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Abstract

We present the discovery of an Earth-mass planet (Mb sin i = 1.26 ± 0.21 M⊕) on a 15.6 d orbit of a relatively nearby (d ~ 9.6 pc) and low-mass (0.167 ± 0.011 M⊙) M5.0 V star, Wolf 1069. Sitting at a separation of 0.0672 ± 0.0014 au away from the host star puts Wolf 1069 b in the habitable zone (HZ), receiving an incident flux of S = 0.652 ± 0.029 S⊕. The planetary signal was detected using telluric-corrected radial-velocity (RV) data from the CARMENES spectrograph, amounting to a total of 262 spectroscopic observations covering almost four years. There are additional long-period signals in the RVs, one of which we attribute to the stellar rotation period. This is possible thanks to our photometric analysis including new, well-sampled monitoring campaigns undergone with the OSN and TJO facilities that supplement archival photometry (i.e., from MEarth and SuperWASP), and this yielded an updated rotational period range of Prot = 150–170 d, with a likely value at 169.3−3.6+3.7. The stellar activity indicators provided by the CARMENES spectra likewise demonstrate evidence for the slow rotation period, though not as accurately due to possible factors such as signal aliasing or spot evolution. Our detectability limits indicate that additional planets more massive than one Earth mass with orbital periods of less than 10 days can be ruled out, suggesting that perhaps Wolf 1069 b had a violent formation history. This planet is also the sixth closest Earth-mass planet situated in the conservative HZ, after Proxima Centauri b, GJ 1061 d, Teegarden’s Star c, and GJ 1002 b and c. Despite not transiting, Wolf 1069 b is nonetheless a very promising target for future three-dimensional climate models to investigate various habitability cases as well as for sub-m s−1 RV campaigns to search for potential inner sub-Earth-mass planets in order to test planet formation theories.
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1 Introduction
An impressive 5000 exoplanets and counting have been detected thus far1, largely thanks to the past and ongoing radial-velocity (RV) and transit surveys. On the hunt for an Earth analog, out of these thousands of planets, only ~50 have been found to sit in the so-called habitable zone (HZ) of their stellar host2, which is defined to be the circumstellar region in which liquid water could potentially exist on the surface of the planet (Kasting et al. 1993; Kopparapu et al. 2013). Only 20 of these are considered to be Earth-sized, defined by radii of 0.8 R⊕ < Rp < 1.6 R⊕ or by masses of 0.5 M⊕ < M sin ip < 3 M⊕. Moreover, a majority of them have been discovered around M-dwarf stellar hosts, most likely due to the ease in detectability considering the higher planet-to-star mass and radius ratios (see e.g., Zechmeister et al. 2009; Seager 2010; Bonfils et al. 2013; Shields et al. 2016; Perryman 2018).
The definition of the HZ is not a definite implication for a life-hosting world, but rather acts as a good indicator for a planet to show further promising potential for markers of surface habitability. There are in fact a variety of factors that affect its habitability potential, such as the X-ray/UV emission or age in regards to the stellar host, or processes due to the planet itself including its atmospheric composition or its ability to retain certain elements in its atmosphere (e.g., Dong et al. 2018; Kopparapu et al. 2020). For this reason, it is not only crucial to first gather planets that are situated within the HZ, but also, it is necessary to build a better understanding of the stellar effects on the planet’s habitability (e.g., Segura et al. 2003, 2010; Hilton 2011; Cohen et al. 2014; Chadney et al. 2016), and to also characterize its atmosphere observability, with instruments such as the James Webb Space Telescope (JWST; Gardner et al. 2009).
Even though most HZ planets around low-mass M dwarfs are RV-only detections that do not transit, we can nonetheless generate useful indicators to investigate their habitability further. Three-dimensional (3D) general circulation model (GCM) climate simulations (e.g., Way et al. 2017; Wolf et al. 2022) can produce predictions to investigate various atmosphere compositions to test how durably habitable the planet is. These analyses, along with a push for improvements in thermal emission and reflected light phase curve observations, are crucial given the rise of nontransiting planets found in the HZ of stellar hosts within the solar neighborhood (e.g., Anglada-Escudé et al. 2016; Dreizler et al. 2020).
In this paper, we turn our attention to the discovery of Wolf 1069 b, an Earth-mass planetary companion orbiting a midtype M dwarf within the conservative HZ limits, as defined by Kopparapu et al. (2013). This planet could very well possess the key factors in making it indeed a habitable world according to preliminary 3D GCM models. Also, in contrast to other habitable worlds in the conservative HZ with similar host stars (i.e., Kepler-1649, Proxima Centauri, GJ 1061, Teegarden’s Star, and GJ 1002), Wolf 1069 b is the only one within the conservative HZ without an inner planet, based on our current detection limits. This notion is supported by the works of Burn et al. (2021), Mulders et al. (2021), and Schlecker et al. (2021), where we expect a lower planet occurrence rate for stars with M* < 0.2 M⊙ than for stars with 0.2 M⊙ < M* < 0.5 M⊙ for both the pebble and core accretion scenarios. Granted, these are theoretical predictions as more observation-based evidence is required to confirm this, and Wolf 1069 b could still be accompanied by closer-in and outer planets. Nevertheless, the concept that only one planet survives is predicted by formation models if there were at least one giant impact at the late stage. This would enhance the chance of having a massive moon similar to the Earth and might also stir up the interior of the planet to prevent stratification and sustain a magnetic field (e.g., Jacobson et al. 2017). As remote as this appears, the search for exo-moons is no longer so far-fetched in recent times (e.g., Martínez-Rodríguez et al. 2019; Dobos et al. 2022).
The paper is outlined as follows. Section 2 first presents the comprehensive spectroscopic and photometric data collected for this work. Then, the host star and its properties are introduced in Sect. 3, in which we determine and update its rotational period using newly taken photometry from our facilities. The various signals in the RVs for this system are investigated and modeled in Sect. 4, where the results and prospects for Wolf 1069 b are then discussed in Sect. 5. We finally display our conclusions in Sect. 6.
2 Observational data
2.1 CARMENES high-resolution spectroscopy
The CARMENES3 instrument is located at the 3.5 m telescope at the Calar Alto Observatory in Spain and consists of two separate spectrographs residing in two channels: the visual (VIS), which covers the spectral range 520–960 nm (spectral resolution of ℛ = 94 600), and the near-infrared (near-IR), which covers the 960–1710nm range (ℛ = 80 400; Quirrenbach et al. 2014, 2018). Wolf 1069 (Karmn J20260+585) was one of the ~300 stars initially chosen as part of the CARMENES Guaranteed Time Observation (GTO) program (Reiners et al. 2018), and 276 observations were since accumulated spanning 1450 days (June 2016–June 2020). There were six measurements that were missing a drift correction as well as an additional eight that had low signal-to-noise ratio, and were, for this reason, discarded, resulting in 262 usable RV measurements. Furthermore, the spectra were notably affected by telluric absorption (e.g., Reiners et al. 2018). We corrected them by employing the template division telluric modeling methodology, a technique to remove telluric absorption lines from stellar spectra with numerous intrinsic lines (Nagel et al. 2022). This technique is suitable for separating telluric and spectral components based on the Earth’s barycentric motion throughout the year. The telluric-free spectra of Wolf 1069 are then produced by fitting a synthetic transmission model of the Earth’s atmosphere to each individually extracted telluric spectrum with molecfit (Smette et al. 2015). The weighted root mean square (wrms) and the median uncertainty of the remaining 262 data points are 2.66 m s−1 and 1.67 m s−1, respectively. The simultaneously taken near-IR measurements were not considered as part of the analysis given the notably higher wrms of 7.0 m s−1 along with the significantly higher mean uncertainty of each observation. Therefore, we continue the analysis with the 262 telluric-absorption-corrected VIS spectra. The CARMENES RV data with their uncertainties are displayed in the top panel of Fig. 1.
The raw data are first pipelined through the standard guaranteed time observations via caracal (Caballero et al. 2016b). Then, the RVs are determined using serval4 (Zechmeister et al. 2018), where the spectra are corrected for barycentric motion, secular acceleration, and instrumental drift, and then nightly zero-points were calculated and applied (Trifonov et al. 2020). In addition, serval produces various stellar activity indicators such as the chromatic index (CRX), the differential line width (dLW), the Hα index, the Ca II IR triplet (IRT) lines, and the Na I D doublet lines. We also obtained the photospheric absorption band indices TiO λ 7050 Å, TiO λ 8430 Å, and TiO λ 8860 Å from the nontelluric-corrected spectra using spectral ranges without notable telluric contamination, as defined by Schöfer et al. (2019). Lastly, we computed the cross-correlation function (CCF) and its full-width half-maximum (FWHM), contrast (CTR), and bisector velocity span (BVS) values computed with the raccoon5 code, adopting the approach of using binary masks as explained in Lafarga et al. (2020). These indicators were investigated for the rotation period of the stellar host (Sect. 3.2).
2.2 Our photometric campaigns
We carried out simultaneous, continuous photometric follow-up of Wolf 1069 from 2017 to 2020 with the photometric facilities as listed below. A summary of the various photometric data sets is found in Table 1. They are also displayed as a time series in Fig. 2.
Observatorio de Sierra Nevada (OSN)
The Observatorio de Sierra Nevada (OSN)6, currently maintained by the Instituto de Astrofísica de Andalucía (IAA) and situated at Loma de Dilar in Granda, Spain, hosts two Nasmyth optical telescopes with apertures of 90 cm (T90) and 150 cm (T150). Both telescopes are equipped with similar VersArray 2k × 2k CCD cameras, which deliver images with fields of view (FOV) of 13.2 arcmin × 13.2 arcmin (T90; Amado et al. 2021) or 7.92 arcmin × 7.92 arcmin (T150; Rodríguez et al. 2010). Each camera is based on a high quantum efficiency back-illuminated CCD chip, type Marconi-EEV CCD42-4, with optimized response in the ultraviolet. We monitored Wolf 1069 using both telescopes and various observing runs between the years 2017 and 2020. The observations with the T90 telescope were collected using both Johnson V and R filters during three observing runs as tabulated in Table 1. Each epoch typically consisted of 20 exposures of 80 s in each filter per night. The resulting light curves were obtained by the method of synthetic aperture photometry. Each CCD frame was corrected in a standard way for bias and flat-fielding. Different aperture sizes were tested in order to choose the best one for our observations. A number of nearby and relatively bright stars within the frames were selected as reference stars to produce differential photometry of Wolf 1069. Outliers due to poor observing conditions or very high airmass were removed.
The observations with the T150 telescope were collected during a single observing run and were reduced in the same way. In this case, each epoch typically consisted of 30 exposures of 80 s, 35 s, and 10 s in each V, R, and I filter, respectively, per night.
	[image: thumbnail]	Fig. 1 RV time series and phase-folded plots for Wolf 1069 b. Top panel: CARMENES VIS RV measurements for Wolf 1069 along with the best-fit model (dark gray line) and the stellar rotation period modeled by a dSHO-GP (orange). The light gray band indicates the 68% confidence interval of the model. Bottom panel: RVs phase-folded to the period of Wolf 1069 b at 15.6 d (Kb = 1.07 ± 0.17 m s−1) and with the GP component subtracted out. The black circles represent the data points binned to 0.1 in phase space for visualization purposes. The bottom panel for each plot represents the residuals after subtracting out the model. There are two data points that did not fit within the boundary for visual reasons.



Telescopi Joan Oró (TJO)
Simultaneous to the OSN photometry, observations for Wolf 1069 were carried out with the 80 cm TJO7 at the Observatori del Montsec in Lleida, Spain. The images were obtained with an exposure time of 60 seconds using the Johnson R filter of the LAIA imager, a 4k × 4k CCD with a FOV of 30 arcmin and a plate scale of 4 arcsec/pixel. The images were calibrated with darks, bias, and flat fields with the ICAT pipeline (Colome & Ribas 2006) of the TJO. The differential photometry was extracted with AstroImageJ (Collins et al. 2017) using the aperture size that minimized the rms of the resulting relative fluxes, and a selection of the 20 brightest comparison stars in the field, which did not show variability. Then, data points with a low S/N were filtered from the light curve, and any points with relative fluxes greater than 1.08 or less than 0.96 were removed before nightly binning.
Table 1 
Observing log of ground-based long-term photometric observations acquired for Wolf 1069.

	[image: thumbnail]	Fig. 2 Time series of the long-term photometry for Wolf 1069 color coded by instrument and filter. The time range for each panel is consistent among all panels. The MEarth-tel05-s1 data were not included in the final rotational period determination but are faintly shown for illustrative purposes. Given that the GP model is unique to each instrument with its own amplitude hyperparamter (see for example Fig. 8 in Kemmer et al. 2020), the extrapolated GP models of two instruments (MEarth-tel-05 and OSN-R-T90) are overplotted with the same color as their respective data sets for illustrative purposes.



2.3 Photometric monitoring surveys
Additionally, we compiled a collection of archival long-term photometric data taken by monitoring surveys as described below. They are also listed in Table 1 and illustrated in Fig. 2.
SuperWASP
The SuperWASP8 project is led by a chiefly UK-based consortium. Using two arrays of robotic telescopes operating in the northern and southern hemispheres, the survey obtains light curves for millions of objects at high cadence to look for transiting planets and study other astrophysical phenomena across the entire sky (Pollacco et al. 2006; Butters et al. 2010). SuperWASP-North is located at the Roque de los Muchachos Observatory in La Palma, whereas SuperWASP-South is at the South African Astronomical Observatory near Sutherland, South Africa. Each observatory consists of eight wide-angle cameras with Canon 200 mm, f/1.8 lenses that feed into 2048 × 2048 CCDs. The pixel scale is 13.7 arcsec.
Wolf 1069 was monitored for four seasons with SuperWASPNorth from 2007 to 2010, though only sparsely in the last two seasons. The usable data spans from June 2007 to August 2008 with a ~6 month gap. We received the complete light curve, corrected for instrumental and atmospheric systematics, from the SuperWASP team. The detrending procedure is nonaggressive and expected to preserve true astrophysical signals (including rotational modulation), as documented by Tamuz et al. (2005). After clipping the final two seasons and iteratively rejecting outliers commensurate with the size of the data set in each season, we binned the data nightly such that the weighted mean and error of all the data points that go into each bin constitutes the flux and error of that bin.
MEarth-North
Wolf 1069 was observed by the MEarth9 project (Irwin et al. 2015), specifically with the MEarth-North array composed of eight 40 cm telescopes, each equipped with a 25.6 arcmin × 25.6 arcmin FOV Apogee U42 camera, and located at the Fred Lawrence Whipple Observatory on Mount Hopkins nearby Tucson, Arizona, USA. Using the light curves from the latest data release10, the target was observed for more than six years with telescope one (“MEarth-tel01”) and telescope five (“MEarth-tel05”). The MEarth project generally uses a RG715 long-pass filter, except for the 2010–2011 season when an I715–895 interference filter was chosen. In the case of Wolf 1069, with observations collected from both telescopes later than October 2011, the RG715 filter was always used, and thus, we consider each photometric light curve as its own. The data were nightly binned following the same procedure as for the SuperWASP data. Particularly for first season with MEarth-tel05, we excluded certain nightly measurements where only one observation was taken to ensure accurate data quality. This constituted ~15 nights out of the final 228 (Table 1), which were in the end not considered for the final rotational period determination due to large noisiness (see Sect. 3.2).
TESS
Wolf 1069 was thus far observed in three of the northern sectors (15 – camera #2 CCD #4; 16 – camera #2 CCD #3; 17 – camera #3 CCD #4, 15 August – 2 November 2019) during the nominal mission of the Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) with the short 2-minute cadence photometry, as well as in three sectors (41 – camera #2 CCD #1; 23 July 2021 – 20 August 2021, 55 – camera #3 CCD #3; 05 August 2022 – 01 September 2022; 56 – camera #3 CCD #3; 01 September 2022 – 30 September 2022) during the extended mission with 2-min and 20-sec cadence11. The target is being currently observed in one sector (57 – camera #3 30 September 2022 – 29 October 2022). The publicly available data from all sectors were downloaded from the Mikulski Archive for Space Telescopes12. Following the typical procedure, these data are corrected for artifacts and systematic trends (Presearch Data Conditioning, PDC_SAP flux – Smith et al. 2012; Stumpe et al. 2012, 2014), provided by the Science Processing Operations Center (SPOC; Jenkins et al. 2016). We use these data for our analysis.
3 Stellar properties
3.1 Basic astrophysical properties
Wolf 1069 (GJ 1253, Karmn J20260+585) is a slowly rotating, high-proper motion M5.0V star at less than 10 pc discovered by Wolf (1920). For decades, it was the subject only of astrophotometric analysis of stars in the solar neighborhood (Luyten 1955; Gliese & Jahreiß 1979; Probst 1983; Weis 1984), with the first spectral analysis by Bidelman (1985). Since the end of the 20th century, Wolf 1069 was more investigated in X-rays (Wood et al. 1994; Stelzer et al. 2013), with high-resolution imaging (Dieterich et al. 2012; Jódar et al. 2013; Janson et al. 2014; Lamman et al. 2020), and especially for determining its astrophysical stellar parameters (Rojas-Ayala et al. 2012; Mann et al. 2015; Rajpurohit et al. 2018; Marfil et al. 2021).
We summarize the stellar properties of Wolf 1069 in Table 2. Following Cifuentes et al. (2020), we integrated the spectral energy distribution and computed the bolometric luminosity using broadband photometry and the latest parallactic distance from Gaia Data Release 3 (DR3; Gaia Collaboration 2023). From this value and the effective temperature of the star, determined spectroscopically by Passegger et al. (2019), we derived the radius from the Stefan-Boltzmann law, and the mass from the mass-radius relation by Schweitzer et al. (2019). All tabulated parameters agree within uncertainties with published values (e.g., Jenkins et al. 2009; Terrien et al. 2015; Lafarga et al. 2020), except for the rotation period, which we concluded to be 150–170 d. Our Prot determination is explained in detail and compared with the literature in Sect. 3.2. Although Wolf 1069 kinematically belongs to the Galactic thin disk (i.e., younger ages of ~1–5 Gyr) according to the galactocentric velocities calculated as in Montes et al. (2001) with a custom made python code (Cortés-Contreras et al., in prep.), the very long Prot determined by us points toward older ages (~7–11 Gyr; Newton et al. 2016). The low activity indicators (Hα and X-ray emission) and slow rotational velocity, v sin i, are also in line with a long Prot. As a result, Wolf 1069 is a very weakly active star, which facilitates the identification of RV signals with very low semi-amplitudes.
3.2 Stellar rotation period
Using MEarth light curves from 2011 to 2014, Díez Alonso et al. (2019) determined a photometric rotation period of 57.7 d for Wolf 1069. However, the same data were analyzed earlier by Newton et al. (2016), who reported only a tentative signal at 142.1 d and noted that it did not meet their criteria for a confident detection. To further establish the stellar rotation period, we examined all available photometric measurements, including the newer-taken observations from the OSN and TJO telescopes, along with various stellar activity indicators available from the CARMENES spectra.
Table 2 
Stellar parameters of Wolf 1069.

Long-term photometry
Considering each photometric data set alone, namely, OSN, TJO, SuperWASP, and MEarth, all indicate hints toward a prominent peak of ~ 150–165 d when taking a look at the generalized Lomb-Scargle (GLS; Zechmeister & Kürster 2009) periodograms, along with strong peaks present at the respective alias frequencies (Fig. 3). Interestingly, while this periodicity does present itself significantly in most photometric data sets, the most prominent peak in some is rather at a longer period (~200–300 d), which can also be connected to an alias signal of the presumed rotational period due to the sampling for each of the respective data sets. Focusing on the first season of the photometry from MEarth, solely from tel-01 as the data from tel-05 are rather noisy, the highest peak is around 140 d, similar to Newton et al. (2016). On the other hand, the second observing block of the MEarth data, considering now data from both the tel-01 and tel-05 instruments, peaks clearly at ~158 d, with present alias signals (i.e., ~ 110 d and ~300 d) due to the sampling of 320 d.
To determine the rotational period of Wolf 1069, we performed a fit with juliet13 (Espinoza et al. 2019) using the sum of two stochastically driven, damped harmonic oscillator (SHO) terms, or a double SHO Gaussian process (dSHO-GP), as done so in previous works such as, David et al. (2019), Gillen et al. (2020), and Kossakowski et al. (2021) first considering all the data sets. A summary of the priors used for the analysis is found in Table C.1. To set this up, we treated the OSN data as effectively different instruments arranged together only if the telescope size (i.e., T90 and T150) and filter (i.e., V, R, and I) were the same across multiple observational seasons. Each telescope of the MEarth data were separated into two temporal subsets, namely MEarth-tel05-s1 and MEarth-tel05-s2, and the same for MEarth-tel01 though without tel05, to account for possible changes in stellar activity behavior over long periods of time (i.e., ~800 d). The SuperWASP data were kept as is. We imposed a log-uniform prior for the rotational period, Prot, shared among all instruments ranging from 10 d to 200 d to avoid samples from populating near the longer-period alias signal. Likewise, the quality factor for the secondary oscillation, Q0, and the difference between the quality factors of the first and second oscillations, δQ, were also shared. As for the fractional amplitude of the secondary oscillation with respect to the primary one, f, this parameter was shared among instruments with the same filter, that is, wavelength. The amplitude of the dSHO-GP, σGP, followed suit as the dSHO-GP is trying to model the underlying physical behavior of the star that is wavelength dependent. To then account for any individual instrumental systematics, each respective instrument had its own offset value and jitter term14 (Baluev 2009).
From the posterior results of this fit, we obtain a rotational period of [image: equation], compatible with the peaks in the periodograms and their widths (Fig. 3). To further experiment, we also tested out the same model setup, but this time solely on the photometry contemporaneously taken with the RVs, meaning those data comprising the last panel of Fig. 2. The reason for considering just these data is that, it could be possible that the star underwent some changes in activity on the long scale due to spot migration or differential rotation. The results of this run give a rotational period of [image: equation], which is 1σ well in agreement when considering all photometry, ensuring that the behavior of the star is still applicable to today. Therefore, we determine the photometric stellar rotation period to be [image: equation].
Spectroscopy
We furthermore explored the various stellar activity indicators provided by the CARMENES spectra as well as the RVs themselves to look for agreement with the photometric rotational period. Wolf 1069 is an Hα-inactive star (pEW’ (Hα) Å > −0.3; Schöfer et al. 2019).
While there are no strong or moderate correlations found between the RVs and the stellar activity indicators using the Pearson’s p-probability, the GLS periodograms of the indicators nonetheless consist of a variety of prominent peaks (see Fig. 4). While some peaks found in the periodograms do coincide with the rotation period derived from the photometry, that is, ~169 d, there are nonetheless other existing signals with even higher significance ranging in periods from ~200–260 d, or even in the longer-period regime of up to a few hundred days. Particularly, these signals are present in the CRX, dLW, Hα index, TiO λ 7050 Å, TiO λ 8430 Å, TiO λ 8860 Å, CTR, and FWHM. There are still instances where the significant peaks coincide with the expected alias frequencies, however, the power at the rotational period is sometimes consistent with zero, as for instance in the Ca II IRT3 indicator. This could be pure coincidental, we cannot exclude the possibility of it being a chance alignment. There are also peaks at even longer-period regimes (i.e., >1000 d), which could be due to a stellar magnetic cycle not related to the stellar rotation itself. This behavior appears similar to EV Lac (see Jeffers et al. 2022, for a detailed analysis of the various periodicites), where it was shown that different indicators can respond with a phase lag, or nonuniformly with the rotational variation of the star. In this work, we focus only on signals pertaining to the stellar rotation period, as well as those connected to the other RV signals (see Sect. 4.1).
Wolf 1069 is considered to be a low-activity, low-mass star following the categorizations in Lafarga et al. (2021). Hence, applying the findings made by Lafarga et al. (2021), the most effective indicators for identifying the stellar rotation period comprise the dLW, CTR, and FWHM, which are tracing the varying width of the absorption lines in the spectra, as well as the indices of the chromospheric lines, Hα and Ca II IRT, and sometimes the RVs themselves. The CRX and BVS in this instance are not as beneficial. Taking a closer look at these, we see that in fact, the dLW does peak at the expected rotation period and fits quite well to it. Likewise, when fitting for 169 d, the CTR and FWHM also match quite well in the phase-folded plots (not shown). The Hα index and Ca II IRT, however, do not agree with this periodicity, but rather show long-term trends, that may be related to a longer magnetic cycle as these indicators are also associated with magnetic cycles. Another significant signal to mention in the dLW and the CTR appears at ~29.5 d, which is close to twice the orbital period of the planetary signal of interest (i.e., 15.6 d, see Sect. 4.2). However, this periodicity is most likely due to instrumental effects, namely, the contamination from the light of the Moon. Within the RVs, there is a peak at 165 d, though not significant, after subtracting out the other more prominent peaks (see Fig. 5d). When performing the final fit on the RVs (see Sect. 4.2), we apply a dSHO-GP on this signal arriving at a value of [image: equation].
To bring all this evidence together, the photometric data point to a rotational period of ~169 d, the RVs to ~165 d, and a portion of stellar activity indicators similarly hint toward this value, though sometimes exhibit higher peaks at longer periods. Based on the photometry, it is evident that the variability of the star is changing from season to season (see Fig. 2), so the periodicities detected in the indices skewing away from the predicted rotational period may be exhibiting the evolution of the spot configuration. For example, some activity indices are evidently still consistent (i.e., same period or aliasing due to the sampling), although others are not as consistent, which could be a result of other issues, stellar cycles, spot evolution, data precision and sampling, that make the interpretation nontrivial. We therefore adopt the rotational period of Wolf 1069 to be within the range of 150–170 d, with indications toward [image: equation], though values outside this constrained range cannot be easily excluded. This is consistent with the predictions for a low-mass, inactive M dwarf (Newton et al. 2017, their Fig. 5).
	[image: thumbnail]	Fig. 3 GLS periodograms for the long-term photometric data of Wolf 1069. The right panels are zoomed in to the longer-period regime. Each horizontal panel represents an effective instrument that was considered for the determination of the stellar rotation period (Sect. 3.2). The normalized GLS power of the sampling of the data for each row is shown in gray. The range for the photometric rotation period of 150–170 d is shaded in orange. Some significant alias signals due to the sampling of each respective data set are illustrated with a vertical dashed line, whereas the true signal is marked with a solid line.



	[image: thumbnail]	Fig. 4 GLS periodograms for various known stellar activity indicators from the CARMENES spectroscopy. The window function of the data sampling can be found in Fig. 5a. For consistency, the colored vertical lines and the frequency width of the panels on the left correspond exactly to those in the RV GLS periodograms (Fig. 5). The horizontal dashed, dot-dashed, and dotted blue lines represent the 10, 1, and 0.1% FAP levels (from bottom to top).



	[image: thumbnail]	Fig. 5 GLS periodograms for the RVs of Wolf 1069 after sequentially subtracting out the most prominent signals. The horizontal dashed, dot-dashed, and dotted lines represent the 10, 1, and 0.1% FAP levels (from bottom to top). There were no significant signals with periods shorter than 10 d other than the aliases due to the daily sampling. The right panel is a closer zoom-in of the left panel to highlight the longer-period signals. The 15.6 d planetary signal is illustrated with a vertical blue solid line, and the 90.3 d signal and its alias due to the 270-d sampling with a green solid and dashed line, respectively. The range for the photometric rotation period is shaded in orange, where the stellar rotation period within the RVs is marked with an orange solid line. The component of residual telluric contamination at 388 d and its alias due to the 365-d sampling period are also represented with a vertical magenta solid and dashed line, respectively. Panel a: the window function of the data set. Panel b: no signal fitted, solely the original RVs with an offset and jitter term. Panel c: residuals after subtracting the 15.6 d signal. Panel d: residuals after subtracting a simultaneous model fit of two sinusoids at 15.6 and 90.3 d. Panel e: residuals after subtracting a simultaneous model fit of three sinusoids at 15.6, 90.3, and 165 d. Panel f: residuals after subtracting the final model choice including 1 Keplerian at 15.6 d (further described in Sect. 4.2).



Table 3 
Aliases of the significant peaks found in the RVs given the sampling period tabulated.

4 Analysis and results
4.1 Signal detection
We first computed a GLS periodogram on the RVs using the Exo-Striker15 tool (Trifonov 2019) to initially identify potentially interesting signals. A series of GLS periodograms after sequentially subtracting out the most prominent sinusoidal signals, along with the discrete Fourier transform of the window function, can be found in Fig. 5. The sampling of the data showed three notable peaks at 899 d, 365 d (the yearly sampling), and 270 d. To quantify the significance of a signal’s peak, we computed the false alarm probability (FAP) levels of 10, 1, and 0.1% using 10 000 randomizations of the input data where the frequency ranged from 1/tbaseline to 1, with a frequency resolution of 1/tbaseline and oversampling factor of ten.
Already, in the original RV data set there are three prominent peaks at 15.6 d, ~90–100d and ~400 d, all hovering the 0.1% FAP level (Fig. 5 b). To also mention, there are equally prominent peaks at 0.94 d and 1.066 d, both aliases of the 15.6 d signal due to the daily sampling. Furthermore, there are strong yearly aliases for the 15.6 d signal, particularly at 14.9 d and 16.2 d. Performing tests with the AliasFinder (Stock & Kemmer 2020), we find that the true periodicity is the one at 15.6 d (see Fig. A.1), which we adopt when considering this signal. Continuing on, there are an additional three peaks around the 10% FAP level, namely at 165 d, ~ 190 d, and ~ 145 d, in order of significance, where the first one corresponding to the rotation period. The other two can be explained as aliases due to the 365-d and 270-d sampling of the ~400 d and ~90–100 d signal, respectively. A full outline of all the aliases is tabulated in Table 3.
As it does not matter which of the peaks of equal significance is chosen first to subtract out for the prewhitening, we opt for the 15.6 d considering its aliases are also those that are most prominent. After subtracting the 15.6 d signal (Fig. 5 c), all corresponding aliases disappear, as expected. Both the ~90–100 d and ~400 d signal reach above the 0.1% FAP level, where the 165 d, ~ 190 d, and ~ 145 d signals also become more prominent. In the next succession of simultaneously modeling a two-sinusoidal model with the next highest peak (15.6 d, 90.3 d), there are no longer any signals that have an FAP level less than 0.1%. The highest peak at ~400 d is above the 10% FAP level, and its alias due to the yearly sampling (i.e., ~ 190 d) is apparent but no longer significant. The 165 d is still above 10% FAP level.
The next signal to subtract for would be the one at ~400 d. However, we have evidence that this signal is related to telluric contamination. We specifically compared the nontelluric-corrected RVs with those corrected for tellurics, finding that there is a prominent peak at 388 d in the telluric component (Fig. 6, top panel). We conclude that even though we use the telluric-corrected spectra, the contamination still likely manifests as this process of telluric removal is nontrivial and, nonetheless, introduces residuals in the corrected spectra (Nagel et al. 2022). Moreover, the peak in the RVs is more so at 404 d, whereas the peak in the periodogram of the telluric component is actually at 388 d. We presume that this could be due to the fact that the alias due to the 270-d sampling of the 165 d signal is 420 d, thus, adding some power there, in turn broadening the peak and veering the periodicity away from 388 d to a value in between the two. With this in mind, and considering the photometrically determined rotation period, we proceed with simultaneously subtracting the 165 d signal next. Finally, there are no more signals above 10% FAP after removing three simultaneous sinusoidal signals (15.6 d, 90.3 d, 165 d).
	[image: thumbnail]	Fig. 6 GLS periodograms of the telluric-only (nonTC subtracted from TC; top), nonTC (middle) and TC (bottom) RVs. The red and blue colors represent the “blue” and “red” subsets within the VIS channel of the CARMENES instrument (Sect. 4.3). The vertical lines match those in Fig. 5 for consistency and the horizontal lines are identical in the bottom panels but differ slightly from the top panel.



4.2 RV model comparison
Out of the three prominent signals, only the one at 165 d does not reach our significance criterium (FAP < 0.1%, though greater than 10%), but is however related to stellar activity and thus might be important to model. We therefore continue the analysis by testing out “three-signal models” while properly considering the activity, with comparison to “two-signal models” by ignoring it. For reasons explained in Sect. 4.3, the origin of the 90.3 d is ambiguous. Thus, we model it solely with a sinusoid when including this signal in a fit. For the 15.6 d signal, there is no evidence against it to not be planetary, therefore, we apply circular or eccentric Keplerian orbits. For eccentric fits, the eccentricity was parametrized with [image: equation] and [image: equation] with uniform priors, 𝒰(−1, 1) as recommended by Eastman et al. (2013).
The modeling and comparison of models is all performed with juliet, a versatile python package for simultaneous transit and RV fitting, as already described in depth in other works such as Kemmer et al. (2020), Stock et al. (2020), Bluhm et al. (2020), and Kossakowski et al. (2021). Following the same recipe as in the mentioned references, we use the computation of the Bayesian log evidence (ln 𝒵) to compare models. Models with a Δ ln 𝒵 ≳ 2.5 in comparison to another one show moderate evidence in favor of the winning model (e.g., Trotta 2008; Feroz et al. 2011). Any value greater than 5 signifies strong evidence toward the winning model and anything below 2.5 indicates that neither of the two models are favored.
To begin, we first ran a flat model with a white-noise term (i.e., jitter term, σCARMENES-VIS) to act as a basis. Likewise, we ran a red-noise model using a dSHO-GP centered around the stellar rotation period (see below for setup details). For the 15.6 d signal, we imposed an appropriately sized uniform prior for the period, 𝒰(15.4d, 15.7 d) in order to cover the width of the peak as in the periodogram and to ensure that this true signal would be picked up rather than its nearby aliases. The time-of-transit center, which is used in juliet to parametrize the phase of the orbit, was chosen to be uniform and set to cover one cycle during the most-sampled time epoch of the RV data set, 𝒰(2458502 d, 2458515 d). Likewise, for the ~90 d signal, the prior on the period was kept wide enough to capture the tails of the posterior sample distribution, 𝒰(85 d, 95 d). To account for the stellar rotation period, we experimented modeling it with a sinusoid and with a dSHO-GP. The photometrically determined rotational period of 150–170 d (Sect. 3.2) was taken into consideration for the prior setup on the period. Within the RV periodograms (Sect. 4.1), the periodicity shows up as closer to 165 d and encounters various neighboring signals due to aliasing of the other signals. For this reason, the prior on the period was kept relatively narrow and uniform from 155 d to 175 d. Table C.2 showcases a full overview of the employed priors, including those for the instrument.
Table 4 
Model comparison using the Bayesian log evidences on the RVs for Wolf 1069.

Results
A table showcasing the Bayesian log evidence for the assortment of the tested models tested can be found in Table 4. The winning model comprises one Keplerian for the 15.6 d signal alongside a dSHO-GP centered on 165 d to describe the behavior of the stellar rotation period. We note that including an extra sinusoid term for the 90.3 d signal to this model is equivalent in terms of the Bayesian log evidence, even though this signal is evidently prominent in the GLS periodogram (Fig. 5). Given the ambiguity of the nature of this signal (Sect. 4.3), we find it appropriate to omit it from the final model and allow the dSHO-GP to moderately absorb it for the time being. The crucial aspect is that the interpretation of this signal and, thus, how we consider it in our models, which we acknowledge may adjust in the future, does not drastically alter the planetary parameters of the 15.6 d signal (Fig. 7).
For the 15.6 d signal, an eccentric Keplerian orbit was consistent with a circular one. The distribution of the eccentricity was consistent with zero. Focusing on the stellar rotation period, the dSHO-GP was preferred over a sinusoid (Δ ln 𝒵 > 10) as it is most likely better suited in describing the quasi-periodic behavior of the stellar activity. Furthermore, this corresponds well to the fact that there seems to be a high level of spot evolution as we have encountered in the stellar activity indicators (Sect. 3.2) such that this is also demonstrated as an effect in the RVs.
To conclude, the final model consists of ten free parameters applied on the 262 RV data points. The 15.6 d signal is best described by a circular Keplerian model and the 165 d signal by a dSHO-GP to account for the stellar rotation period. The best RV model from the posteriors is shown in Fig. 1, where values for the derived planetary parameters can be found in Table 5. The full posterior overview for all model parameters is located in Table C.3. A visual inspection of the posterior probability densities for key parameters are displayed in Figs. C.1 and C.2.
	[image: thumbnail]	Fig. 7 Box plot of the posteriors for the distributions of the minimum mass for the 15.6 d signal based on the model choice. The gray and blue boxes represent the 25 and 75% quartiles of the posterior from the telluric-corrected (TC) and nontelluric-corrected (nonTC) RVs, respectively. The red vertical line represents the median value of the minimum mass of the 15.6 d signal when applying the most favored model. The extending gray lines depict the rest of the distribution and the dots are deemed as “outliers”. The models named here match those in Table 4.



Table 5 
Derived posterior parameters for Wolf 1069 b.

4.3 Investigating the low-amplitude 90.3 d signal
The 90.3 d signal is significant with an FAP level near 0.1% in the GLS periodograms (Fig. 5), yet it does not statistically improve the fit when including it in the RV models including also the rotation period (Table 4). This could be an artifact that the semi-amplitude hovers around the 1 m s−1 limit (K90.3d = 91 ± 38 cm s−1), thus, making it possibly difficult to justify including such a low-amplitude signal with a relatively large uncertainty in the models. Likewise, the dSHO-GP kernel used in the model is equipped to pick up the rotational period, Prot, and half of the rotational period, Prot/2. It could be that 90.3 d is decently close to 83 d (i.e., Prot/2) and, thus, the dSHO-GP is performing its job of absorbing this signal. In fact, this is demonstrated in the GP component of the RV model shown in Fig. 1. It is nonetheless evident that this periodicity is present in the RV data as can be seen in the residuals of the RV model. Its nature, however, appears to be quite dubious. Below, we explore the signal further to better understand its origin.
Its periodicity is near a quarter of one year. A suspicion could be that this signal should be present in the telluric-contamination-only component of the RVs, though, it is not (Fig. 6, top panel). We additionally tested breaking up both the telluric-corrected (TC) and nontelluric-corrected (nonTC) RVs into “blue” and “red” subsets. To do this, we can recompute the RVs by selecting certain orders. The CARMENES VIS channel consists of 55 RV orders, 42 of which are used to compute the RV measurement via a weighted mean through serval (Zechmeister et al. 2018). For the blue and red subset, we considered the first 21 and last 21 orders, respectively. Thus, the blue and red subsets span roughly 570–700 nm and 700–910 nm, respectively. A GLS periodogram for both subsets and for both data sets is shown in Fig. 6. Taking a look at the nonTC spectra, the 388 d (telluric-attributed) signal, its yearly alias at 188 d, and the 90.3 d, as well as a neighboring signal at 97 d, are substantially stronger in the red than in the blue. This is in agreement that the telluric contamination is stronger in the red than in the blue, given that there are sharper, deeper telluric-absorption features in the redder part of the VIS channel (Fig. 1 in Reiners et al. 2018). Meanwhile, the power of the 15.6 d and 165 d signals is consistent within one another in both subsets. After the telluric correction, some residual telluric contamination remains, though dampened, indicating that the correction for tellurics was indeed effective but left some residual effect as can be seen in the RV periodograms (Fig. 5). The power of the 15.6d and 165 d signals is still compatible, which is most important. Therefore, even though the 90.3 d has no appearance in the telluric-contamination-only component, it does exhibit chromaticity and behavior similar to other telluric signals, pointing less in favor for a planetary signal and potentially more in favor of telluric effects. It is, however, puzzling as to why the 90.3 d signal does not peak in the telluric-only RVs (Fig. 6).
To summarize, we are not able to distinctly decipher the origin of the 90.3 d signal. Even if it were planetary, we currently do not have enough evidence to support this claim. As our main concern is the 15.6 d signal and we presented that its planetary parameters are independent of whether the 90.3 d signal is considered or not (Fig. 7, particularly between 1 Kep15.6 d + 1 dSHO-GP165 d and 1 Kep15.6 d + 1 Sin90.3 d + dSHO-GP165 d), we choose not to include this signal in the final model as a precaution. Further investigation or RV monitoring may be beneficial, however, this lies beyond the scope of this paper.
4.4 Transit search within TESS
With a minimum mass of 1.26 ± 0.21 M⊕ and assuming an Earthlike core-mass fraction of 0.26, we obtained a radius estimate of 1.08 R⊕ for Wolf 1069 b using the mass-radius relation as given by Zeng et al. (2016). This then translates to an expected transit depth of ~3.6 ppt, which should be easily detectable with TESS, though not with the other available photometric facilities (i.e., SuperWASP and MEarth). The transit probability is however rather low at 1.2% (p ≈ R★/ap). Nonetheless, propagating the orbital period and t0 from the RV fit with their 1-σ uncertainties (taken from Table 5), we unfortunately did not find any hint of a possible transit. We additionally checked to confirm that the transits could not have happened during the data gaps, where only one would fall within an observational gap. Likewise, we checked with the transit-least-squares16 method (Hippke & Heller 2019), though no interesting signals popped up. Given this information, we were able to obtain a maximum inclination for Wolf 1069 b of imax = arceos (R★/ap) = 89.35 deg.
5 Discussion
5.1 On the promising habitability of Wolf 1069 b
Plugging in the stellar luminosity and effective temperature (Table 2), Wolf 1069 b, with a distance of 0.0672 ± 0.0014 au to the star, sits comfortably within the conservative HZ limits, namely, 0.056–0.111 au given the runaway-greenhouse and maximum-greenhouse limits, respectively (Kopparapu et al. 2013, 2014). Even more so, it is very likely that Wolf 1069 b is indeed an Earth-like planet with Earth-like composition (32.5% iron mass fraction and 67.5% silicates) and radius around one Earth radii (following Fig. 1 in Luque & Pallé 2022), as we also estimated in Sect. 4.4. Figure 8 puts Wolf 1069 b in context with other planets around M-dwarf stars that are most likely to have a rocky composition and maintain surface liquid water as listed in the Habitable Exoplanet Catalog17 with some modifications (Appendix B). To this effect, Wolf 1069 b resembles best Proxima Centauri b, GJ 1061 d, Teegarden’s Star c, Kepler-1649 c, and GJ 1002 b and c. With the exception of Kepler-1649 c, all are RV-only detections. Furthermore, all 14 planetary systems illustrated contain more than one planetary companion, excluding Wolf 1069, Ross 128, and Kepler-1229, as discussed in Sect. 5.2. When considering the occurrence rate for planets with 1–10 Earth masses on periods shorter than 10 d around later-type M dwarfs, this value lies between ~0.56–1.75 planets per star (Ribas et al. 2023; Hardegree-Ullman et al. 2019). Regarding the proximity of these systems, Dressing & Charbonneau (2015) estimated that the nearest nontransiting HZ planet could be 2.6 ± 0.4 pc away, and is within 3.5 pc with 95% confidence for potentially habitable 1–1.5 R⊕ planets. Soon after, Proxima Centauri b was discovered at a distance of 1.30 pc (Anglada-Escudé et al. 2016), GJ 1061 d at 3.67 pc (Dreizler et al. 2020), Teegarden’s Star c at 3.83 pc (Zechmeister et al. 2019), and GJ 1002 b and c at 4.85 pc (Suárez Mascareño et al. 2023). Wolf 1069 b is located at a distance of 9.57 pc, making it the sixth closest, conservative HZ Earth-mass planet to us. Other closer contenders included Ross 128 b (d = 3.38 pc) and GJ 273 b (d = 5.83 pc), though these planets lie in the optimistic HZ.
Wolf 1069 b is in the slow rotator regime, and possibly in tidal equilibirum rotation (e.g., Heller et al. 2011), that can lead to unique atmospheric circulation pathways (e.g., Dole 1964; Yang et al. 2019; Del Genio et al. 2019b). The impacts of this slow rotation on both the potential habitability and impact on observations have been discussed in detail by several 3D GCMs (see e.g., Edson et al. 2012; Leconte et al. 2013). Preliminary results from GCMs climate simulations using both the ExoCAM model (Wolf et al. 2022) and the ROCKE-3D model (Way et al. 2017) suggest that Wolf 1069 b could maintain moderate temperatures and surface liquid water for a large range of atmospheric compositions and surface types. Simulations explore a variety of surface pressures, N2, CO2, CH4, and H2O abundances, along with desert, solid rock, slab ocean, and dynamic ocean surfaces. The comprehensive analysis of these 3D climate results and the observational signals that could be used to differentiate between climate states of Wolf 1069 b show the planet to be durably habitable (Crouse et al., in prep.). Figure 9 shows the surface temperature map produced with the ExoCAM GCM assuming a Modern Earth-like atmospheric composition. The red line delimiting the open ocean shows that a significant fraction of the day side surface could maintain liquid water, therefore day-side habitable conditions. While the presence and nature of any atmosphere on Wolf 1069 b (and existing M-dwarf planets in general) remains theoretical, the support of habitable conditions over such a wide range of possible atmospheric states puts Wolf 1069 b in the same elevated class as Proxima Centauri b (Turbet et al. 2016; Del Genio et al. 2019a), TRAPPIST-1 e (Wolf 2017; Turbet et al. 2018; Fauchez et al. 2019), and TOI-700 d (Suissa et al. 2020) as a primary target to search for habitability and biosignature markers.
Similar to Proxima Centauri b, Wolf 1069 b does not transit its host star, meaning that observation and analysis of thermal emission and reflected light phase curves will need to be employed to probe its atmosphere. Given the brightness of the host star and the distance to Earth, and assuming atmosphere models and albedo similar to the ones predicted for the TRAPPIST-1 planets and Proxima Centauri b (Turbet et al. 2022), the atmospheric characterization of Wolf 1069 b might be within the reach of the ELT18 instrumentation. ANDES19 (formerly known as HIRES; Maiolino et al. 2013) will be the first instrument theoretically capable of detecting the reflected light from HZ rocky planet atmosphere in the early 2030’s. However, for Wolf 1069 b, the small angular separation in the sky between the planet and the host stars, 7.01 milliarcsec, makes these observations very challenging, even with the use of extreme adaptive optics systems. Further instrumental advances, such as the proposed PCS20 instrument for the ELT (Kasper et al. 2021) or space-based coronographic/interFerometric missions, might be needed. While such observations are very challenging, many of the nearest planets found in the conservative HZ around M dwarfs are nontransiting, RV detections, indicating that perhaps more time and investment into the development of such observations should be considered if we want to establish ground statistics using all of the thus-far detected, potentially habitable worlds.
	[image: thumbnail]	Fig. 8 M-dwarf (Teff < 4000 K) planetary systems with at least one detected planet in the conservative sample of potentially habitable exo-planets (i.e., 0.5 R⊕ < Rp < 1.6 R⊕ or 0.1 M⊕ < M sin ip < 3 M⊕) defined by the Habitable Exoplanet Catalog. The optimistic and conservative HZ regions for a one Earth-mass planet following the definition as set out by Kopparapu et al. (2013) are shaded with light and dark green, respectively. Only the planets in either the conservative or optimistic HZ of each planetary system are shown. White-filled and gray-filled points indicate nontransiting and transiting detections, respectively. The size of the circles is proportional to the planetary radius, estimated with the mass-radius relationship of Zeng et al. (2016) for nontransiting RV planets. The data used in this plot is further discussed in Appendix B. Plot inspired by Zechmeister et al. (2019) and Dreizler et al. (2020).



	[image: thumbnail]	Fig. 9 Surface temperature map of Wolf 1069 b produced by the ExoCAM GCM, assuming a Modern Earth-like atmosphere. The map is centered at the substellar point and the red line delimits the area where water is at the liquid phase on the surface.



	[image: thumbnail]	Fig. 10 RV detection map of Wolf 1069 from an injection-and-retrieval experiment after subtracting the 15.6 d, 90.3 d and 165 d signals. The red circle indicates the planet Wolf 1069 b.



5.2 The case of Wolf 1069 b as a lone, short-period planet
Our comprehensive analysis of the RV and photometric data suggests that Wolf 1069 b is the only bonafide planet in the sensitive domain of the planetary parameter space. We characterized this domain with injection-and-retrieval tests by taking the residuals of the winning model without a GP (Sect. 4.2) and creating simulated RV time series using Eq. (2) in Sabotta et al. (2021). This was repeated 50 times on 30 log-uniformly distributed grid points in mass and 60 in period, allowing us to rule out additional planets with at least one Earth mass and periods of less than 10 days (Fig. 10). Wolf 1069 b joins a sample of currently two RV-detected, single terrestrial planets (≲2 Μ⊕), which have all been detected around M dwarfs less massive than 0.5 M⊙. These objects are GJ 393 b (Amado et al. 2021) and Ross 128 b (Bonfils et al. 2018), where the former resides in the HZ region of its host star (see also Sect. 5.1), whereas the latter receives too much flux. Likewise, transiting planets following the same criteria include GJ 367 b (Lam et al. 2021) and GJ 1252 b (Shporer et al. 2020), where the latter has rather a tentative measured mass of 2.09 ± 0.56 Μ⊙ and both are not found in the HZ of their parent stars. Nonetheless, the small sample size raises the question how frequent the solitary occurrence of such a planet is. The overall occurrence rate of small, rocky planets on close orbits has been shown to be larger around host stars of later spectral type (e.g., Mulders et al. 2015; Hardegree-Ullman et al. 2019; Hsu et al. 2020). However, there is some indication that this rule might not apply for the latest M dwarfs (Gibbs et al. 2020; Sebastian et al. 2021; Sestovic & Demory 2020; Brady & Bean 2022; Mulders et al. 2021) and that systems, such as the one presented here, could be in fact rare.
Planet formation models following the core accretion paradigm (Pollack et al. 1996) generally suggest a high multiplicity of Earth-mass planets around mid-M-dwarf host stars (Burn et al. 2021). However, these models produce many planets beyond current detection limits, and bias-corrected synthetic populations show sufficiently reduced rates to be compatible with the observations (Schlecker et al. 2022). The discovery of a single planet comparable to Wolf 1069 b is consistent with this picture.
We tested this scenario by applying the computed detection sensitivity (Fig. 10) to the synthetic planetary population NGM10 around an 0.1 M⊙ star presented in Burn et al. (2021). Using 50% detection probability limits, 48 out of a total of 1000 systems would result in a single detection. Out of those, we show in Fig. 11 the three simulations that result in planets closest to Wolf 1069 b on the period-versus-mass plane. Simulations leading to a single planet detection went through a stage of giant impacts reducing the number of planets in the inner system and increasing the mass of the detectable planet with respect to the rest of the system. This is exemplified by the three best-fitting simulations which show three to four mergers with embryos more massive than the lunar mass.
While the scenario of the formation of a single planet cannot be ruled out, those simulations show that it is also possible in ~5% of the cases to form a seemingly lone planet if multiple embryos formed at the same time. However, if future observations extend the detection limits to larger orbits and lower planetary masses, this formation theory will be more severely challenged. While a single, late stage giant impact with a similarly massive body is currently in agreement with observations (e.g., Sim 650), this could be ruled out with better sensitivity. Then, a more dynamic history of the system is required (as in Sim 967 where the complete inner system was ejected or accreted by the detectable planet). A handicap of particular importance for thorough analyses of planet multiplicity is the omission of early core formation phases in current formation models (see e.g., Ormel 2017; Schlecker et al. 2021). Future planet population synthesis studies have to take into account dust evolution, planetesimal formation, and planetary embryo formation in a self-consistent manner (Voelkel et al. 2020, 2021).
As for the observational prospects, dedicated measurements with a high-precision spectrograph focused on searching for sub-Earth-mass planets in the Wolf 1069 system could shed light on a potential inner planet candidate (as was the case with Proxima Centauri [d] first identified by Suárez Mascareño et al. 2020 and later announced as a convincing planet candidate by Faria et al. 2022, with a periodicity of ~5.12 d and K ~ 40 cm s−1), or even further rule out this possibility.
	[image: thumbnail]	Fig. 11 Formation paths and final planets in planet formation simulations taken from the population synthesis work of Burn et al. (2021). We show the three simulations with a single detectable planet closest to Wolf 1069 b in relative mass and orbital period. A planet is labeled “undetectable” if the detection probability is below 50%. Formation tracks are shown as gray lines that can end in either a filled circles (detectable planet), a triangle (accreted by detectable), a ring (undetectable), or without a marker (accreted by other planets or ejected).



5.3 Radio emission from star-planet interaction
Auroral radio emission from stars and planets is due to the electron cyclotron maser (ECM) instability (Melrose & Dulk 1982), whereby plasma processes within the star (or planet) magnetosphere generate a population of unstable electrons that amplifies the emission. The characteristic frequency of the ECM emission is given by the electron gyrofrequency, νG = 2.8 B MHz/G, where B is the local magnetic field in the source region in Gauss. ECM emission is a coherent mechanism that yields broadband (Δ ν ~ νG/2), highly polarized (sometimes reaching 100%), amplified nonthermal radiation.
For Jupiter-like planets, which have magnetic fields of Bpl ≃ 10 G, the direct detection of radio emission from them is plausible, as the associated gyrosynchrotron frequency falls above the ≃10 MHz ionosphere cutoff. However, the detection of radio emission from Earth-sized exoplanets, which are also the type of planets comprising a large majority of the CARMENES sample, is doomed to fail, as the associated frequency falls below the ionosphere cutoff.
Fortunately, if the velocity, υrel, of the plasma relative to the planetary body is less than the Alfvén speed, υA, in other words MA = υrel/υA < 1, where MA is the Alfvén Mach number, then energy and momentum can be transported upstream of the flow along Alfvén wings. Jupiter’s interaction with its Galilean satellites is a well-known example of sub-Alfvénic interaction, producing auroral radio emission (Zarka 2007). In the case of star-planet interaction, the radio emission arises from the magnetosphere of the host star, induced by the exoplanet crossing the star magnetosphere, and the relevant magnetic field is that of the star, B⋆, not the exoplanet magnetic field. Since M-dwarf stars have magnetic fields ranging from about 100 G and up to above 2–3 kG, their auroral emission falls in the range from a few hundred MHz up to a few GHz. This interaction is expected to yield detectable auroral radio emission via the cyclotron emission mechanism (e.g., Turnpenney et al. 2018; Pérez-Torres et al. 2021).
We followed the prescriptions in Appendix B of Pérez-Torres et al. (2021) to estimate the flux density expected to arise from the interaction between the planet Wolf 1069 b and its host star at a frequency of 860 MHz, which corresponds to the cyclotron frequency of the star magnetic field of 307 G, from Reiners et al. (2022). We computed the radio emission arising from star-planet interaction for two different magnetic field geometries: a closed dipolar geometry, and an open Parker spiral geometry. For the dipolar case, the motion of the plasma relative to Wolf 1069 b happens in the supra-Alfvénic regime. Therefore no energy or momentum can be transferred to the star through Alfvén waves. In the open Parker spiral case, however, the plasma motion proceeds in the sub-Alfvénic regime. We show in Fig. 12 the predicted flux density as a function of orbital distance arising from the interaction of a magnetized exoplanet (1 G) with its host star. The yellow shaded areas encompass the range of values from 0.01 to 0.1 for the efficiency factor, є, in converting Poynting flux into ECM radio emission. The expected flux density is less than 2 μ Jy. This is an extremely low value, which is not within the reach of even the most sensitive radio interferometers. The reasons behind this extremely faint signal are mainly two: First, the relatively large distance to the system (9.6 pc away); and second, the large separation of the planet from its host star (about 80 stellar radii). Therefore, the chances of detecting radio emission from star-planet interaction in Wolf 1069 are essentially null.
	[image: thumbnail]	Fig. 12 Expected flux density for auroral radio emission arising from star-planet interaction in the system Wolf 1069, as a function of orbital distance. The interaction is expected to be in the sub-Alfvénic regime (i.e., MA = υrel/υAlfv ≤ 1; top panel) at the location of each planet (vertical dashed line).



6 Conclusion
Using CARMENES spectroscopic measurements, we presented the discovery of a nontransiting exoplanet, Wolf 1069 b, with a period of 15.564 ± 0.015 d, minimum mass of 1.26 ± 0.21 Μ⊕, and insolation of [image: equation] S⊕ putting it safely in the conservative HZ around a low-mass M-dwarf star. This makes Wolf 1069 b the sixth closest (d ~ 9.6 pc), Earth-mass planet in the conservative HZ from us, following Proxima Centauri b, GJ 1061 d, Teegarden’s Star c, and GJ 1002 b and c. Preliminary investigations of the potential habitability of the planet using GCM climate simulations suggest the planet to be a promising addition to the group of current targets to search for biosignature markers, such as Proxima Centauri b, TRAPPIST-1 e, and TOI-700 d. Wolf 1069 b unfortunately does not transit its stellar host, though future observations with thermal emission and reflected light phase curves could shed light on the properties of its atmosphere. We additionally investigated whether star-planet interactions in Wolf 1069 would be feasible to observe with radio emissions, but found these potential observations unfruitful.
The Wolf 1069 system becomes more intriguing as there is no significant evidence of closer-in planets (P < 10d) greater than one Earth mass, based on our detectability limits. This configuration is a plausible outcome based on a select few synthetic planetary population simulations, and even suggestive of a planet formation history including a late giant impact phase. The detection of potential inner sub-Earth-mass planets with further sub-m s−1 RV observations could then confirm or reject this formation theory.
The stellar host itself is a relatively inactive, low-mass M5.0 dwarf, though exhibits periods of higher activity levels, for which we determine its photometric rotation period to be 150–170 d. This rotation period was also present in the CARMENES RVs, and thus, modeled with a dSHO-GP in the final fit. The RVs showed one more additional significant periodicity at 90.3 d with a low amplitude (i.e., <1 m s−1), however, we demonstrate that there is currently not enough supporting evidence in favor of a planetary origin and it appears to be an effect of telluric contamination. Further RV investigation could be beneficial. To conclude, Wolf 1069 b is a noteworthy discovery that will allow further exploration into the habitability of Earth-mass planets around M dwarfs, as well as case study in testing planetary formation theories.
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Appendix A  AliasFinder figures
The RV data show a variety of aliases related to the 15.6 d signal. In order to establish that 15.6 d is indeed the true periodicity, we tested the aliasing using AliasFinder (Stock & Kemmer 2020), which follows the methodology from Dawson & Fabrycky (2010). The essence behind the algorithm is to examine the GLS periodograms of simulated data sets, in which either of the two aliasing signals are injected, to the GLS periodogram provided by the original data. The injected signal of whichever periodogram matches best to the original one is defined to be the true periodicity apparent in the data. The results of this method by simulating 1000 time series for both the daily and yearly sampling frequencies is shown in Fig. A.1, confirming the true signal to be 15.6 d.
	[image: thumbnail]	Fig. A.1 Plots generated by AliasFinder for the daily (top) and yearly (bottom) aliases for the 15.6 d signal. Each row illustrates the results for one simulated frequency, as indicated by the dashed blue vertical line. Each column is centered on a frequency window corresponding to the simulated frequencies. The red line represents the periodogram of the original data set, whereas the black line is the median of the simulations, and the gray shaded regions depict the interquartile range and the confidence range of 90% and 99% of the simulations. The clock diagrams indicate the phase.




Appendix B  Known planets in the habitable zone around M dwarfs
We started from the list collected by PHL at UPR, which obtains its parameters from the NASA exoplanet archive. The list, as last updated on 06 December 2021, comprises 21 planets that are most probable to have a rocky composition and maintain surface liquid water. We individually vetted each system using the most up-to-date literature and updated the planetary and stellar parameters. Most of the planets stayed consistent since the update, though there are some modifications:

	GJ 667 C: We omit the planets d, e, f, and g proposed by Anglada-Escudé et al. (2013) in which the second two would reside in the HZ. They emerged as controversial when stellar activity was also modeled within the RVs as a red-noise component (Robertson & Mahadevan 2014; Feroz & Hobson 2014). Unfortunately, that leaves only planet c in the optimistic HZ in this planetary system. Nonetheless, there is still an inner planet to that of the HZ one, planet b, with a minimum mass of 5.6 M⊕.


	LP 890-9: We add the planet b recently unveiled by Delrez et al. (2022) around LP 890-9, which is next coolest star found to host a HZ planet, after TRAPPIST-1.


	GJ 1002: We add planets b and c recently discovered around the M5.5 V star, both of which reside in the conservative HZ (Suárez Mascareño et al. 2023).




Appendix C  Priors and posteriors
Table C.1 
Prior parameters for the photometric rotation period determination in Sect. 3.2.

Table C.2 
Priors for the RV fits for Wolf 1069 with juliet in Sect. 4.2.

	[image: thumbnail]	Fig. C.1 Posterior distributions for the inner-most planet Wolf 1069 b from the final RV fit described in Sect. 4.2.



	[image: thumbnail]	Fig. C.2 Posterior distributions for the stellar rotation period using the dSHO-GP from the final RV fit described in Sect. 4.2.



Table C.3 
Full set of posterior parameters used in the final model choice for Wolf 1069 and described in Sect. 4.2.


Appendix D  Short tables and data tables
Table D.1 
Multiband photometry of Wolf 1069a.

Table D.2 
Telluric-corrected RV data used in this work for Wolf 1069. Data will be available online in machine-readible format.
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	[image: thumbnail]	Fig. 1 RV time series and phase-folded plots for Wolf 1069 b. Top panel: CARMENES VIS RV measurements for Wolf 1069 along with the best-fit model (dark gray line) and the stellar rotation period modeled by a dSHO-GP (orange). The light gray band indicates the 68% confidence interval of the model. Bottom panel: RVs phase-folded to the period of Wolf 1069 b at 15.6 d (Kb = 1.07 ± 0.17 m s−1) and with the GP component subtracted out. The black circles represent the data points binned to 0.1 in phase space for visualization purposes. The bottom panel for each plot represents the residuals after subtracting out the model. There are two data points that did not fit within the boundary for visual reasons.
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	[image: thumbnail]	Fig. 2 Time series of the long-term photometry for Wolf 1069 color coded by instrument and filter. The time range for each panel is consistent among all panels. The MEarth-tel05-s1 data were not included in the final rotational period determination but are faintly shown for illustrative purposes. Given that the GP model is unique to each instrument with its own amplitude hyperparamter (see for example Fig. 8 in Kemmer et al. 2020), the extrapolated GP models of two instruments (MEarth-tel-05 and OSN-R-T90) are overplotted with the same color as their respective data sets for illustrative purposes.
In the text



	[image: thumbnail]	Fig. 3 GLS periodograms for the long-term photometric data of Wolf 1069. The right panels are zoomed in to the longer-period regime. Each horizontal panel represents an effective instrument that was considered for the determination of the stellar rotation period (Sect. 3.2). The normalized GLS power of the sampling of the data for each row is shown in gray. The range for the photometric rotation period of 150–170 d is shaded in orange. Some significant alias signals due to the sampling of each respective data set are illustrated with a vertical dashed line, whereas the true signal is marked with a solid line.
In the text



	[image: thumbnail]	Fig. 4 GLS periodograms for various known stellar activity indicators from the CARMENES spectroscopy. The window function of the data sampling can be found in Fig. 5a. For consistency, the colored vertical lines and the frequency width of the panels on the left correspond exactly to those in the RV GLS periodograms (Fig. 5). The horizontal dashed, dot-dashed, and dotted blue lines represent the 10, 1, and 0.1% FAP levels (from bottom to top).
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	[image: thumbnail]	Fig. 5 GLS periodograms for the RVs of Wolf 1069 after sequentially subtracting out the most prominent signals. The horizontal dashed, dot-dashed, and dotted lines represent the 10, 1, and 0.1% FAP levels (from bottom to top). There were no significant signals with periods shorter than 10 d other than the aliases due to the daily sampling. The right panel is a closer zoom-in of the left panel to highlight the longer-period signals. The 15.6 d planetary signal is illustrated with a vertical blue solid line, and the 90.3 d signal and its alias due to the 270-d sampling with a green solid and dashed line, respectively. The range for the photometric rotation period is shaded in orange, where the stellar rotation period within the RVs is marked with an orange solid line. The component of residual telluric contamination at 388 d and its alias due to the 365-d sampling period are also represented with a vertical magenta solid and dashed line, respectively. Panel a: the window function of the data set. Panel b: no signal fitted, solely the original RVs with an offset and jitter term. Panel c: residuals after subtracting the 15.6 d signal. Panel d: residuals after subtracting a simultaneous model fit of two sinusoids at 15.6 and 90.3 d. Panel e: residuals after subtracting a simultaneous model fit of three sinusoids at 15.6, 90.3, and 165 d. Panel f: residuals after subtracting the final model choice including 1 Keplerian at 15.6 d (further described in Sect. 4.2).
In the text



	[image: thumbnail]	Fig. 6 GLS periodograms of the telluric-only (nonTC subtracted from TC; top), nonTC (middle) and TC (bottom) RVs. The red and blue colors represent the “blue” and “red” subsets within the VIS channel of the CARMENES instrument (Sect. 4.3). The vertical lines match those in Fig. 5 for consistency and the horizontal lines are identical in the bottom panels but differ slightly from the top panel.
In the text



	[image: thumbnail]	Fig. 7 Box plot of the posteriors for the distributions of the minimum mass for the 15.6 d signal based on the model choice. The gray and blue boxes represent the 25 and 75% quartiles of the posterior from the telluric-corrected (TC) and nontelluric-corrected (nonTC) RVs, respectively. The red vertical line represents the median value of the minimum mass of the 15.6 d signal when applying the most favored model. The extending gray lines depict the rest of the distribution and the dots are deemed as “outliers”. The models named here match those in Table 4.
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	[image: thumbnail]	Fig. 8 M-dwarf (Teff < 4000 K) planetary systems with at least one detected planet in the conservative sample of potentially habitable exo-planets (i.e., 0.5 R⊕ < Rp < 1.6 R⊕ or 0.1 M⊕ < M sin ip < 3 M⊕) defined by the Habitable Exoplanet Catalog. The optimistic and conservative HZ regions for a one Earth-mass planet following the definition as set out by Kopparapu et al. (2013) are shaded with light and dark green, respectively. Only the planets in either the conservative or optimistic HZ of each planetary system are shown. White-filled and gray-filled points indicate nontransiting and transiting detections, respectively. The size of the circles is proportional to the planetary radius, estimated with the mass-radius relationship of Zeng et al. (2016) for nontransiting RV planets. The data used in this plot is further discussed in Appendix B. Plot inspired by Zechmeister et al. (2019) and Dreizler et al. (2020).
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	[image: thumbnail]	Fig. 9 Surface temperature map of Wolf 1069 b produced by the ExoCAM GCM, assuming a Modern Earth-like atmosphere. The map is centered at the substellar point and the red line delimits the area where water is at the liquid phase on the surface.
In the text



	[image: thumbnail]	Fig. 10 RV detection map of Wolf 1069 from an injection-and-retrieval experiment after subtracting the 15.6 d, 90.3 d and 165 d signals. The red circle indicates the planet Wolf 1069 b.
In the text



	[image: thumbnail]	Fig. 11 Formation paths and final planets in planet formation simulations taken from the population synthesis work of Burn et al. (2021). We show the three simulations with a single detectable planet closest to Wolf 1069 b in relative mass and orbital period. A planet is labeled “undetectable” if the detection probability is below 50%. Formation tracks are shown as gray lines that can end in either a filled circles (detectable planet), a triangle (accreted by detectable), a ring (undetectable), or without a marker (accreted by other planets or ejected).
In the text



	[image: thumbnail]	Fig. 12 Expected flux density for auroral radio emission arising from star-planet interaction in the system Wolf 1069, as a function of orbital distance. The interaction is expected to be in the sub-Alfvénic regime (i.e., MA = υrel/υAlfv ≤ 1; top panel) at the location of each planet (vertical dashed line).
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	[image: thumbnail]	Fig. A.1 Plots generated by AliasFinder for the daily (top) and yearly (bottom) aliases for the 15.6 d signal. Each row illustrates the results for one simulated frequency, as indicated by the dashed blue vertical line. Each column is centered on a frequency window corresponding to the simulated frequencies. The red line represents the periodogram of the original data set, whereas the black line is the median of the simulations, and the gray shaded regions depict the interquartile range and the confidence range of 90% and 99% of the simulations. The clock diagrams indicate the phase.
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	[image: thumbnail]	Fig. C.1 Posterior distributions for the inner-most planet Wolf 1069 b from the final RV fit described in Sect. 4.2.
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	[image: thumbnail]	Fig. C.2 Posterior distributions for the stellar rotation period using the dSHO-GP from the final RV fit described in Sect. 4.2.
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        RV time series and phase-folded plots for Wolf 1069 b. Top panel: CARMENES VIS RV measurements for Wolf 1069 along with the best-fit model (dark gray line) and the stellar rotation period modeled by a dSHO-GP (orange). The light gray band indicates the 68% confidence interval of the model. Bottom panel: RVs phase-folded to the period of Wolf 1069 b at 15.6 d (Kb = 1.07 ± 0.17 m s−1) and with the GP component subtracted out. The black circles represent the data points binned to 0.1 in phase space for visualization purposes. The bottom panel for each plot represents the residuals after subtracting out the model. There are two data points that did not fit within the boundary for visual reasons.

      

    

  
    
      Table 1 

      Observing log of ground-based long-term photometric observations acquired for Wolf 1069.
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      Fig. 2 
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        Time series of the long-term photometry for Wolf 1069 color coded by instrument and filter. The time range for each panel is consistent among all panels. The MEarth-tel05-s1 data were not included in the final rotational period determination but are faintly shown for illustrative purposes. Given that the GP model is unique to each instrument with its own amplitude hyperparamter (see for example Fig. 8 in Kemmer et al. 2020), the extrapolated GP models of two instruments (MEarth-tel-05 and OSN-R-T90) are overplotted with the same color as their respective data sets for illustrative purposes.

      

    

  
    
      Table 2 

      Stellar parameters of Wolf 1069.

      
        


	Parameter
	Value
	Reference





	Basic identifiers and data



	Name
	Wolf 1069
	Wolf1920



	GJ
	1253
	Gli57



	Karmn
	J20260+585
	Cab16



	Gaia DR3
	2188318517720321664
	Gaia DR3



	G (mag)
	12.352 ± 0.003
	Gaia DR3(a)



	Coordinates and spectral classification



	α (ICRS)
	20:26:05.80
	Gaia DR3



	δ (ICRS)
	+58:34:31.4
	Gaia DR3



	Sp. type
	M5.0V
	Reid95



	Parallax and kinematics



	π (mas)
	104.441 ± 0.026
	Gaia DR3



	d (pc)
	9.5747 ± 0.0024
	Gaia DR3



	μα cos δ (mas yr−1)
	261.038 ± 0.032
	Gaia DR3



	μδ (mas yr−1)
	542.906 ± 0.031
	Gaia DR3



	γ (km s−1)
	−60.047 ± 0.020
	Lafa20



	U (km s−1)
	−23.1335 ± 0.0057
	This work



	V (km s−1)
	−61.2071 ± 0.0200
	This work



	W (km s−1)
	−8.4689 ± 0.0060
	This work



	Galactic population
	Thin disk
	This work



	Photospheric parameters



	Teff (K)
	3158 ± 54
	Pass19



	log g* (cgs)
	4.93 ± 0.06
	Pass19



	[Fe/H] (dex)
	0.07 ± 0.19
	Pass19



	v sin i* (km s−1)
	<2
	Rein18



	pEW(Hα)
	−0.045 ± 0.082
	Fuhr22



	⟨B⟩ (G)
	<620
	Rein22



	log FX (mW m−2)
	−13.27
	Stel13



	Prot (d)
	150–170
	This work



	Physical parameters



	L* (10−4 L⊙)
	29.44 ± 0.28
	This work



	R* (R⊙)
	0.1813 ± 0.0063
	This work



	M* (M⊙)
	0.167 ± 0.011
	This work



	Conservative HZ (au)(c)
	[0.056,0.111]
	This work





      

      
Notes. (a)See Table D.1 for multiband photometry different from Gaia DR3 G band. (b)See Sect. 3.2 for the Prot determination. (c) For planets with Mp = 1 M⊕.


References. Cab16: Caballero et al. (2016a); Cif20: Cifuentes et al. (2020); Gaia DR3: Gaia Collaboration (2023); Fuhr20: Fuhrmeister et al. (2020); Fuhr22: Fuhrmeister et al. (2022); Gli57: Gliese (1957); Lafa20: Lafarga et al. (2020); Mar21: Marfil et al. (2021). Pas19: Passegger et al. (2019); Reid95: Reid et al. (1995); Rein22: Reiners et al. (2022); Schw19: Schweitzer et al. (2019); Stel13: Stelzer et al. (2013); Wolf1920: Wolf (1920).




    

  
    
      Fig. 3 
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        GLS periodograms for the long-term photometric data of Wolf 1069. The right panels are zoomed in to the longer-period regime. Each horizontal panel represents an effective instrument that was considered for the determination of the stellar rotation period (Sect. 3.2). The normalized GLS power of the sampling of the data for each row is shown in gray. The range for the photometric rotation period of 150–170 d is shaded in orange. Some significant alias signals due to the sampling of each respective data set are illustrated with a vertical dashed line, whereas the true signal is marked with a solid line.

      

    

  
    
      Fig. 5 
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        GLS periodograms for the RVs of Wolf 1069 after sequentially subtracting out the most prominent signals. The horizontal dashed, dot-dashed, and dotted lines represent the 10, 1, and 0.1% FAP levels (from bottom to top). There were no significant signals with periods shorter than 10 d other than the aliases due to the daily sampling. The right panel is a closer zoom-in of the left panel to highlight the longer-period signals. The 15.6 d planetary signal is illustrated with a vertical blue solid line, and the 90.3 d signal and its alias due to the 270-d sampling with a green solid and dashed line, respectively. The range for the photometric rotation period is shaded in orange, where the stellar rotation period within the RVs is marked with an orange solid line. The component of residual telluric contamination at 388 d and its alias due to the 365-d sampling period are also represented with a vertical magenta solid and dashed line, respectively. Panel a: the window function of the data set. Panel b: no signal fitted, solely the original RVs with an offset and jitter term. Panel c: residuals after subtracting the 15.6 d signal. Panel d: residuals after subtracting a simultaneous model fit of two sinusoids at 15.6 and 90.3 d. Panel e: residuals after subtracting a simultaneous model fit of three sinusoids at 15.6, 90.3, and 165 d. Panel f: residuals after subtracting the final model choice including 1 Keplerian at 15.6 d (further described in Sect. 4.2).

      

    

  
    
      Fig. 6 
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        GLS periodograms of the telluric-only (nonTC subtracted from TC; top), nonTC (middle) and TC (bottom) RVs. The red and blue colors represent the “blue” and “red” subsets within the VIS channel of the CARMENES instrument (Sect. 4.3). The vertical lines match those in Fig. 5 for consistency and the horizontal lines are identical in the bottom panels but differ slightly from the top panel.

      

    

  
    
      Table 4 

      Model comparison using the Bayesian log evidences on the RVs for Wolf 1069.

      
        


	Model
	ln 𝒵
	Δ ln 𝒵





	Base models
	
	



	Flat
	−640.00
	−33.14



	dSHO-GP165 d
	−618.51
	−11.65



	One-signal model
	
	



	1 Kep15.6 d
	−631.49
	−24.63



	Two-signal models
	
	



	1 Kep15.6 d + 1 Sin90.3 d
	−620.62
	−13.76



	1 Kep15.6 d + dSHO-GP165 d
	−606.86
	0.0



	Three-signal models
	
	



	1 Kep15.6 d + 2 Sin90.3 d, 165 d
	−616.83
	−9.96



	1 Kep15.6 d + 1 Sin90.3 d + dSHO-GP165 d
	−606.94
	−0.08





      

      
Notes. The chosen model was the 1 Kep15.6d + dSHO-GP165 d, as marked as the bold-faced row. A better model would have a larger, more positive Δ ln 𝒵. Regarding the model names, “Kep” refers to a circular Keplerian orbit and “Sin” to a sinusoidal signal. The period values are quoted as the median of the posterior distribution and can vary slightly depending on the model choice.




    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Box plot of the posteriors for the distributions of the minimum mass for the 15.6 d signal based on the model choice. The gray and blue boxes represent the 25 and 75% quartiles of the posterior from the telluric-corrected (TC) and nontelluric-corrected (nonTC) RVs, respectively. The red vertical line represents the median value of the minimum mass of the 15.6 d signal when applying the most favored model. The extending gray lines depict the rest of the distribution and the dots are deemed as “outliers”. The models named here match those in Table 4.

      

    

  
    
      Table 5 

      Derived posterior parameters for Wolf 1069 b.

      
        


	Parameter name
	Posterior(a) b
	Unit





	Pp
	[image: equation]
	d



	t0,p (BJD)
	[image: equation]
	d



	Kp
	[image: equation]
	m s−1



	[image: equation]
	0.0 (fixed)
	…



	[image: equation]
	0.0 (fixed)
	…



	M sin ip
	[image: equation]
	M⊕



	ap
	[image: equation]
	au



	Teq (b)
	[image: equation]
	K



	Sp
	[image: equation]
	S⊕





      

      
Notes. (a) Error bars denote the 68% posterior credibility intervals. (b) The equilibrium temperature of the planet assuming zero Bond Albedo and one emissivity.




    

  
    
      Fig. 8 
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        M-dwarf (Teff < 4000 K) planetary systems with at least one detected planet in the conservative sample of potentially habitable exo-planets (i.e., 0.5 R⊕ < Rp < 1.6 R⊕ or 0.1 M⊕ < M sin ip < 3 M⊕) defined by the Habitable Exoplanet Catalog. The optimistic and conservative HZ regions for a one Earth-mass planet following the definition as set out by Kopparapu et al. (2013) are shaded with light and dark green, respectively. Only the planets in either the conservative or optimistic HZ of each planetary system are shown. White-filled and gray-filled points indicate nontransiting and transiting detections, respectively. The size of the circles is proportional to the planetary radius, estimated with the mass-radius relationship of Zeng et al. (2016) for nontransiting RV planets. The data used in this plot is further discussed in Appendix B. Plot inspired by Zechmeister et al. (2019) and Dreizler et al. (2020).

      

    

  
    
      Fig. 10 
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        RV detection map of Wolf 1069 from an injection-and-retrieval experiment after subtracting the 15.6 d, 90.3 d and 165 d signals. The red circle indicates the planet Wolf 1069 b.

      

    

  
    
      Fig. 11 
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        Formation paths and final planets in planet formation simulations taken from the population synthesis work of Burn et al. (2021). We show the three simulations with a single detectable planet closest to Wolf 1069 b in relative mass and orbital period. A planet is labeled “undetectable” if the detection probability is below 50%. Formation tracks are shown as gray lines that can end in either a filled circles (detectable planet), a triangle (accreted by detectable), a ring (undetectable), or without a marker (accreted by other planets or ejected).

      

    

  
    
      Fig. 12 
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        Expected flux density for auroral radio emission arising from star-planet interaction in the system Wolf 1069, as a function of orbital distance. The interaction is expected to be in the sub-Alfvénic regime (i.e., MA = υrel/υAlfv ≤ 1; top panel) at the location of each planet (vertical dashed line).

      

    

  
    
      Fig. A.1 
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        Plots generated by AliasFinder for the daily (top) and yearly (bottom) aliases for the 15.6 d signal. Each row illustrates the results for one simulated frequency, as indicated by the dashed blue vertical line. Each column is centered on a frequency window corresponding to the simulated frequencies. The red line represents the periodogram of the original data set, whereas the black line is the median of the simulations, and the gray shaded regions depict the interquartile range and the confidence range of 90% and 99% of the simulations. The clock diagrams indicate the phase.

      

    

  
    
      Table C.1 

      Prior parameters for the photometric rotation period determination in Sect. 3.2.

      
        


	Parameter name
	Prior
	Unit
	Description





	
	Photometric instrumental parameters



	μOSN-V-T150
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for OSN-V-T150



	σOSN-V-T150
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for OSN-V-T150



	μOSN-R-T150
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for OSN-R-T150



	σOSN-R-T150
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for OSN-R-T150



	μOSN-I-T150
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for OSN-I-T150



	σOSN-I-T150
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for OSN-I-T150



	μOSN-V-T90
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for OSN-V-T90



	σOSN-V-T90
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for OSN-V-T90



	μOSN-R-T90
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for OSN-R-T90



	σOSN-R-T90
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for OSN-R-T90



	μTJO-R
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for TJO-R



	σTJO-R
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for TJO-R



	μSuperWASP
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for SuperWASP



	σSuperWASP
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for SuperWASP



	μMEarth-tel01-s1
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for MEarth-tel01-s1



	σMEarth-tel01-s1
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for MEarth-tel01-s1



	μMEarth-tel01-s2
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for MEarth-tel01-s2



	σMEarth-tel01-s2
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for MEarth-tel01-s2



	μMEarth-tel05-s2
	𝒰(0.9, 1.1)
	ppm
	Photometric normalization for MEarth-tel05-s2



	σMEarth-tel05-s2
	𝒥(10−8, 10−1)
	ppm
	Extra jitter term for MEarth-tel05-s2



	
	dSHO-GP parameters



	Prot, GP, all(a)
	J(10, 200)
	d
	Primary period of the dSHO-GP



	δQGP, all(a)
	𝒥(102, 105)
	…
	Quality factor difference between the first and second oscillations of the dSHO-GP



	Q0 GP, all(a)
	𝒥(10−8,103)
	…
	Quality factor for the secondary oscillation of the dSHO-GP



	σGP, OSN-V-T150,OSN-V-T90
	[image: equation]



	σGP, OSN-R-T150,OSN-R-T90,TJO-R



	σGP, OSN-I-T150



	σGP, MEarth-tel01-s1



	σGP, MEarth-tel01-s2,MEarth-tel05-s2



	σGP, SuperWASP



	fGP, OSN-V-T150,OSN-V-T90
	[image: equation]



	fGP, OSN-R-T150,OSN-R-T90,TJO-R



	fGP, OSN-I-T150



	fGP, MEarth-tel01-s1,MEarth-tel01-s2,MEarth-tel05-s2



	fGP, SuperWASP





      

      
Notes. (a) “all” comprises the following instruments: OSN-V-T150, OSN-R-T150,OSN-I-T150, OSN-V-T90, OSN-R-T90, TJO-R, SuperWASP, MEarth-tel01-s1, MEarth-tel01-s2, MEarth-tel05-s2




    

  
    
      Table C.2 

      Priors for the RV fits for Wolf 1069 with juliet in Sect. 4.2.

      
        


	Parameter name
	Prior
	Units
	Description





	
	Parameters for planet b



	Pb
	𝒰(15.4, 15.7)
	d
	Period.



	t0,b
	𝒰(2458502.0, 2458515.0)
	d
	Time-of-transit center.



	Kb
	𝒰(0.0, 5.0)
	m s−1
	Radial velocity semi-amplitude.



	[image: equation]
	𝓕(0.0) (circular)
	
	Parametrization for e and ω



	
	𝒰(−1, 1) (eccentric)
	
	Parametrization for e and ω



	[image: equation]
	𝓕(0.0) (circular)
	
	Parametrization for e and ω



	
	𝒰(−1, 1) (eccentric)
	
	Parametrization for e and ω



	
	Parameters for the 90.3 d signal



	P2
	𝒰(85.0, 95.0)
	d
	Period.



	t0,2
	𝒰(2458500.0, 2458590.0)
	d
	Time-of-transit center.



	K2
	𝒰(0.0, 5.0)
	m s−1
	Radial velocity semi-amplitude.



	[image: equation]
	𝓕(0.0) (circular)
	
	Parametrization for e and ω



	[image: equation]
	𝓕(0.0) (circular)
	
	Parametrization for e and ω



	
	RV instrumental parameters



	γCARMENES-VIS
	𝒰(−20.0, 20.0)
	m s−1
	Systemic velocity for CARMENES



	σCARMENES-VIS
	𝒥(0.01, 50.0)
	m s−1
	Extra jitter term for CARMENES



	
	dSHO-GP parameters



	σGP, CARMENES-VIS
	𝒰(0.0, 15.0)
	m s−1
	Amplitude of the dSHO-GP



	Q0 GP, CARMENES-VIS
	𝒥(10−8, 105)
	
	Quality factor for the secondary oscillation of the dSHO-GP



	fGP, CARMENES-VIS
	𝒰(0.1, 1.0)
	
	Fractional amplitude of the secondary oscillation of the dSHO-GP



	δQGP, CARMENES-VIS
	𝒥(102, 108)
	
	Quality factor difference between the first and second oscillations of the dSHO-GP



	Prot, GP, CARMENES-VIS
	𝒰(155.0, 175.0)
	d
	Primary period of the dSHO-GP





      

      
Notes. The 90.3 d signal is not speculated to have planetary origins (Sect. 4.3), so we denote it as a signal “2”.




    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Posterior distributions for the inner-most planet Wolf 1069 b from the final RV fit described in Sect. 4.2.

      

    

  
    
      Fig. C.2 

      
        [image: thumbnail]
      

      
        Posterior distributions for the stellar rotation period using the dSHO-GP from the final RV fit described in Sect. 4.2.

      

    

  
    
      Table D.2 

      Telluric-corrected RV data used in this work for Wolf 1069. Data will be available online in machine-readible format.

      
        


	BJD (TDB*)
	RV (m s−1)
	σRV (m s−1)
	Instrument





	2457563.66099
	−11.183
	1.547
	CARMENES



	2457569.58800
	−10.331
	3.441
	CARMENES



	2457575.61747
	−12.551
	1.584
	CARMENES



	2457584.59445
	−15.557
	2.250
	CARMENES



	2457591.51688
	−11.028
	1.915
	CARMENES



	2457594.58057
	−14.606
	2.152
	CARMENES



	2457596.52948
	−15.083
	1.468
	CARMENES



	2457597.44527
	−16.279
	1.138
	CARMENES



	2457610.51532
	−13.451
	1.577
	CARMENES



	2457612.45812
	−12.912
	1.810
	CARMENES



	2457613.43402
	−12.103
	1.540
	CARMENES



	⋮
	⋮
	⋮
	⋮



	2458978.65464
	−12.167
	2.433
	CARMENES



	2458988.61439
	−9.675
	1.770
	CARMENES



	2458994.61685
	−9.450
	1.428
	CARMENES



	2458999.63468
	−6.863
	1.591
	CARMENES



	2459000.64327
	−7.105
	1.278
	CARMENES



	2459001.64411
	−7.717
	1.318
	CARMENES



	2459006.64529
	−5.812
	1.641
	CARMENES



	2459010.59488
	−5.312
	1.664
	CARMENES



	2459015.61493
	−7.113
	1.513
	CARMENES



	2459017.64665
	−9.772
	3.050
	CARMENES





      

      
Notes. (*) Barycentric dynamical time.
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Begin End [C)) (ppt)
SuperWASP 13 June 2007 12 August 2008 400-700nm 426 10436 172 10.05
29 September 2012 08 July 2015 1012 2595 183 6.02

MEarth-tel0l 3 September 2017 19 November 2018 — 431 6237 177 6.85
28 May 2012° 10 November 2015" 1260 2716 228 544

MEarth-tel05 {13 September 2017 19 November 2018 431 5665 175 6.52
31 August 2017 06 December 2017 Vv 97 1322 41 8.65

OSN-T150 31 August 2017 06 December 2017 R 97 1276 39 5.90
14 September 2017 06 December 2017 1 84 1078 37 6.38

29 June 2017 04 September 2017 67 439 24 6.07

21 June 2019 29 October 2019 % 130 719 45 742

OSNTO0 26June 2020 02 November 2020 129 1187 64 8.73
g 29 June 2017 04 September 2017 67 442 24 5.68

21 June 2019 29 October 2019 R 130 716 45 8.10

26June 2020 02 November 2020 129 1207 64 6.40

TJO-TS0 19 December 2018 12 January 2020 R 388 1345 79 10.02

Notes. @Time span of the observation. ®’Number of nightly binned observations. “Root mean square in parts-per-thousand. Data sets that were
not used for the photometric rotational period determination are indicated by a dagger .
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