residuals (3.3 m s−1 against 2.8m s−1 with a left free. In this case, the minimum mass is 4 MJup and the high eccentricity is 0.95, corresponding to the maximum value of the eccentricity prior. To test the impact of the stellar RV offset, we also fix this offset to different values and fit the data, once corrected from the instrumental offsets for clarity purposes, with DPASS. It appears that stellar RV offsets up to 300 m s−1 do not significantly change the rms of the residuals (3 m s−1 against 2.8 m s−1 with stellar RV offset free). In this case, a is 48 au, the minimum mass is 52 MJupand the eccentricity is 0.63. The fits are shown in Fig. 6.
	[image: thumbnail]	Fig. 5 Orbital fits for HD 26161b. Top left: fit of the HD 26161 RV with DPASS. We use red for Hir94, green for Hir04, and blue for APF. The blue curve shows the best fit. Bottom left: fit of the HD 26161 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. Top middle: fit of the HD 26161 RV with DPASS, with a subtracted stellar offset fixed to 300 m s−1. Black points correspond to the data corrected from the instrumental offsets. The blue curve shows the best fit. Bottom middle: best fit of the HD 26161 RV using MCMC, with a subtracted stellar offset fixed to 300 m s−1. The black curve shows the best fit. Top right: fit of the HD 26161 RV with DPASS, with the minimum a fixed at 240 au. The points are the same as in the top left. The blue curve shows the best fit. Bottom right: best fit of the HD 26161 RV with MCMC, with a prior on a in the range 240–300 au. The black curve shows the best fit.



	[image: thumbnail]	Fig. 6 Orbital fits for HD 66428 b and c. Top left: Fit of the HD 66428 RV with DPASS. We use fed for Hir94, green for Hir04, and blue for H03. The blue curve shows the best fit. Top right: fit of the HD 66428 RV with DPASS, with the minimum a fixed at 190 au for HD 66428c. The points are the same as on the left. The blue curve shows the best fit. Bottom left: fit of the HD 66428 RV with DPASS, with a stellar RV offset subtracted fixed to 300 m s−1. Black points correspond to the data corrected for the instrumental offsets. The blue curve shows the best fit. Bottom right: fit of the HD 66428 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits.



3.2.3 Note on multiple systems
The samples include several multiple systems: 13 in the CH survey and 13 in CL survey (23 total systems). Once corrected for the signal(s) of the inner planet(s), it appears that in nine cases the RV time series cover (very) poorly the orbital periods of the LPGPs (see Fig. 7), with none (one case, possibly two) or only one extremum (eight cases). In four other cases, the periods are roughly covered, but poorly sampled, and in two targets in the CH survey, the LPGPs are not detected. For these nine systems, we adopted a similar approach to that adopted in Sect. 3.2.2. When exploring the different orbital and mass solutions for the outer planet, the priors on the orbital parameters and the minimum mass(es) of the inner planet(s), which are well constrained by the RVs, were chosen close to the values obtained using loose priors.
	[image: thumbnail]	Fig. 7 Fits of multiple systems with poorly constrained outer planets. RV residuals once the signal of the inner planet(s) was removed. Top: CH survey. The vertical gray dotted line indicates the end of the CH survey. Bottom: CL survey.



3.2.4 Note on stellar activity
The stellar activity has not been corrected, as in the CL study. This is a difference from the CH survey, which corrected the RV from the stellar activity and is discussed in the next section.
3.2.5 Note on HIPPARCOS-Gaia astrometry
Among the 39 analyzed systems, 13 have actually been studied by coupling RV data with absolute astrometry (Damasso et al. 2020; Li et al. 2021; Feng et al. 2022; Philipot et al. 2023). We did not use these data, however, because the LPGP radial distributions that we discuss here are based on RV data only. Considering true masses in some cases only instead of mp sin i masses would break the homogeneity of the survey.
4 Revisiting the CH and CL surveys: Results
We applied the procedure described in the previous section to each of our sample targets. A detailed analysis for each target is available on GitHub8. Illustrative examples of such an analysis are provided in Appendix B. Figure 8 shows the revised periods and minimum masses, as well as the reported ones, for comparison purposes. The orbital parameters and masses found in the present study, together with those reported by the CH and CL analysis, are provided in Appendix D.
4.1 CH planets (22) with a > 3 au
For 11 out of the 22 planets with a > 3 au, the orbital parameters and minimum masses estimated by the CH survey are confirmed. For the 11 others, the orbital parameters and minimum masses are significantly different from those reported (four cases), or a second solution is possible in addition to the one reported (one case), or the solutions are very degenerate and only very wide ranges of orbital parameters can be given (six cases). We note that for two stars, HD 142 (Wittenmyer et al. 2012) and HD 50499 (Rickman et al. 2019), two additional long-period planets have been reported in the literature, and another LPGP is suspected around HD 204313 (Robertson et al. 2012). Finally, none of the eight planets with a reported a > 5 au has its orbital parameters or mass confirmed. In  Appendix B, we provide a detailed analysis of two targets for which we get results that are significantly different from the CH analysis.
We note that, as mentioned above, the present analysis does not correct the RV from stellar activity, while the results provided by the CH analysis do. However, as seen above, stellar activity has a significant impact on planets lighter than 0.6 MJup when considering planets orbiting beyond 3 au. For 18 stars out of 22, the masses reported by the CH analysis are greater than 0.6 MJup, and hence no strong effect due to stellar activity is expected. For two out of the four stars with reported masses smaller than 0.6 MJup, the present analysis provides results roughly similar to those reported, showing that activity does not have a strong impact on these targets. For the remaining two, significantly different results are found, mainly because of a significantly improved temporal coverage of the planet’s orbits.
	[image: thumbnail]	Fig. 8 Revised semi-major axes and minimum masses. Top: targets with reported a > 3 au in the CH survey (Mayor et al. 2011). Lines between the revised (indicated by stars) and published values (indicated by filled circles) are drawn to facilitate the comparison between these values. Green colors correspond to planets for which the final orbital parameters and minimum masses are well constrained; red colors correspond to planets for which the semi-major axes and/or the minimum masses are not well constrained. The dotted lines correspond to solutions that provide an rms of residuals within 1 m s−1 from the minimum rms. An arrow at the end of a dashed line means that values even beyond the limit can meet this criterion. HD 7449c is not shown as it is identified as a star. Bottom: same as in the top, but for the CL survey (Rosenthal et al. 2021) targets with a reported a > 5 au. The purple color corresponds to planets for which the semi-major axis and the minimum mass cannot be constrained.



4.2 CL planets (19) with a > 5 au
The results of the fits are in strong agreement with the published ones for the eight targets for which the RV monitoring is comparable or longer than the reported periods. Seven out of these eight LPGPs have a in the 5-7 au range and one has a > 7 au9. For the remaining 11 LPGPs, the present analysis finds, in general, (much) wider ranges of orbital parameters than those found by CL survey (see example in Sect. 3.2.2). This is particularly true for the eight LPGPs with a > 10 au. In fact, the MCMC (or genetic algorithms) happen to be heavily biased toward low semi-major axes for these poorly covered orbits. It is furthermore worth noting that five of the latter have a minimum mass possibly greater than 6000 MEarth (20 MJup) and would therefore not be planets.
5 Radial distribution of LPGPs beyond 3–5 au
The CH and CL studies derived occurrence rates in bins of semimajor axes up to 10 au and 30 au, respectively, for planets with masses between 30 and 6000 MEarth using: (i) the actual detections, (ii) the estimated completeness of the surveys, and iii) assumptions on the mass distribution of the planets. The radial distributions that fit the occurrence rates were then derived using specific models. Important issues that impact the robustness of the results are discussed hereafter.
5.1 Actual detections and characterizations
As seen above, the current analysis of the CH and CL surveys data leads to significant revisions of the LPGPs’ orbital elements and minimum masses for planets with a > ~4–5 and 7 au, respectively. The possible companion masses are sometimes well above 6000 MEarth, and the possible periods and a go well beyond the last bins considered in the surveys (3594–10000 days for the CH analysis, and 16–30 au for the CL analysis). Furthermore, as discussed above, the ability to detect and correctly characterize low-mass (typically <0.5 MJup) giants orbiting beyond typically 3 au is, potentially, impacted by stellar activity.
5.2 Survey completeness
The CH analysis extrapolated the completeness derived in the CH survey (Fernandes et al. 2019) to periods up to about 10 000 days where the authors of the survey warn against deriving occurrences (and hence completeness) for periods longer than 10 yr (included in the last bin considered in the analysis). Hence, the completeness beyond ~5 au is not robust. One should also note that the completeness provided by Fernandes et al. (2019) was computed assuming circular orbits only.
In the CL analysis, the completeness was computed using injection recovery of the signals from planets with different orbital parameters and masses in the RV time series of each of the sample stars (Rosenthal et al. 2021). To our understanding, “recovered” meant that the fitted period and semi-amplitude are within 25%, and the phase within π/6, of the injected values. Their analysis was however affected by several biases, that we describe below.
Firstly, the injected planets were drawn assuming a beta distribution of eccentricity strongly biased toward low eccentricities. This distribution was derived from the analysis of ~400 RV planets detected in an earlier survey (Kipping 2013). However, in that survey, most of those planets had a < 3–4 au; moreover, that beta distribution is only followed for the closest (a < 1 au) planets, with the eccentricities of the longer period planets following a flatter distribution instead. Hence, the assumption of this beta distribution for planets beyond 1 au is not justified. This leads to an overestimation of the recovery rates for planets with periods typically larger than the baseline of the survey (~21 yr; median value), thus with a > ~6–8 au, compared to a uniform distribution. Indeed, assuming a uniform distribution for the eccentricities instead of the beta distribution would lead to considering a larger number of eccentric planets. High eccentricity planets with a > 6–8 au produce RVs that are roughly flat for long periods of time, in contrast with low eccentricity planets. Given the incomplete RV time coverage, their detection probability is lower.
Moreover, no criterion relative to the fitted eccentricities was applied (i.e., no comparison between the fitted and injected eccentricities). Yet, using the tools used by the CL analysis to perform injection-recovery tests10, it appears that requiring the absolute difference between the recovered and injected eccentricities to be less than 0.2 would decrease the recovery rate of planets with a > 8 au by 12% and the recovery rate of planets with a > 16 au by 20%. By applying a stricter criterion (e.g., an absolute difference less than 0.1), the recovery rate would decrease by 27% for LPGPs with a > 8 au and by 40% for LPGPs with a > 16 au.
Also, as discussed above, the MCMC fails to capture all the degeneracies between the RV of the star and the planet properties or to provide accurate orbital or mass solutions when the orbits are poorly covered. Given the median monitoring time of the survey (21 yr), there is a potential impact on the results for planets with a greater than typically 6-8 au.
Finally, if the planets producing peaks close to the activity peaks were not considered as recovered because of possible confusion with stellar activity, one might expect a lower completeness, associated with larger uncertainties for planets orbiting in the 3-5 au range.
5.3 Mass distribution
Both the CH and CL analyses assume an identical mass distribution over the 30–6000 MEarth range for all semi-major axes. Such an assumption is not justified. Indeed, the mass distribution for the 30–6000 MEarth range cannot be properly measured beyond 3–5 au in the CH survey and 8 au in the CL survey (see their Fig. 5), as low-mass (typically sub-Jupiter) planets cannot be detected at such distances. Furthermore, as seen above, detecting and characterizing planets with masses of less than about 0.3–0.6 MJup orbiting in the 3-5 au range is complicated due to stellar activity. Hence, occurrences for the whole 30–6000 MEarth range can only be measured robustly for semi-major axes below these values.
5.4 Impact on the radial distribution
At this stage, it is not possible to quantify the overall impact of these limitations and biases because of multiple unknowns and limitations (e.g., stellar activity, MCMC biases) and because the data that would be needed to do so are simply not available (e.g., the data needed to estimate the radial distribution of remote sub-Jupiter planets). However, the present analysis shows that, despite the remarkable effort made in these studies, the radial distributions are not robustly assessed beyond ~4 au for the CH survey and beyond 5–8 au for the CL survey. The 3–5 au range might even be poorly constrained given the possible impact of stellar activity and, above all, the poorly constrained mass distribution function for low-mass planets in this region.
We used the tools used by Fernandes et al. (2019) and the orbital parameters found in the present study for planets with periods between 2000 days and 10 yr (which roughly corresponds to a < 4 au) in the CH survey to reestimate the occurrence rates of LPGPs with periods in the 2000d-10yr range, and we fit the occurrence rates for periods below 10 yr. The turnover mentioned in the CH analysis at 1500–2000 days (Fig. 9, top) is no longer clearly present.
Similarly, we used the tools used by Fulton et al. (2021) and the orbital parameters revised in the present study to reestimate the occurrences of LPGPs with a < 8 au in the analysis of the CL survey. The LPGPs’ radial distribution (Fig. 9, middle) no longer shows a turnover at about 2.5 au as found in the CH study, or at about 3.5 au as found in the CL study, but rather a steep increase at about 1 au followed by a flat distribution between 3 and about 8 au. A similar conclusion was tentatively reached by the AAPS study, using albeit different hypotheses for the range of masses considered (see above) and for the planet’s orbital properties during the injection-recovery process (circular orbits only). Considering a uniform distribution in eccentricities instead of a beta distribution to compute the completeness leads to similar qualitative conclusions, with even larger occurrence rates (associated with larger error bars) beyond 1 au (Fig. 9). This latter figure also illustrates the importance of the assumption on the eccentricity distribution. Considering planets with masses in the 1–20 MJup range only leads to similar conclusions. Finally, as expected, the estimated occurrence rate of planets for a > 1 au is lower (by ~40%) when considering planets in the 1–20 MJup range than when considering planets in the 0.1—20 MJup range.
	[image: thumbnail]	Fig. 9 Revised occurrence rates of giant planets. Top: based on the data of Mayor et al. (2011), which should be compared with Fig. 4 of Fernandes et al. (2019). We note that one planet with imprecise orbital parameters (and hence bin) was removed from the analysis. Middle: based on the data of Rosenthal et al. (2021), which should be compared with Figs. 2 and 3 of Fulton et al. (2021). Bottom: same as middle, but assuming a uniform distribution instead of a beta distribution for the eccentricities.



6 The detectability of Solar System analogs with the RV technique
An important question is exoplanetology is whether planetary systems similar to our own are common or rare. To quantify the detection capabilities of Jupiter and Saturn analogs using the data gathered by the largest survey published to date, namely the CL survey, we added the RV signals of planets with Jupiter and Saturn masses, semi-major axes, and eccentricities to the stars’ RV11. Eight phases were considered per planet. The stars are assumed to have different inclinations: 15, 30, 50, and 90 degrees. We fit the RV time series using a genetic algorithm. Planets are regarded as detected if the recovered periods and mp sin iare within 25% of the injected ones, and if the recovered eccentricities have an absolute difference of less than 0.1 with respect to the injected values12.
The detection rate for Jupiter analogs is found to be 29% for the most favorably inclined systems (edge-on)13. For an inclination of 50 degrees, the rate is 18%. A similar exercise considering Saturn analogs led to detection rates of significantly less than 1%. These values are optimistic as they do not take the impact of stellar activity into account.
The present study shows that sub-Jupiter mass planets beyond ~3–5 au will remain mostly out of reach of RV techniques. As Earth-mass planets orbiting about 1 au from Sun-like stars may also remain out of RV detection capabilities because of the stellar noise (Meunier et al. 2019b, 2010; Costes et al. 2021; Meunier & Lagrange 2020), RV techniques alone will probably not be able to find true Solar System analogs.
7 Concluding remarks
In the present paper, we analyze the limitations of fitting incomplete RV time series to characterize the orbital properties and minimum masses of long-period planets. We revisit the orbital and mass solutions of all planets with a semi-major axis greater than 3 au (resp. 5 au) reported in the CH survey (resp. CL survey), using new RV data whenever possible. This has led to either significantly different solutions or to solutions much less constrained than those reported. Then, we discuss the way to estimate the radial distributions of LPGPs. We show, in particular, the impact of the assumptions on the planets’ eccentricity distribution and on the mass distribution of sub-Jupiter mass planets beyond 4 (resp. 8 au).
This work calls into question the validity of the radial distributions of long-period planets available today, and, in particular, the decrease in the giant planet occurrence rate beyond 3-8 au. It also shows that estimating an accurate radial distribution of giant planets beyond about 5-8 au is not possible with the presently available data, and will remain so at least when considering the entire giant planets’ population (30-6000 MEarth). Combining RV and Gaia data is certainly promising for detecting and characterizing Jupiter analogs (Grandjean et al. 2019; Damasso et al. 2020; Kiefer et al. 2021; Li et al. 2021; Feng et al. 2022; Philipot et al. 2023), at least in the case of simple systems closer than 5-10 au (Perryman 2018; Ranalli et al. 2018). Micro-lensing can be sensitive to long-period planets (Suzuki et al. 2016). The forthcoming Roman Space Telescope will allow us to extend the statistics of LPGPs into the 2-10 au range, with an increased sensitivity for M-type stars compared to earlier type stars (Gaudi et al. 2021; Penny et al. 2019). Direct imaging is, in principle, the most suitable for detecting long-period planets. While current systems on ground-based 10 m-class telescopes mostly allow for the detection of young and massive (>5 MJup) giant planets beyond 10 au typically (beyond 5 au in the next decade), and while the James Webb Space Telescope will possibly allow for the imaging of Saturn mass planets around close-by late-type stars, extremely large telescopes will be needed to possibly image closer Jupiter and Saturn siblings around mature stars.
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Appendix A  Long-term stellar activity
The aim is to estimate the impact of the long-term stellar activity for the 22 CH and 19 CL targets of interest in the present analysis. Because spectroscopic proxies of activity are generally not available, the activity signal of each star was simulated using activity-induced synthetic RV time series representative of old F-G-K main-sequence stars (Meunier et al. 2019a). These simulations take into account complex activity patterns: i) a large number of spots and plages, following a solar-like butterfly diagram, and with a large diversity of sizes and lifetimes, in agreement with the observations of the Sun; and ii) a small contribution due to granulation and supergranulation (Costes et al. 2021). The simulations cover a parameter space in terms of variability compatible with observations of each star of interest, based on its averaged log(R’HK). They are typically performed over one to three activity cycles and for different inclinations chosen randomly between zero° and 90°.
For each target, we selected such a simulation corresponding to its spectral type and to an average log(R’HK) within 0.05 of the measured one. The number of simulations depends on the stars but is always greater than 250. For each realization, a random phase was considered. We discarded GL 317 because its spectral type (M3) is out of the range of the available simulations. HD 181433 (K5) was also discarded because it is slightly outside the range of the spectral types in the simulation and its average log(R’HK) is significantly below the lowest activity level in the set of simulations corresponding to the closest spectral type. Finally, for six stars, especially possible subgiants, the observed log(R’HK) is below the minimum value in the simulations. The quietest simulations were therefore considered, and the derived stellar jitter could be slightly overestimated in such cases. For each star and each noise realization, the amplitude of the RV variations due to stellar activity over its calendar of observations was computed. The minimum and maximum as well as the average and median amplitudes were then computed, considering all these realizations. The potential impact on the detection of LPGPs was estimated and shown in Fig A.1.
	[image: thumbnail]	Fig. A.1 Range of semi major axis and minimum masses of the planets whose detection and characterization could be significantly impacted by the long-term magnetic cycle of the host star, given the lowest and highest amplitudes of the activity signal deduced from the simulations. The cycle periods are typically between 2.3 and 14.7 yr.



	[image: thumbnail]	Fig. A.2 Estimated amplitudes of the long-term RV signal due to stellar activity. Triangles indicate the amplitudes measured on the RV curves, and asterisks indicate the median values found by the simulations.




Appendix B  Examples of orbital solutions different from those found in the CH survey analysis
Appendix B.1 HD 98649b: Example of a solution significantly different from the CH survey analysis
HD 98649 is a 1.03 M⊙, G4 V star Rickman et al. (2019). The CH survey reported an LPGP with a period of 10400 days, a minimum mass of 7 MJup, and a high eccentricity of 0.86. Based on 68 RV CORALIE measurements obtained between 2003 and 2019, Rickman et al. (2019) report a period of [image: equation] days, a minimum mass of [image: equation] MJup, and an eccentricity of [image: equation]. Recently, combining the CORALIE RV and HIPPARCOS/Gaia absolute astrometry data, Li et al. (2021) report an orbital inclination of either [image: equation] or [image: equation], corresponding to a true mass of [image: equation].
In the present study, in addition to the CORALIE dataset, three HARPS RV measurements obtained between 2009 and 2019 are considered. DPASS and MCMC (1000 walkers and 400000 iterations) were used to fit the data. We find a period of [image: equation] days, compatible (within the error bars) with that reported for HD 98649b in Rickman et al. (2019). However, for the minimum mass and the eccentricity, larger ranges of solutions were found using MCMC with confidence intervals at 1-σ between 6.6 and 9.4 MJupfor the minimum mass and between 0.84 and 0.95 for the eccentricity. The fits are shown in Fig B.1.
Appendix B.2 HD 47186c: Example of a very poorly constrained solution in the CH survey
HD 47186 is a 0.99 M⊙, G5 V star (Bouchy et al. 2009). Based on 66 RV HARPS measurements obtained between 2003 and 2008, Bouchy et al. (2009) reported a hot Jupiter (HD 47186b) signal with a period of 4.0845 ± 0.0002 days, a minimum mass 0.07167 MJup, and an eccentricity of 0.038 ± 0.02 as well as a giant planet (HD 47186c) signal with a period of 1353.6 ± 57.1 days, a minimum mass of 0.35 MJup, and an eccentricity of 0.249 ± 0.073. The CH survey reported properties close to those reported in Bouchy et al. (2009) for HD 47186b, and different properties for HD 47186c, with a period of 3552 days, a minimum mass of 0.58 MJup, and an eccentricity of 0.28.
In the present study, in addition to the dataset used by Bouchy et al. (2009), we use 105 RV measurements obtained with HARPS between 2003 and 2017 and 67 HIRES RV measurements obtained between 2004 and 2014. While only one minimum of HD 47186c was observed in Bouchy et al. (2009), a minimum and a maximum are now covered. However, the orbital phase is not yet fully covered. DPASS and MCMC (1000 walkers and 400000 iterations) were used to fit the data. To converge more easily, the priors on the semi-major axis and the minimum mass of the short-period planet HD 47186b were chosen close to the values found in Bouchy et al. (2009). The properties of planet b are, expectedly, close to those reported in Bouchy et al. (2009). For HD 47186c, a period of 83984 days, a minimum mass of 0.64 MJup, and an eccentricity of 0.93 were found with DPASS, with a corresponding rms of residuals of 3 m s−1, and a period between 9790 and 42000 days, a minimum mass of 0.63 ± 0.05 MJup, and an eccentricity of [image: equation] were found using MCMC. The period of HD 47186c is then significantly different from previously published values. It is actually poorly constrained. The fits are shown in Fig B.3.
To explore the range of possible values, the semi-major axis was fixed to different values and the data were fitted with DPASS. Having a up to 100 au does not significantly change the rms of the residuals (3.3 m s−1 against 3 m s−1 with a left free). In this case, the minimum mass is 0.98 MJup, and the extremely high eccentricity is 0.95, corresponding to the maximum value of the eccentricity prior. As the RV curve of HD 47186c covers a maximum and a minimum, the RV offset is well constrained and changing it would not significantly change the solution.
	[image: thumbnail]	Fig. B.1 Orbital fits for HD 98649b. Top: Fit of the HD 98649 RV with DPASS. We use red for C98, green for C07, blue for C14, cyan for H03, and purple for H15. The blue curve shows the best fit. Bottom: Fit of the HD 98649 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. The gray dotted line indicates the end of the CH survey.



The properties found in the CH survey for HD47186c are then not confirmed. Moreover, the available RV data do not allow us to properly determined the orbital parameters and the minimum mass of the LPGP. Additional data are needed to further constrain its orbital properties.
	[image: thumbnail]	Fig. B.2 Corner plot of posteriors for the one-planet model MCMC fit of HD 98649 RV data.



	[image: thumbnail]	Fig. B.3 Orbital fits for HD 47186 b and c.Top: Fit of the HD 47186 RV with DPASS. We use red for H03, green for H15, blue for Hir94, and cyan for Hir04. The blue curve shows the best fit. Middle: Fit of the HD 47186 RV with DPASS, with the minimum a fixed at 100 au. The points are the same as in the top. The blue curve shows the best fit. Bottom: Fit of the HD 47186 RV using MCMC. The black curves show the best fit. The gray dotted line indicates the end of the CH survey.



	[image: thumbnail]	Fig. B.4 Corner plot of posteriors for the two-planet model MCMC fit of HD 47186 RV data.




Appendix C  Corner plots of the cases described in section 3.2
	[image: thumbnail]	Fig. C.1 Corner plot of posteriors for the two-planet model MCMC fit of HD 117207 RV data.



	[image: thumbnail]	Fig. C.2 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with loose priors on the RV offsets and on semi-major axes.



	[image: thumbnail]	Fig. C.3 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with the RV offset fixed at 300m/s.



	[image: thumbnail]	Fig. C.4 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with a prior on the semi major axis in the range 240-300au.



	[image: thumbnail]	Fig. C.5 Corner plot of posteriors for the two-planet model MCMC fit of HD 66428 RV data.




Appendix D  Summary tables
Table D.1 
Comparison of the orbital parameters and masses of the CH survey with those obtained in this study for planets whose orbital parameters and/or minimum mass are poorly constrained or significantly different from those found in the CH survey.

Table D.2 
Comparison of the orbital parameters and masses of the CL survey with those obtained in this study for planets whose orbital parameters and/or minimum mass are poorly constrained or significantly different from those found in the CL survey.
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1 This survey also used, when possible, HARPS, CORALIE, and HIRES data.


2 We note that the sample excluded known metal-rich stars, and some other targets that could induce possible biases.


3 We note that using spectroscopic activity tracers for each star is not possible in the present study as, in most cases, such data are not available.


4 Genetic algorithms fit RV data with one or several companions using an evolutionary algorithm where the genes are the Keplerian elements. They make use of a loose subpopulation segregation for maintaining the gene pool diversity and thus promoting wider parameter exploration.


5 Planets with a < 3 (resp. 5 au) are generally monitored over their whole orbital period.


6 https://dace.unige.ch


7 Algorithms such as JOKER (Price-Whelan et al. 2017) used in the CL survey do not fully alleviate this bias either.


8 https://github.com/fphilipot/LPGP_supplementary


9 The only target with an initial a < 7 au whose orbital properties are not confirmed is GL 317c. This is due to too sparse sampling of the variations in the first 2000 d.


10 Available on https://github.com/California-Planet-Search/rvsearch


11 Only stars for which no planet or BD or, conversely, no trends or false positives had been reported are considered.


12 No constraint was put on the planet phase as the orbits are almost circular.


13 If no constraint is put on the eccentricity, the rate is 58% (edge-on) and 47% (50 degrees).
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	[image: thumbnail]	Fig. 1 Orbital periods vs. temporal baselines for reported planets with a > 3 au (CH survey) and a > 5 au (CL survey). The uncertainties are indicated, whenever available. The dotted line represents the limit where the period is equal to the baseline.
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	[image: thumbnail]	Fig. 2 Degeneracies between the star RV and the planet orbital parameters and masses: the case of HD 26161. The RV time series are shown with filled circles, and the fit with a genetic algorithm is illustrated with the blue curve. Top: all priors are left free. We use red for Hir94, green for Hir04, and blue for APF. Middle: semi-major axis is fixed to 240 au. The same color codes are used as in the top. Bottom: star RV is fixed to 300 m s−1. The black points correspond to RVs corrected from the instrumental offsets for clarity purposes. The semi-major axes found are 33 au, 240 au, and 42 au and the minimum mass found are 14 MJup, 23 MJup, and 80 MJup, while the rms of the residuals are almost identical (6.2 m s−1,7 m s−1, and 7.2 m s−1).
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	[image: thumbnail]	Fig. 3 Impact of the instrumental offsets: the case of HD 142A. Top: fit (blue curve; genetic algorithm; see GitHub for the MCMC fits) of the RV with the instrumental offset between the two HARPS datasets taken as a free parameter. We use red for AAT, green for HARPS pre-upgrade, and blue for HARPS post-upgrade. Middle: fit of the RV data assuming an instrumental offset of 14.9 m s−1 between the two HARPS datasets. We use red for AAT and green for HARPS. Bottom: fit of all the RV data available. We use red for AAT, green for HARPS pre-upgrade, blue for HARPS post-upgrade, and cyan for MIKE.
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	[image: thumbnail]	Fig. 4 Orbital fits for HD 117207 b. Top: fit of the HD 117207 RV with DPASS. We use red for Hir94, green for H03, and blue for H15. The blue curve shows the best fit. Bottom: fit of the HD 117207 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. The gray dotted line indicates the end of the CH survey.
In the text



	[image: thumbnail]	Fig. 5 Orbital fits for HD 26161b. Top left: fit of the HD 26161 RV with DPASS. We use red for Hir94, green for Hir04, and blue for APF. The blue curve shows the best fit. Bottom left: fit of the HD 26161 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. Top middle: fit of the HD 26161 RV with DPASS, with a subtracted stellar offset fixed to 300 m s−1. Black points correspond to the data corrected from the instrumental offsets. The blue curve shows the best fit. Bottom middle: best fit of the HD 26161 RV using MCMC, with a subtracted stellar offset fixed to 300 m s−1. The black curve shows the best fit. Top right: fit of the HD 26161 RV with DPASS, with the minimum a fixed at 240 au. The points are the same as in the top left. The blue curve shows the best fit. Bottom right: best fit of the HD 26161 RV with MCMC, with a prior on a in the range 240–300 au. The black curve shows the best fit.
In the text



	[image: thumbnail]	Fig. 6 Orbital fits for HD 66428 b and c. Top left: Fit of the HD 66428 RV with DPASS. We use fed for Hir94, green for Hir04, and blue for H03. The blue curve shows the best fit. Top right: fit of the HD 66428 RV with DPASS, with the minimum a fixed at 190 au for HD 66428c. The points are the same as on the left. The blue curve shows the best fit. Bottom left: fit of the HD 66428 RV with DPASS, with a stellar RV offset subtracted fixed to 300 m s−1. Black points correspond to the data corrected for the instrumental offsets. The blue curve shows the best fit. Bottom right: fit of the HD 66428 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits.
In the text



	[image: thumbnail]	Fig. 7 Fits of multiple systems with poorly constrained outer planets. RV residuals once the signal of the inner planet(s) was removed. Top: CH survey. The vertical gray dotted line indicates the end of the CH survey. Bottom: CL survey.
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	[image: thumbnail]	Fig. 8 Revised semi-major axes and minimum masses. Top: targets with reported a > 3 au in the CH survey (Mayor et al. 2011). Lines between the revised (indicated by stars) and published values (indicated by filled circles) are drawn to facilitate the comparison between these values. Green colors correspond to planets for which the final orbital parameters and minimum masses are well constrained; red colors correspond to planets for which the semi-major axes and/or the minimum masses are not well constrained. The dotted lines correspond to solutions that provide an rms of residuals within 1 m s−1 from the minimum rms. An arrow at the end of a dashed line means that values even beyond the limit can meet this criterion. HD 7449c is not shown as it is identified as a star. Bottom: same as in the top, but for the CL survey (Rosenthal et al. 2021) targets with a reported a > 5 au. The purple color corresponds to planets for which the semi-major axis and the minimum mass cannot be constrained.
In the text



	[image: thumbnail]	Fig. 9 Revised occurrence rates of giant planets. Top: based on the data of Mayor et al. (2011), which should be compared with Fig. 4 of Fernandes et al. (2019). We note that one planet with imprecise orbital parameters (and hence bin) was removed from the analysis. Middle: based on the data of Rosenthal et al. (2021), which should be compared with Figs. 2 and 3 of Fulton et al. (2021). Bottom: same as middle, but assuming a uniform distribution instead of a beta distribution for the eccentricities.
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	[image: thumbnail]	Fig. A.1 Range of semi major axis and minimum masses of the planets whose detection and characterization could be significantly impacted by the long-term magnetic cycle of the host star, given the lowest and highest amplitudes of the activity signal deduced from the simulations. The cycle periods are typically between 2.3 and 14.7 yr.
In the text



	[image: thumbnail]	Fig. A.2 Estimated amplitudes of the long-term RV signal due to stellar activity. Triangles indicate the amplitudes measured on the RV curves, and asterisks indicate the median values found by the simulations.
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	[image: thumbnail]	Fig. B.1 Orbital fits for HD 98649b. Top: Fit of the HD 98649 RV with DPASS. We use red for C98, green for C07, blue for C14, cyan for H03, and purple for H15. The blue curve shows the best fit. Bottom: Fit of the HD 98649 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. The gray dotted line indicates the end of the CH survey.
In the text



	[image: thumbnail]	Fig. B.2 Corner plot of posteriors for the one-planet model MCMC fit of HD 98649 RV data.
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	[image: thumbnail]	Fig. B.3 Orbital fits for HD 47186 b and c.Top: Fit of the HD 47186 RV with DPASS. We use red for H03, green for H15, blue for Hir94, and cyan for Hir04. The blue curve shows the best fit. Middle: Fit of the HD 47186 RV with DPASS, with the minimum a fixed at 100 au. The points are the same as in the top. The blue curve shows the best fit. Bottom: Fit of the HD 47186 RV using MCMC. The black curves show the best fit. The gray dotted line indicates the end of the CH survey.
In the text



	[image: thumbnail]	Fig. B.4 Corner plot of posteriors for the two-planet model MCMC fit of HD 47186 RV data.
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	[image: thumbnail]	Fig. C.1 Corner plot of posteriors for the two-planet model MCMC fit of HD 117207 RV data.
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	[image: thumbnail]	Fig. C.2 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with loose priors on the RV offsets and on semi-major axes.
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	[image: thumbnail]	Fig. C.3 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with the RV offset fixed at 300m/s.
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	[image: thumbnail]	Fig. C.4 Corner plot of posteriors for the one-planet model MCMC fit of HD 26161 RV data with a prior on the semi major axis in the range 240-300au.
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	[image: thumbnail]	Fig. C.5 Corner plot of posteriors for the two-planet model MCMC fit of HD 66428 RV data.
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        Impact of the instrumental offsets: the case of HD 142A. Top: fit (blue curve; genetic algorithm; see GitHub for the MCMC fits) of the RV with the instrumental offset between the two HARPS datasets taken as a free parameter. We use red for AAT, green for HARPS pre-upgrade, and blue for HARPS post-upgrade. Middle: fit of the RV data assuming an instrumental offset of 14.9 m s−1 between the two HARPS datasets. We use red for AAT and green for HARPS. Bottom: fit of all the RV data available. We use red for AAT, green for HARPS pre-upgrade, blue for HARPS post-upgrade, and cyan for MIKE.
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        Orbital fits for HD 26161b. Top left: fit of the HD 26161 RV with DPASS. We use red for Hir94, green for Hir04, and blue for APF. The blue curve shows the best fit. Bottom left: fit of the HD 26161 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. Top middle: fit of the HD 26161 RV with DPASS, with a subtracted stellar offset fixed to 300 m s−1. Black points correspond to the data corrected from the instrumental offsets. The blue curve shows the best fit. Bottom middle: best fit of the HD 26161 RV using MCMC, with a subtracted stellar offset fixed to 300 m s−1. The black curve shows the best fit. Top right: fit of the HD 26161 RV with DPASS, with the minimum a fixed at 240 au. The points are the same as in the top left. The blue curve shows the best fit. Bottom right: best fit of the HD 26161 RV with MCMC, with a prior on a in the range 240–300 au. The black curve shows the best fit.
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        Fits of multiple systems with poorly constrained outer planets. RV residuals once the signal of the inner planet(s) was removed. Top: CH survey. The vertical gray dotted line indicates the end of the CH survey. Bottom: CL survey.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Range of semi major axis and minimum masses of the planets whose detection and characterization could be significantly impacted by the long-term magnetic cycle of the host star, given the lowest and highest amplitudes of the activity signal deduced from the simulations. The cycle periods are typically between 2.3 and 14.7 yr.
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        Estimated amplitudes of the long-term RV signal due to stellar activity. Triangles indicate the amplitudes measured on the RV curves, and asterisks indicate the median values found by the simulations.
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        Orbital fits for HD 98649b. Top: Fit of the HD 98649 RV with DPASS. We use red for C98, green for C07, blue for C14, cyan for H03, and purple for H15. The blue curve shows the best fit. Bottom: Fit of the HD 98649 RV using MCMC. The black curve shows the best fit. The colorbar corresponds to the log-likelihood of the fits. The gray dotted line indicates the end of the CH survey.
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        Corner plot of posteriors for the one-planet model MCMC fit of HD 98649 RV data.
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        Orbital fits for HD 47186 b and c.Top: Fit of the HD 47186 RV with DPASS. We use red for H03, green for H15, blue for Hir94, and cyan for Hir04. The blue curve shows the best fit. Middle: Fit of the HD 47186 RV with DPASS, with the minimum a fixed at 100 au. The points are the same as in the top. The blue curve shows the best fit. Bottom: Fit of the HD 47186 RV using MCMC. The black curves show the best fit. The gray dotted line indicates the end of the CH survey.
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        Corner plot of posteriors for the two-planet model MCMC fit of HD 47186 RV data.
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        Corner plot of posteriors for the two-planet model MCMC fit of HD 117207 RV data.
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        Corner plot of posteriors for the two-planet model MCMC fit of HD 66428 RV data.
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