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Abstract

Context. Teegarden’s Star is the brightest and one of the nearest ultra-cool dwarfs in the solar neighbourhood. For its late spectral type (M7.0 V), the star shows relatively little activity and is a prime target for near-infrared radial velocity surveys such as CARMENES.

Aims. As part of the CARMENES search for exoplanets around M dwarfs, we obtained more than 200 radial-velocity measurements of Teegarden’s Star and analysed them for planetary signals.

Methods. We find periodic variability in the radial velocities of Teegarden’s Star. We also studied photometric measurements to rule out stellar brightness variations mimicking planetary signals.

Results. We find evidence for two planet candidates, each with 1.1 M⊕ minimum mass, orbiting at periods of 4.91 and 11.4 d, respectively. No evidence for planetary transits could be found in archival and follow-up photometry. Small photometric variability is suggestive of slow rotation and old age.

Conclusions. The two planets are among the lowest-mass planets discovered so far, and they are the first Earth-mass planets around an ultra-cool dwarf for which the masses have been determined using radial velocities.

Key words: methods: data analysis / planetary systems / stars: late-type / stars: individual: Teegarden’s Star
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1 Introduction
Since the first exoplanet discoveries in the mid-1990s, more than 800 exoplanets have been detected with the radial-velocity (RV) method, while thousands of them have been detected with dedicated transit searches. Despite this great success, only very few planets have been found so far around dwarf stars later than M4.5 V, although these very late stellar types are very numerous. We know1 only two planet hosts with effective temperatures cooler than 3000 K, but these are remarkable. One of them is Proxima Centauri (M5.5 V), which is the closest star to the Sun and hosts an Earth-mass planet in its habitable zone (Anglada-Escudé et al. 2016). The other one is TRAPPIST-1 ( 2MUCD 12171; M8.0 V), which hosts seven transiting planets and is located at a distance of 12.0 ± 0.4 pc (Gillon et al. 2016, 2017).
The paucity of planet detections around very late-type stars is mainly an observational bias due to the faintness in the visible wavelength range and red colours of these stars. The CARMENES2 project (Quirrenbach et al. 2018), as well as a number of other projects (e.g. SPIRou3, Donati et al. 2018; IRD4, Kotani et al. 2018; HPF5, Mahadevan et al. 2014; NIRPS6, Wildi et al. 2017), aim to address this bias. Here we report the discovery of two planet candidates orbiting Teegarden’s Star. First, we introduce the host star in Sect. 2. The RV measurements and the intensive photometric monitoring are presented in Sect. 3, and they are analysed in Sects. 4 and 5. The results are discussed in Sect. 6.
2 Teegarden’s Star
2.1 Basic stellar parameters
Teegarden’s Star was discovered in this century by Teegarden et al. (2003). It is the 24th nearest star to the Sun7 with a distance of 3.831 pc. The spectral type is M7.0 V (Alonso-Floriano et al. 2015), making it the brightest representative of this and later spectral classes with a J magnitude of 8.39 mag (V = 15.08 mag). Schweitzer et al. (2019) derived the effective temperature Teff, metallicity [Fe/H], and surface gravity log g from fitting PHOENIX synthetic spectra (Husser et al. 2013) to CARMENES spectra following the method of Passegger et al. (2018). They obtained the luminosity L with Gaia DR2 parallax and integrated broad-band photometry as described in Cifuentes et al. (in prep.). Schweitzer et al. (2019) then estimated the stellar radius R via Stefan-Boltzmann’s law and finally a stellar mass M of 0.089 M⊙ by using their own linear mass-radius relation. Table 1 summarises a number of basic parameters mostly compiled from our M-dwarf database Carmencita (Caballero et al. 2016). For comparison, we also provide the Teff from Rojas-Ayala et al. (2012) and [Fe/H] from Dieterich et al. (2014), pointing to disagreement of stellar parameter determination at the very cool end.
Table 1

Stellar parameters for Teegarden’s Star.

2.2 Activity, rotation period, and age estimates
During their lifetime, low-mass stars lose angular momentum, leading to slower rotation and lower magnetic activity at old ages (e.g. Barnes 2007; Irwin & Bouvier 2009). Two useful measures ofmagnetic activity are non-thermal emissions in Hα and in X-rays. Reiners et al. (2018) reported for Teegarden’s Star a normalised Hα luminosity of log LHα∕Lbol = −5.18 based on one CARMENES spectrum. The average over all CARMENES spectra is log LHα∕Lbol = −5.25. This value can be compared to other ultra-cool dwarfs, for example those measured in Reiners & Basri (2010). Out of their sample of 24 stars of spectral types M7.0 V and M7.5 V, only one exhibits Hα emission as low as Teegarden’s Star ( LP 321-222: log LHα∕Lbol < −5.27). In Jeffers et al. (2018), it also belonged to the least active stars in this spectral bin. However, Teegarden’s Star exhibits occasional flares (Fig. 1), and log LHα∕Lbol varies from − 5.58 up to − 4.26 during the CARMENES observations (see also Fig. 9).
The stellar rotation period of Teegarden’s Star has not been measured. Newton et al. (2016) listed a photometric period of 18.460 d with an amplitude of 0.0013 ± 0.0021 mag based on MEarth data. Because the uncertainty is larger than the amplitude itself, a detection cannot be claimed. The line profiles of Teegarden’s Star do not exhibit any significant rotational broadening in the CARMENES spectra (v sin i < 2 km s−1, Reiners et al. 2018). When a stellar radius of 0.107 R⊙ is assumed, this implies a minimum stellar rotation longer than Prot > 2.7 d. To estimate the rotation period of Teegarden’s Star, we can use Hα-Prot relations. Newton et al. (2017) showed that stars with masses of about 0.1 M⊙ and no significant Hα emission rotate at periods Prot ≈ 100 d or longer (see their Fig. 5). Similar estimates can be obtained from the works of West et al. (2015, Fig. 8) or Jeffers et al. (2018, Fig. 2).
The age of Teegarden’s Star can be estimated in various ways. Again, the normalised Hα luminosity can be used. West et al. (2008) showed the distribution of Hα activity from an analysis of 38 000 M dwarfs. Their low-resolution Sloan Digital Sky Survey (SDSS) spectra are sensitive to Hα equivalent widths of 1 Å in emission, which translates into log LHα∕Lbol well above − 5 at this spectral type. From their data they concluded that stars of spectral type M7 V show emission in excess of this threshold for as long as [image: equation] Gyr. Our average measurements of Hα emission are significantly below this threshold, so that Teegarden’s Star would be classified as inactive according to the work of West et al. (2008).
An X-ray measurement of Teegarden’s Star was attempted by Stelzer et al. (2014), who reported an upper limit of log FX∕mW m2 < −13.03 from the non-detection. Normalised with an updated bolometric flux of log Fbol∕mW m2 < −8.79 (calculated with distances and luminosity from Table 1), this upper limit of log LX∕Lbol < −4.23 does not provide strong constraints on age or rotation rate, but it is consistent with our conclusions from the Hα measurement (see, e.g., Wright et al. 2011; Reiners et al. 2014).
The age has been also estimated from a comparison to theoretical stellar evolutionary tracks. We have derived an age of 7 ± 3 Gyr from a Bayesian approach (del Burgo & Allende Prieto 2018) using the stellar evolution library PARSEC v1.2S, taking as input the iron-to-hydrogen ratio ([Fe∕H] = −0.55 ± 0.17), the colour r − J (determined from SDSS r and 2MASS J bands), and absolute magnitude MJ (calculated from 2MASS J and Gaia DR2 parallax), and their uncertainties.
According to our kinematic analysis (Cortés Contreras 2016) with U, V, and W velocities revised with the latest Gaia DR2 astrometry and our radial velocity, we conclude that Teegarden’s Star belongs to an evolved population of the Galaxy, probably the thick disc. This is consistent with our age estimates.
In summary, Teegarden’s Star is relatively magnetically quiet for its spectral type M7.0 V. Most late-M dwarfs known show higher levels of magnetic activity. Different approaches (Hα, X-ray, v sin i, evolutionary track, and space motions) are compatible with the conclusion that Teegarden’s Star is most likely a very old (8–10 Gyr) and very slowly rotating star (Prot ≳ 100 d).
	[image: thumbnail]	Fig. 1
Largest Hα
flare (black) in our CARMENES data. These ten spectra were taken between 2017-10-26 and 2017-11-01. The vertical line marks Hα
at rest wavelength (λvac = 6564.61Å, grey dotted) and at a shift of γ = +68.375 km s−1
(grey dashed).



	[image: thumbnail]	Fig. 2
Transits of solar system objects as seen from Teegarden’s Star. Current location of transit regions for Earth (green), Mars (red), and Mercury (blue). The trace of Teegarden’s Star (black) due to its proper motion is marked with first Earth transit (2044) and last Earth transit (2496).



2.3 Transit visibility zones
The ecliptic latitude of Teegarden’s Star is only 0.30 deg, which means that the star is very close to the plane of Earth’s orbit around the Sun. An observer within a band of ± 0.25 deg could see the Earth transiting in front of our Sun (Wells et al. 2018). Currently, Teegarden’s Star is outside the transit bands of Earth and Mars, while Mercury has already been visible in transit since 1956 (Fig. 2). However, accounting for the fast stellar proper motion (it has the 15th largest proper motion, Wenger et al. 2000), we derive that Teegarden’s Star will move into the transit band of Earth in 2044 and into that of Mars in 2190. For more than 200 yr, these three planets will exhibit transits as seen from Teegarden’s Star. This is also the maximum number of solar system planets that can be simultaneously observed in transit. In about 2438, the Mars transits will stop, and slightly later, in 2496, there will be the last transit of Earth, while Mercury will stay in total for a millennium until 2872 in the transit visibility zone. Over the next 1000 yr, the transits of Venus, Jupiter, Saturn, and Neptune will be observable from Teegarden’s Star (Fig. 2).
According to Wells et al. (2018), the probability of falling within the overlapping transit zones of Mercury, Earth, and Mars is 2.1 × 10−4. So far, there is only one known exoplanet (K2-101 b, Barros et al. 2016; R = 2 R⊕, Mann et al. 2017) within three overlapping transit zones (Jupiter, Saturn, and Uranus).
3 Observations
3.1 CARMENES spectra
The CARMENES instrument consists of a visual (VIS) and a near-infrared (NIR) spectrograph covering 520–960 nm and 960–1710 nm with a spectral resolution of 94 600 and 80 400, respectively (Quirrenbach et al. 2014, 2018). It is located at the 3.5 m Zeiss telescope at the Centro Astronómico Hispano-Alemán (Almería, Spain). Since the start of CARMENES in January 2016, we obtained 245 spectra of Teegarden’s Star within the CARMENES guaranteed time observations (GTO) survey for exoplanets (Reiners et al. 2018). The spectra have typical signal-to-noise ratios (S/Ns) of 58 per pixel around 746 nm (see also Fig. 1) and exposure times of 30 min. We extracted the spectra with the CARACAL pipeline, based on flat-relative optimal extraction (Zechmeister et al. 2014) and wavelength calibration that was performed by combining hollow cathode lamps (U-Ar, U-Ne, and Th-Ne) and Fabry-Pérot etalons (Bauer et al. 2015; Schäfer et al. 2018). The instrument drift during the nights is tracked with the Fabry-Pérot in the simultaneous calibration fibre.
We derived the radial velocities from the spectra with the SERVAL8 code (Zechmeister et al. 2018). The data were corrected for nightly zero-point offsets, which were determined using a large set of RV standard stars from the GTO sample as described in Trifonov et al. (2018) and Tal-Or et al. (2019). These corrections were about 3 m s−1 at the beginning of the survey and 1 m s−1 after instrumental improvements (e.g. fibre coupling). Figure 3 (top) shows the RV time series.
	[image: thumbnail]	Fig. 3
Top panel: CARMENES RV time series for Teegarden’s Star colour-coded with time. Bottom panel: RVs phase-folded to the periods of planets b (left) and c (right). In each case the contribution of the other planet was subtracted.



3.2 Photometry
Complementary to the spectroscopic data, we also obtained our own and archival photometric data from various instruments. On one hand, the photometric data were used to estimate the rotation period of Teegarden’s Star from (quasi-)periodic brightness variations (Sect. 5.1). On the other hand, we searched for transits (Sect. 5.2) guided by the orbital solutions from the RV analysis. In Appendix A we briefly describe the seven instruments whose basic properties are summarised in Table A.1. Figure 4 and Table A.2 provide an overview of the available photometric data, temporal sampling, and precision. As explained inSect. 5.1, we removed the strongest signal in each data set after the non-detection of a common periodicity for all data sets. This assumes that the strongest peak is due to remaining systematic effects.
All CCD measurements were obtained by the method of synthetic aperture photometry using typically 2 × 2 binning. Each CCD frame was corrected in a standard way for bias, dark, and flat field by instrument-specific pipelines. From a number of nearby and relatively bright stars within the frames, the best sets were selected as reference stars.
	[image: thumbnail]	Fig. 4
Photometry from different instruments and bands (top) with 200 d zooms to MEarth data (middle) and LCO, SNO, and TJO data from 2017 (bottom).



4 Spectroscopic data analysis
4.1 Radial velocities and orbit parameters
We secured 245 spectra with CARMENES. Seven spectra without simultaneous Fabry-Pérot drift measurements are excluded from the RV analysis. This leaves 238 RVs that cover a time span of 1136 d (Fig. 3, top panel). The effective data uncertainty [image: equation] is 1.67 m s−1 and the weighted root-mean-square (rms) is 2.82 m s−1, leaving an unexplained noise (stellar jitter, calibration noise, or planetary signals) of 2.19 m s−1.
The GLS periodogram9 (Zechmeister & Kürster 2009) of the RVs (Fig. 5, top) shows two strong peaks at Pb = 4.910 d and [image: equation], which are related to each other by the typical one-day aliasing ([image: equation]). The 4.910 dperiod is clearly preferred (analytical false-alarm probability FAPb = 8.1 × 10−15 versus [image: equation]). In Fig. 3 (bottom left) the RVs are phase-folded to period Pb and corrected for the contribution of a second signal Pc (see below).
The residuals after subtraction of the signal Pb shows a further peak at Pc = 11.41 d (Fig. 5, middle panel) with an FAP = 1.6 × 10−11. The RVs are folded to this period in Fig. 3 (bottom right). After subtracting the signal Pc, the periodogram has the highest peak at a (probably spurious) 175 d period (Fig. 5, bottom). The signal at Pd = 25.94 d (Kd = 0.9 m s−1) deserves further attention. It reaches an FAP = 0.5 % and requires more data for confirmation.
We modelled the RVs with two Keplerian signals. We chose an additive noise term (jitter σjit) to encompass further unmodelled sources (e.g. stellar activity, further planets, and additional instrumental or observational errors) that could be present in our data. The jitter was added in quadrature to the data uncertainties, which thereby re-weighted the data and balanced between a weighted and an unweighted fit (in case of σjit = 0 and σjit →∞, respectively). The ten Keplerian parameters, the RV zero-point, and the jitter term were optimised by maximising a Gaussian likelihood. We used uniform priors for all parameters and explored the posteriors with a Markov chain Monte Carlo (MCMC) method (emcee, Foreman-Mackey et al. 2013) as well as with the curvature matrix.
Figure C.1 shows the posterior distribution for the Keplerian parameters from 500 000 samples. Their medians and 1σ uncertainties (estimated from equal-tailed 50th–16th and 84th–50th percentile spreads) are summarised in Table 2. The covariance matrix, which was obtained by fitting a 12-dimensional paraboloid10 to the 150 best samples with the highest likelihood values, provides similar estimates as indicated by the errorellipses. The covariance matrix can handle only linear correlations. The amplitudes are Kb = 2.0 m s−1 and Kc = 1.6 m s−1; the weightedrms is 2.06 m s−1 (best sample), and the jitter is 1.21 m s−1.
Both orbits are circular within the eccentricity uncertainties. The eccentricity posteriors cumulate near zero and have a one-sided distribution.Therefore, we give a 68% percentile in Table 2. In case of low eccentricities, the time of periastron passage tp and periastron longitude ω are degenerate. Therefore, both parameters are poorly constrained, as indicated by their broad distribution, in particular for planet c. To preserve the phase information, which is encoded in their strong correlation (coefficients of 0.9987 and 0.985 in the covariance matrix), we provide a time of inferior conjunction tic (i.e. a potential transit time ttr) derived from the samples (Fig. C.2). These transit times have smaller uncertainties than does the time of periastron passage.
From the Keplerian parameters, we derived planetary minimum masses using a Gaussian prior for the stellar mass (Fig. C.3; because the stellar mass is not constrained by the likelihood, the posterior matches the prior). The minimum masses are mb sin i = 1.05 M⊕ and mc sin i = 1.11 M⊕. To estimate true masses, we further drew for each sample an inclination from a uniform distribution of cos i, which corresponds to geometrically random orientations (Kürster et al. 2008). The median values of the true masses are around 16% higher than the minimum masses ( cos i = 0.5 → 1∕sin i = 1.155).
In the following sections we analyse the RV data in more detail. We also investigate further activity indicators to determine whether we can attribute both signals to a planetary origin.
	[image: thumbnail]	Fig. 5
GLS periodogram of the RVs (top), after subtraction of the first signal
Pb (middle), and after subtraction of the second signal Pc
(residuals, bottom). Horizontal lines indicate the 1, 0.1, and 0.01 % FAP levels.



Table 2

Orbital planet and statistical parameters of Teegarden’s Star b and c.

	[image: thumbnail]	Fig. 6
Top panel: GLS periodograms around Pb for three CARMENES seasons (same colour-coding as in Fig. 3). Bottom panel: RV amplitude and period of the highest peaks along with uncertainty estimates. The grey curve and (filled) symbol corresponds to the joint data set.



4.2 Temporal coherence of the RV signal
We subdivided the RV data into the three seasons to analyse the stability of the RV signal. We computed for each season the best-fitting period and amplitude (Fig. 6). As expected, the parameter uncertainties increase due to the smaller number of data points (2016: 44, 2017: 125, and 2018: 67). However, the amplitudes and periods between the seasons are all consistent within their 1σ uncertainties. This result indicates that the 4.91 d period is stable over at least 1000 d.
4.3 Chromatic coherence of the RV signal
The RV of each epoch is the average of individual RVs measured in 42 echelle orders. During this averaging, information about a possible wavelength dependence of the RV signal is lost. To check the contributions of the orders to a periodic signal, we here treated each order as an independent instrument. Therefore, we fit for a fixed trial frequency f a sine simultaneously to all orders with one common amplitude and phase. Each order o has its own offset μo and jitter term σo. We optimised the parameters by maximising the total likelihood
[image: equation](1)
where the likelihood for one order summed over all epochs n is
[image: equation](2)
with the model RV(t) = a cos τft + b sin τft. By looping over a sequence of frequencies fk, we computed a maximum likelihood periodogram. Figure 7 shows the likelihood improvement with respect to the likelihood L0 of a constant model (a = b = 0),
[image: equation](3)
The evaluation of this maximum likelihood periodogram takes much longer than the GLS periodogram because there are many more parameters (including non-linear jitter terms).
The contributions of the orders can of course be of different strengths and depend on their RV information content, as well as their S/N. The log-likelihood change of individual orders can be even negative when the period in such an order has an amplitude or phase that is significantly different from the rest. However, the total log-likelihood change cannot be negative in this simultaneous approach (Δ lnL ≥ 0). In Fig. 7 no order significantly contradicts (ΔlnLo > −2) at Pb, so the orders contribute in a positive way, as expected for a planetary signal.
	[image: thumbnail]	Fig. 7
Top panel: total maximum likelihood periodogram for the order-wise RVs (black curve) and an order-frequency map colour-coded by the likelihood contribution. Bottom panel: zoom-in to the period Pb and colour-coding with the echelle order. For the sake of clarity, the total likelihood (black curve) is downscaled by a factor 7.



4.4 Near-infrared radial velocities
In Reiners et al. (2018) we showed with CARMENES data that M dwarfs have a lower RV content in the NIR than expected from previous predictions (e.g. Reiners et al. 2010; Rodler et al. 2011). Coupled with the current instrument and pipeline performance, the NIR RVs of Teegarden’s Star have a weighted rms of 5.75 m s−1, making the detection of 1–2 m s−1 signals difficult. Still, signals with Pb and Pc are the highest peaks in the GLS periodogram of the NIR RVs (Fig. 8). The formal FAP of Pb is 0.1%, that is, significant. The small signal at Pd in the VIS RVs is not seen in the NIR RVs, however.
	[image: thumbnail]	Fig. 8
GLS periodogram of NIR RVs compared to VIS RVs.



	[image: thumbnail]	Fig. 9
Time series of the activity indicators: chromatic index CRX (top), differential line width dLW (middle), and Hα index (bottom).



4.5 Activity indicators
We extracted three activity indicators from the CARMENES spectra as described in Zechmeister et al. (2018). The time series of the chromatic index (CRX), the differential line width (dLW), and the Hα index are shown in Fig. 9 and their periodograms in Fig. B.1.
The CRX time series has some negative excursions around BJD −2 450 000 = 8050−8100, which coincides with dLW excess and also increased Hα activity. During this time, the largest Hα emission occurred (Fig. 1). We see no clear periodicity for CRX (Fig. 10). The highest periodogram peak is at 1000 d, which captures the slight trend. After its removal, the highest peak is at 120 d, which captures the previous feature of increased Hα activity. No power is found at the planet periods during this pre-whitening. This result agrees with the analysis from Sect. 4.3, which exploits the wavelength-dependent information in a different way.
The differential line width (dLW) as well as the full width at half-maximum (FWHM) or contrast are also used as activity indicators. However, they can be also affected by instrumental and observational effects, such as focus change of the spectrograph, sky-background, or broadening due to differential barycentric motion. We realised that dLW outliers are indeed caused by a close Moon separation during cloudy nights, which leads to an increased sky background. Ignoring these points, dLW is dominated by long-term variations, but it is not clear whether their origin is related to stellar rotation. The dLW has no power at the two RV periods (Fig. 10).
The Hα time series shows a few flare events. Even after excluding them, we see no power at the RV periods (Fig. 10).
5 Photometry analysis
As mentioned in Sect. 3.2, we collected photometric data for two purposes. First, we wished to rule out that the RV signals are due to stellar rotation. Second, the small stellar radius allows a ground-based transit search down to Earth-size planets, which is the expected radius range of the two planets.
Unfortunately, Teegarden’s Star was not observed by the Kepler space telescope (Borucki et al. 2010), although it broadly covered the ecliptic during its K2 mission. Moreover, Teegarden’s Star is not included in the scheduling plan of the Transiting Exoplanet Survey Satellite mission (TESS, Ricker et al. 2015), which excludes ecliptic latitudes below 6 deg.
Because Teegarden’s Star is very red, ground-based photometry suffers from quite severe colour effects: all comparison stars are bluer. Prior to an analysis, we therefore detrended all the photometric data. MEarth data offer the possibility for detrending using additional information, such as CCD position, airmass, or the so-called common mode (a kind of detrended differential magnitude corrected for main known systematic effects)11. We investigated possible detrending options and decided for a final data set using the position of the star on the CCD and the common mode. For a consistency check, we also used the original data. Our own data were detrended using either airmass or night-by-night polynomial fits.
Despite these corrections, we analysed the various data sets individually because the different filters, CCD sensitivities, and comparison stars very likely lead to systematic differences in possible activity-induced photometric signals. Only the MEarth data were also combined into a seven-year-long light curve (excluding the 2010–2011 data using the I715−895 interference filter).
5.1 Rotation period
Because a measured rotation period is not available (Sect. 2.2), we re-analysed all available data (Table A.2, Fig. 4) using GLS periodograms. There is no common periodicity detectable that were present in all data or even in a sub-set. The combined original MEarth data indicate a period at 5.11 d. The TJO data periodogram also shows a peak at this period, but not as the strongest one. In the de-trended MEarth data, this period is not detectable, however. Two data sets (MEarth from 2014 and LCO) show a 28 d periodicity that we attribute to uncorrected Moon contamination. A common property of most data sets is a periodicity between 50 and 80 d. This might be an indication of a rotation period in that range, but it is below our detection threshold, probably due to a combination of aliasing and short lifetimes of active regions (shorter than this possible rotation period).
Assuming that the various periodicities in our photometric data are due to uncorrected systematics, we removed the largest signal from each data set using a sinusoidal fit. In the pre-whitened data, a weak rotation period may become detectable. However, a common period in the photometric data is again lacking. As demonstrated in Fig. 10, there is no significant period at one of the two planet orbital periods.
We conclude that we cannot detect a rotation period in Teegarden’s Star. The photometric non-detection could indicate a long stellar rotation period resulting in small amplitudes and relatively short lifetimes of active regions. Neither activity indicators nor photometry contradict the interpretation of the two RV signals as being due to planets.
	[image: thumbnail]	Fig. 10
GLS periodograms of photometry and various activity indicators compared to CARMENES VIS RVs (thick blue line) around Pc (left panel) and Pb (right panel).



5.2 Transit search
The transit probability of planet b is ptr,b ≈ R⋆∕ab ≈ 2.1%, and its maximum transit depth would be up to [image: equation] with a transit duration of Δtb ≾ 40 min. We focussed our follow-up on planet b because the transit probability of planet c is lower (ptr,c = 1.1%), the transit duration is longer (Δtc ≾ 60 min), and it has fewer and more uncertain transit windows, which makes ground-based transit searches more challenging.
Our photometric data cover the potential transit phase of planet b densely. Figure 11 shows the photometric data phase-foldedto Pb. An example of an expected transit signal is overplotted. A combined fit of RV data and photometric data (including an offset and a jitter termfor each photometric data set) does not indicate a transit signal, and neither does a box-least-squares search (Kovács et al. 2002) in the photometry. Because not all individual data sets cover the full orbital phase space and they have different photometric precision, an estimate of our detection limit is difficult to compute and would not be very reliable. A conservativeestimate is a detection limit of 2 mmag for the depth of a transit signal over the full transit window of 1 d width.
6 Discussion and conclusions
From the analysis we conclude that the two RV signals indicate the presence of two exoplanets. Despite the low amplitudes, the RV signals are significantly detected and have no counterpart, neither in the spectroscopic activity indicators nor in the extensive photometry available to us. Moreover, we have shown that the 4.9 d signal is stable over the three years of observations in period and amplitude.
Despite intensive monitoring, we cannot derive a rotation period. However, the low photometric variability, the moderate Hα emission, and the dLW and CRX indicators suggest a long rotation period. This is in contrast to many other late-M dwarfs, which are very active and rotate rapidly. We therefore conclude that Teegarden’s Star is old and that the two signals at 4.91 and 11.4 d are best explained by the Keplerian motion of exoplanets.
As a note of caution, the late spectral type of Teegarden’s Star takes RV analyses into a quite unexplored regime where scaling relations between photometric and RV variations are not established. However, even if RVs turn out to be much more sensitive to stellar variability and one period is connected to stellar rotation, then at least the other signal should be a planet. Period ratios of 2:1 can be caused by the harmonics of stellar rotation (but also eccentric and resonant planets). However, the period ratio is Pc ∕Pb = 2.32, which is close to but noticeably different from 2:1. Such a discrepancy is hard to explain even with differential rotation, while departures from exact 2:1 ratios are often observed in exoplanet systems (Steffen & Hwang 2015).
Despite the low planetary masses, the dynamical interaction between the two planets is noticeable on longer timescales of decades but not on the rather short timescale of our observations. Using the N-body integrator implemented in Systemic (Meschiari et al. 2009), we integrated the orbits for up to 105 yr. It should be noted that the eccentricity changes periodically by about Δe∕median(e) ≈ 30% on timescales of about 2000 yr, while the periods are stable within about ΔP∕median(P) < 0.0003.
Becauseno transits are detected, we cannot derive the planetary radii. We therefore estimated them from mass-radius relations for various compositions (Zeng et al. 2016). The planetary radii depend weakly on the planetary mass, but strongly on the bulk composition (Fig. 12). Between the two extreme compositions, namely a pure Fe core on the one side and a cold H+He mini-Neptune on the other, the radii differ by a factor of about three (see Fig. 12). We used these radii as well as other stellar and planetary parameters to derive the Earth Similarity Index (ESI) as defined by Schulze-Makuch et al. (2011). The ESI is an indicator that compares key parameters to those of our Earth (ESI⊕ = 1). Here we used the weighted ESI, taking into account the equilibrium temperature, atmospheric escape velocity, bulk density, and radius, with a dominant contribution from the equilibrium temperature. The weights were taken from the Habitable Exoplanet Catalog12. Except for the case of a mini-Neptune composition, the two planets have a high ESI. For a potentially rocky composition, the ESI value is 0.94 and 0.8 for planets b and c, respectively. This makes Teegarden’s Star b the planet with currently the highest ESI value. However, the ESI is only an estimate, and different weighting of the parameters may lead to changing ESIs. This ESI definition, for example, does not take into account the stellar spectral energy distribution and the resulting planetary atmospheric composition, which very likely have an effect on habitability.
We displayed the two planets of Teegarden’s Star (see Fig. 13) with nine other Earth-like planets within the conservativehabitable zone (HZ) listed in the Habitable Exoplanet Catalog and compared their incident stellar flux with their position relative to the HZ according to Kopparapu et al. (2014) as a function of stellar effective temperature. We also took the different stellar parameters for Teegarden’s Star into account. Planet b is placed just outside the hot end of the conservative HZ (but inside the optimistic one), whereas planet c is comfortably within this zone. In addition, planet b receives nearly the same stellar flux as the Earth and therefore has a nearly identical equilibrium temperature, but is outside the conservative HZ. As discussed by Kopparapu et al. (2014), this is caused by a runaway greenhouse effect that is due to water vapour starting at lower insolation for low-mass stars. This effect is neglected in the ESI calculation and leads to the curious fact that planet b has a higher ESI value than planets inside the conservative HZ.
The planets in this planetary system, especially Teegarden’s Star c, could become prime targets for further characterisation with the next generation of extremely large telescopes (ELTs). Some of the planned instruments, such as the Planetary Systems Imager (PSI, Guyon et al. 2018) for the Thirty Meter Telescope (TMT), aim to achieve contrast values of 10−7 at ~ 0.01 arcsec. Assuming Earth-size for Teegarden’s Star c, the contrast ratio of the reflected light from the planet is also expected to be of the order of 10−7 at the projected angle of the semi-major axis of ~0.012 arcsec. Thus, high-contrast imagers for the new ELTs, both in the Northern and Southern Hemispheres, now have additional motivation because they can stand a good chance of directly imaging nearby and potentially habitable Earth-mass planets. This will enable a detailed study of their properties.
The exoplanet system around Teegarden’s Star is a pioneering discovery by the CARMENES survey and remarkable in several aspects. The planets Teegarden’s Star b and c are the first planets detected with the RV method around such an ultra-cool dwarf. Both planets have a minimum mass close to one Earth mass, and given a rocky, partially iron, or water composition, they are expected to have Earth-like radii. Additionally, they are close to or within the conservative HZ, or in other words, they are potentially habitable. Our age estimate of 8 Gyr implies that these planets are about twice as old as the solar system. Interestingly, our solar system currently is within the transit zone as seen from Teegarden’s Star. For any potential Teegardians, the Earth will be observable as a transiting planet from 2044 until 2496.
	[image: thumbnail]	Fig. 11
Transit search with various de-trended photometric data sets. Top panels: four high-cadence nights from the transit search. The transit model (black curve) shows the expected signal for planet b and for maximum transit depth. The left and right models (grey) indicate the predicted 1σ uncertainty for the transit window (0.15 d, 3.6 h). Bottom panel: all photometric data phase-folded with Pb and tic,b.



	[image: thumbnail]	Fig. 12
Mass-radius relation for various compositions (Zeng et al. 2016). The probability for the true mass of planet b is horizontally shaded by the blue gradient; the vertical lines indicate the median (solid black) and 17 and 83% percentiles (dashed black). The region of less extreme compositions between 25% H2 O and 50% Fe is additionally highlighted.



	[image: thumbnail]	Fig. 13
Optimistic (light green) and conservative (dark green) habitable zone for 1 M⊕ according to Kopparapu et al. (2014). Teegarden’s Star planets b and c are shown for two stellar parameter sets (red dots: Schweitzer et al. 2019; blue dots: Rojas-Ayala et al. 2012; Dieterich et al. 2014). The insolation error bar depicts the effect due to intrinsic uncertainty in Teff. For comparison, we plot nine planets (including Proxima b and TRAPPIST-1 e, f, and g) from the Habitable Exoplanet Catalog12 (black circles) and the Earth (black circled plus) at the top. All symbol sizes scale with the fourth power of the Earth Similarity Index (ESI) assuming a rocky composition.
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Appendix A  Photometric facilities
Table A.1.

Photometric facilities.

CAHA 1.23
The Centro Astronómico Hispano-Alemán operates the 1.23 m telescope for photometric monitoring projects. The CCD imager mounted at the Cassegrain focus covers a squared field of view (FOV) of 17.9 arcmin and is equipped with a 2k×2k SITE CCD. Observations were made in the I band.
LCO
We obtained i′-band images using the 40 cm telescopes of the Las Cumbres Observatory (LCO) network. The telescopes are equipped with a 3k × 2k SBIG CCD camera with a pixel scale of 0.571 arcsec, providing a field of view of 29.2 × 19.5 arcmin2. The data were processed using the Banzai pipeline (McCully et al. 2018). The photometry of the 2017 set was extracted with IRAF-PHOT and the 2018 set with AstroImageJ (Collins et al. 2017).
MEarth
Since 2008, the MEarth project (Berta et al. 2012) monitors more than 2000 M dwarfs with eight robotic 40 cm telescopes (f/9 Ritchey-Chrétien Cassegrain) at the Fred Lawrence Whipple Observatory(Arizona, USA). Each telescope covers a squared 26 arcmin field of view with a 2048 × 2048 CCD (0.76 arcsec pix−1). MEarth generally used an RG715 long-pass filter, except for the 2010–2011 season, when a I715−895 interference filter was chosen. Additionally, Teegarden’s Star was monitored with a second telecope (#8) in 2013 and 2014. We made use of the archival data from the seventh MEarth data release, DR711, which provides long-term monitoring of Teegarden’s Star over about 10 yr.
MONET-S
The 1.2 m MONET/South telescope (MOnitoring NEtwork of Telescopes) is located at the South African Astronomical Observatory (Northern Cape, South Africa). It is equipped with a Finger Lakes ProLine 2k × 2k e2v CCD and has a 12.6 × 12.6 arcmin2 field of view. We performed aperture photometry with AstroImageJ using eight comparison stars.
MuSCAT2
The Multicolor Simultaneous Camera for studying Atmospheres of Transiting exoplanets 2 (MuSCAT2; Narita et al. 2019) is mounted at Telescopio Carlos Sánchez in Teide observatory (Tenerife, Spain). MuSCAT2 observes simultaneously in the g, r, i, and zs bands using a set of dichroics to split the light between four separate cameras with a field of view of 7.4 × 7.4 arcmin2 (0.44 arcsec pix−1). MuSCAT2 is designed to be especially efficient for science related to transiting exoplanets and objects varying on short timescales around cool stellar types. Aperture photometry is calculated using a Python-based pipeline especially developed for MuSCAT2 (see Narita et al. 2019, for details).
Table A.2

Properties of the photometric data sets (a).

SNO
The T150 telescope at Sierra Nevada Observatory (Granada, Spain) is a 1.5 m Ritchey-Chrétien telescope equipped with a CCD camera VersArray 2k × 2k, FOV 7.9 × 7.9 arcmin2 (Rodríguez et al. 2010). Two sets of observations were collected in Johnson V, R, and I filters: one set consisted of 54 epochs obtained during the period July 2017 to January 2018, while the other set consisted of 53 epochs collected between July 2018 and January 2019. Each epoch typically consisted of 20 observations per night ineach filter of 100, 50, and 20 s. In addition, the T150 was also used for transit search (SNO T150-R in Table A.2) during two nights in the R filter. The T90 telescope at SNO (SNO T90-R in Table A.2) and R filter were also used for transit search during one night.
TJO
The Telescopi Joan Oró is an 80 cm telescope located in the Montsec Astronomical Observatory (Lleida, Spain). Photometry in Johnson R filter was obtained with the MEIA2 instrument, a 2k×2k Andor CCDcamera, with a pixel scale of 0.36 arcsec and a squared field of view of 12.3 arcmin. The images were processed with the ICAT pipeline (Colome & Ribas 2006) and AstroImageJ.

Appendix B  GLS periodograms for activity indicators
	[image: thumbnail]	Fig. B.1
GLS periodograms for CRX, dLW, and Hα index.




Appendix C  MCMC corner plots
	[image: thumbnail]	Fig. C.1
MCMC posterior distribution for Keplerian parameters of planets b (top) and c (bottom). The median values and 15.87 and 84.13 % are indicated in light blue and black dashed lines, while best-fit values and 1σ and 2σ levels from covariance matrix are overplotted in red.



	[image: thumbnail]	Fig. C.2
MCMC posterior distribution for inferior conjunction times of planets b (left) and c (right).



	[image: thumbnail]	Fig. C.3
MCMC posterior distribution for derived masses of planets b and c. The priors for stellar mass M and inclination sin i are overplotted in green.
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Transit search with various de-trended photometric data sets. Top panels: four high-cadence nights from the transit search. The transit model (black curve) shows the expected signal for planet b and for maximum transit depth. The left and right models (grey) indicate the predicted 1σ uncertainty for the transit window (0.15 d, 3.6 h). Bottom panel: all photometric data phase-folded with Pb and tic,b.
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Mass-radius relation for various compositions (Zeng et al. 2016). The probability for the true mass of planet b is horizontally shaded by the blue gradient; the vertical lines indicate the median (solid black) and 17 and 83% percentiles (dashed black). The region of less extreme compositions between 25% H2 O and 50% Fe is additionally highlighted.
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Optimistic (light green) and conservative (dark green) habitable zone for 1 M⊕ according to Kopparapu et al. (2014). Teegarden’s Star planets b and c are shown for two stellar parameter sets (red dots: Schweitzer et al. 2019; blue dots: Rojas-Ayala et al. 2012; Dieterich et al. 2014). The insolation error bar depicts the effect due to intrinsic uncertainty in Teff. For comparison, we plot nine planets (including Proxima b and TRAPPIST-1 e, f, and g) from the Habitable Exoplanet Catalog12 (black circles) and the Earth (black circled plus) at the top. All symbol sizes scale with the fourth power of the Earth Similarity Index (ESI) assuming a rocky composition.
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MCMC posterior distribution for Keplerian parameters of planets b (top) and c (bottom). The median values and 15.87 and 84.13 % are indicated in light blue and black dashed lines, while best-fit values and 1σ and 2σ levels from covariance matrix are overplotted in red.
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MCMC posterior distribution for derived masses of planets b and c. The priors for stellar mass M and inclination sin i are overplotted in green.
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    Table 1 

Stellar parameters for Teegarden’s Star.



	Parameter
	Value
	Ref.





	Discovery name
	Teegarden’s Star
	Tee03



	Alias name
	GAT 1370
	Gat09



	Karmn (a)
	J02530 + 168
	Cab16



	α
	02 53 00.89
	Gaia



	δ
	+16 52 52.6
	Gaia



	μα cos δ (mas yr−1)
	 3429.53 ± 0.33
	Gaia



	μδ (mas yr−1)
	− 3806.16 ± 0.31
	Gaia



	l (deg) (b)
	45.82636650288
	Gaia



	b (deg) (b)
	+0.30111982472
	Gaia



	π (mas)
	261.01 ± 0.27
	Gaia



		259.6 ± 0.6 
	Wei16



		259.3 ± 0.9 
	Gat09



	d (pc)
	3.831 ± 0.004
	Gaia



	V (mag)
	15.08 ± 0.12
	Hen15



	J (mag)
	8.39 ± 0.03
	2MASS



	Sp. type
	M7.0 V
	Alo15



	Teff (K)
	2904 ± 51
	Sch19



		2637 ± 30
	Roj12



	L (L⊙)
	0.000 73 ± 0.000 01
	Sch19



		0.000 73 ± 0.000 02
	Die14



	R (R⊙)
	0.107 ± 0.004
	Sch19



		0.127 ± 0.004
	Die14



	M (M⊙)
	0.089 ± 0.009
	Sch19



	[Fe/H] (dex)
	− 0.19 ± 0.16
	Sch19



		− 0.55 ± 0.17
	Roj12



	U (km s−1)
	− 69.46 ± 0.31
	Cor16



	V (km s−1)
	− 71.17 ± 0.15
	Cor16



	W (km s−1)
	− 58.68 ± 0.25
	Cor16



	γ (km s−1)
	+68.375
	Rei18



	v sin i (km s−1)
	<2
	Rei18



	log LHα∕Lbol
	− 5.37
	This work



	log LX∕Lbol
	< − 4.23
	Ste14, this work



	Age [Gyr]
	>8
	This work






Notes. (a) Carmencita identifier. (b) Heliocentric ecliptic longitude and latitude. References.2MASS: Skrutskie et al. (2006); Alo15: Alonso-Floriano et al. (2015); Cab16: Caballero et al. (2016); Cor16: Cortés Contreras (2016); Die14: Dieterich et al. (2014); Gaia: Gaia Collaboration (2018); Gat09: Gatewood & Coban (2009); Hen15: Henden et al. (2015); Rei18: Reiners et al. (2018); Roj12: Rojas-Ayala et al. (2012); Sch19: Schweitzer et al. (2019); Ste14: Stelzer et al. (2014); Tee03: Teegarden et al. (2003); Wei16: Weinberger et al. (2016).





  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
Largest Hα
flare (black) in our CARMENES data. These ten spectra were taken between 2017-10-26 and 2017-11-01. The vertical line marks Hα
at rest wavelength (λvac = 6564.61Å, grey dotted) and at a shift of γ = +68.375 km s−1
(grey dashed).


    

  
    
      Fig. 2 
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Transits of solar system objects as seen from Teegarden’s Star. Current location of transit regions for Earth (green), Mars (red), and Mercury (blue). The trace of Teegarden’s Star (black) due to its proper motion is marked with first Earth transit (2044) and last Earth transit (2496).


    

  
    
      Fig. 3 
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Top panel: CARMENES RV time series for Teegarden’s Star colour-coded with time. Bottom panel: RVs phase-folded to the periods of planets b (left) and c (right). In each case the contribution of the other planet was subtracted.


    

  
    
      Fig. 4 
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Photometry from different instruments and bands (top) with 200 d zooms to MEarth data (middle) and LCO, SNO, and TJO data from 2017 (bottom).


    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
GLS periodogram of the RVs (top), after subtraction of the first signal
Pb (middle), and after subtraction of the second signal Pc
(residuals, bottom). Horizontal lines indicate the 1, 0.1, and 0.01 % FAP levels.


    

  
    Table 2 

Orbital planet and statistical parameters of Teegarden’s Star b and c.



	Keplerian parameters
	Planet b
	Planet c





	P (d)
	[image: equation]
	[image: equation]



	 
	 
	 



	K (m s−1)
	[image: equation]
	[image: equation]



	 
	 
	 



	e (a)
	0.00+0.16
	0.00+0.16



	 
	 
	 



	ω (deg)
	[image: equation]
	[image: equation]



	 
	 
	 



	tp − 2 458 000 (d)
	[image: equation]
	[image: equation]



	



	Derived parameters



	



	a (au)
	[image: equation]
	[image: equation]



	 
	 
	 



	m sin i (M⊕)
	[image: equation]
	[image: equation]



	 
	 
	 



	m (M⊕) (b)
	[image: equation]
	[image: equation]



	 
	 
	 



	sin i (b)
	[image: equation]



	 
	 
	 



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



	



	Statistical parameters



	



	N
	238



	T (d)
	1136



	Internal uncertainties (m s−1)
	1.67



	 
	 
	 



	Jitter (m s−1)
	[image: equation]



	 
	 
	 



	wrms (m s−1)
	2.06



	ln L
	− 520.98



	Δ ln L
	69.16






Notes. (a) One-side distributed; 68 % interval. (b) For geometrically randomly oriented orbits (uniform distribution in cos i). (c) Insolation with stellar parameters adopted from Schweitzer et al. (2019).





  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
Top panel: GLS periodograms around Pb for three CARMENES seasons (same colour-coding as in Fig. 3). Bottom panel: RV amplitude and period of the highest peaks along with uncertainty estimates. The grey curve and (filled) symbol corresponds to the joint data set.


    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Top panel: total maximum likelihood periodogram for the order-wise RVs (black curve) and an order-frequency map colour-coded by the likelihood contribution. Bottom panel: zoom-in to the period Pb and colour-coding with the echelle order. For the sake of clarity, the total likelihood (black curve) is downscaled by a factor 7.


    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
GLS periodogram of NIR RVs compared to VIS RVs.


    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Time series of the activity indicators: chromatic index CRX (top), differential line width dLW (middle), and Hα index (bottom).


    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
GLS periodograms of photometry and various activity indicators compared to CARMENES VIS RVs (thick blue line) around Pc (left panel) and Pb (right panel).


    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
Transit search with various de-trended photometric data sets. Top panels: four high-cadence nights from the transit search. The transit model (black curve) shows the expected signal for planet b and for maximum transit depth. The left and right models (grey) indicate the predicted 1σ uncertainty for the transit window (0.15 d, 3.6 h). Bottom panel: all photometric data phase-folded with Pb and tic,b.


    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
Mass-radius relation for various compositions (Zeng et al. 2016). The probability for the true mass of planet b is horizontally shaded by the blue gradient; the vertical lines indicate the median (solid black) and 17 and 83% percentiles (dashed black). The region of less extreme compositions between 25% H2 O and 50% Fe is additionally highlighted.


    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
Optimistic (light green) and conservative (dark green) habitable zone for 1 M⊕ according to Kopparapu et al. (2014). Teegarden’s Star planets b and c are shown for two stellar parameter sets (red dots: Schweitzer et al. 2019; blue dots: Rojas-Ayala et al. 2012; Dieterich et al. 2014). The insolation error bar depicts the effect due to intrinsic uncertainty in Teff. For comparison, we plot nine planets (including Proxima b and TRAPPIST-1 e, f, and g) from the Habitable Exoplanet Catalog12 (black circles) and the Earth (black circled plus) at the top. All symbol sizes scale with the fourth power of the Earth Similarity Index (ESI) assuming a rocky composition.


    

  
    Table A.1. 

Photometric facilities.



	Acronym
	Location
	Tel.
	FOV
	CCD
	Scale
	Band(s)



			(m)
	(arcmin2)
		(arcsec pix−1)
	


	 	 	 	 	 	 	 





	CAHA 1.23
	Calar Alto Observatory
	1.23
	17.9 × 17.9
	2k × 2k
	0.50
	I



	LCO
	Las Cumbres Observatory Global Telescope
	0.40
	29.2 × 19.5
	3k × 2k
	0.57
	i′



	MEarth
	Fred Lawrence Whipple Observatory
	0.40
	26.0 × 26.0
	2k × 2k
	0.76
	RG715, I



	MONET-S
	South African Astronomical Observatory
	1.20
	12.6 × 12.6
	2k × 2k
	0.37
	R



	MuSCAT2
	TCS Teide Observatory
	1.52
	7.4 × 7.4
	1k × 1k
	0.44
	grizs



	SNO T150
	T150 Sierra Nevada Observatory
	1.50
	7.9 × 7.9
	2k × 2k
	0.23
	V RI



	SNO T90
	T90 Sierra Nevada Observatory
	0.90
	13.2 × 13.2
	2k × 2k
	0.38
	R



	TJO
	TJO Montsec Astronomical Observatory
	0.80
	12.3 × 12.3
	2k × 2k
	0.36
	R






  
    Table A.2 

Properties of the photometric data sets (a).



	Data set
	Season
	ΔT
	Nobs
	rms



			(d)
		(mag)





	CAHA 1.23
	2018
	0.3
	124
	0.003



	LCO 17
	2017
	421
	116
	0.012



	LCO 18
	2018
	431
	148
	0.014



	ME T1 08-1
	2008–2009
	351
	145
	0.007



	ME T1 08-2
	2009–2010
	377
	342
	0.007



	ME T1 11
	2010–2011
	260
	504
	0.007



	ME T1 14-1
	2011–2015
	1473
	824
	0.004



	ME T1 14-2
	2011–2015
	1454
	638
	0.004



	ME T8 14-1
	2013–2014
	139
	728
	0.004



	ME T8 14-2
	2013–2014
	87
	429
	0.004



	ME all
	2008–2015
	2577
	2547
	0.004



	MONET-S
	2018
	22
	1201
	0.004



	MuSCAT2 g
	2018
	18
	563
	0.006



	MuSCAT2 r
	2018
	55
	918
	0.004



	MuSCAT2 i
	2018
	50
	827
	0.001



	MuSCAT2 z
	2018
	28
	360
	0.002



	SNO V
	2017–2019
	540
	2205
	0.006



	SNO R
	2017–2019
	540
	2340
	0.005



	SNO I
	2017–2019
	540
	2231
	0.008



	SNO-T90 R
	2018
	1
	236
	0.003



	SNO-T150 R
	2018
	20
	1274
	0.002



	TJO 17
	2017
	54
	2280
	0.011



	TJO 18
	2018
	35
	475
	0.002






Notes. (a) Data set identifier, season, time span, number of observations, and rms in relative flux after removing the strongest signal in each set.





  
    
      Fig. B.1 
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GLS periodograms for CRX, dLW, and Hα index.


    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
MCMC posterior distribution for Keplerian parameters of planets b (top) and c (bottom). The median values and 15.87 and 84.13 % are indicated in light blue and black dashed lines, while best-fit values and 1σ and 2σ levels from covariance matrix are overplotted in red.


    

  
    
      Fig. C.2 
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MCMC posterior distribution for inferior conjunction times of planets b (left) and c (right).


    

  
    
      Fig. C.3 
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MCMC posterior distribution for derived masses of planets b and c. The priors for stellar mass M and inclination sin i are overplotted in green.
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