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Abstract

We report the confirmation of a transiting planet around the bright weakly active M0.5 V star TOI-1235 (TYC 4384–1735–1, V ≈ 11.5 mag), whose transit signal was detected in the photometric time series of sectors 14, 20, and 21 of the TESS space mission. We confirm the planetary nature of the transit signal, which has a period of 3.44 d, by using precise RV measurements with the CARMENES, HARPS-N, and iSHELL spectrographs, supplemented by high-resolution imaging and ground-based photometry. A comparison of the properties derived for TOI-1235 b with theoretical models reveals that the planet has a rocky composition, with a bulk density slightly higher than that of Earth. In particular, we measure a mass of Mp = 5.9 ± 0.6 M⊕ and a radius of Rp = 1.69 ± 0.08 R⊕, which together result in a density of ρp = [image: equation] g cm−3. When compared with other well-characterized exoplanetary systems, the particular combination of planetary radius and mass places our discovery in the radius gap, which is a transition region between rocky planets and planets with significant atmospheric envelopes. A few examples of planets occupying the radius gap are known to date. While the exact location of the radius gap for M dwarfs is still a matter of debate, our results constrain it to be located at around 1.7 R⊕ or larger at the insolation levels received by TOI-1235 b (~60 S⊕). This makes it an extremely interesting object for further studies of planet formation and atmospheric evolution.
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1 Introduction
Currently, over 4000 exoplanetary systems have been discovered orbiting stars other than the Sun1, with the majority of the planets having sizes between that of the Earth and Neptune (Batalha et al. 2013). Most of these systems were discovered by the Kepler mission (Borucki et al. 2010; Borucki 2016), which by design focused its transit survey on stars of spectral types F, G, and K. In order to understand the processes involved in the formation and evolution of planets, it is useful to compare the variations in the outcomes in different environments, for instance, by considering planetary demographics in a range of host star contexts. No picture of exoplanet populations can be complete without a sizable and representative sample of planetary systems around M dwarfs, which are the most common type of stars in our Galaxy (Chabrier 2003; Henry et al. 2006).
The occurrence rate of small planets orbiting M dwarfs indeed appears to increase toward late spectral subtypes at all orbital periods (Bonfils et al. 2013; Dressing & Charbonneau 2015; Mulders et al. 2015; Gaidos et al. 2016). In spite of this abundance, the number of exoplanets with M-star hosts whose radii and masses are precisely known is still small because these stars are intrinsically faint, and only the closest ones are well suited for detailed follow-up and characterization.
One of the most interesting features observed in the distribution of sizes of small (R < 4 R⊕) exoplanets has been the bimodal nature of this distribution, which is commonly referred to as the “radius gap”. It separates planets with radii slightly smaller than that of Neptune (2–4 R⊕) from those with radii slightly larger than Earth (1–2 R⊕). While the former are believed to bear a significant contribution of water (Morbidelli 2018), the latter are thought to be predominantly rocky. Although it was theoretically predicted (e.g., Owen & Wu 2013; Jin et al. 2014; López & Fortney 2014; Chen & Rogers 2016), the radius gap was observationally characterized only relatively recently (e.g., Fulton et al. 2017; Zeng et al. 2017; Van Eylen et al. 2018; Berger et al. 2018; Fulton & Petigura 2018) owing to an improvement in the planetary radius determination through more accurate models and stellar radii. This was possible through new high-resolution stellar spectroscopy (Schweitzer et al. 2019), asteroseismology (García & Ballot 2019), and precise parallactic distances from the Gaia mission (Gaia Collaboration 2018).
Two classes of models are currently accepted to explain this radius gap: photoevaporation models, which posit that planets that finally lie below the radius gap lost their atmospheres due to X-ray and ultraviolet radiation from the star (XUV; e.g., Owen & Wu 2013, 2017; López & Fortney 2013; Jin et al. 2014; Chen & Rogers 2016), and core-powered mass-loss models, which also propose that close-in planets below the radius gap have lost their atmospheres, but conjecture that mass loss is powered by heat from the planetary core (Ginzburg et al. 2016, 2018; Gupta & Schlichting 2019). These two mechanisms have different dependences on the stellar type of the host stars and the total irradiation that the planets receive (Wu 2019; Gupta & Schlichting 2020), which means that the actual location of the radius gap can indeed change with these parameters. Because most of the existing studies are based on Kepler samples or subsamples, which are samples that are heavily focused on F, G and K-type stars, transiting exoplanetary systems around M-type stars have a huge potential to help constrain the most important mechanism(s) producing this bimodal distribution (see, e.g., Hirano et al. 2018). Measuring the planetary mass in turn allows us to gain some insight into the bulk composition of the exoplanets, which delivers a clearer picture of the underlying nature of the radius gap. The Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) has proven to be a prime instrument for detecting and characterizing small planets orbiting bright stellar hosts. Having completed its first year of monitoring, it has contributed to the detection and confirmation of more than 40 new transiting exoplanetary systems, many of which consist of small planets orbiting low-mass M stars (e.g., Luque et al. 2019; Crossfield et al. 2019; Günther et al. 2019; Astudillo-Defru et al. 2020; Cloutier et al. 2020a; Gilbert et al. 2020; Nowak et al. 2020). Here we report on a very interesting addition to this growing sample of TESS transiting exoplanet discoveries around M dwarfs: a transiting super-Earth that appears to be right in the radius gap for low-mass stars orbiting the early M dwarf TOI-1235 (see also the coordinated, but intentionally independent, announcement by Cloutier et al. 2020b).
The paper is organized as follows. Section 2 presents the TESS photometry we used, along with ground-based observations of the star, including high-resolution spectroscopy, lucky and speckle imaging, and photometric variability monitoring. Section 3 presents the stellar properties of the host star, newly derived and collected from the literature. In Sect. 4 we present our analysis of the available data to constrain the planetary properties of the system. In Sect. 5 we discuss our results, with an emphasis on the location of the planet in the mass-radius diagram and its composition, and, finally, Sect. 6 shows our conclusions.
2 Data
Radius and mass are key physical properties of a planet. Together, they inform the planetary density, bulk composition, internal structure, and ability to retain an atmosphere. The combination of a transit and radial velocity (RV) detection is the most straightforward way to measure both the planetary radius and mass. In this work, we used the CARMENES2, HARPS-N3, and iSHELL4 high-resolution spectrographs for the RV follow-up (Sect. 2.2).
Moreover, given the intrinsic faintness of M dwarfs in general and the large photometric apertures of wide-field surveys such as TESS in particular, many light curves with transit candidates are susceptible to contamination by nearby sources. Blends with stars other than the target star are frequent, especially at low Galactic latitudes, while many stars are unresolved multiples. In some cases, other stars in the aperture mask are variable and bright enough to affect the photometric, and even RV, measurements. A particularly difficult type of false positives are background-eclipsing binaries near the target star, which can mimic planet transits. High-resolution imaging follow-up is therefore needed to identify nearby potential contaminants, and ground-based photometric monitoring is helpful in discarding false positives, such as nearby eclipsing binaries. For this second follow-up stage, we used the lucky and speckle imagers AstraLux and NESSI and collected light curves complementary to those of TESS, either measured by us with 1 m class telescopes (LCOGT, TJO) or compiled from public data bases (Sects. 2.3 and 2.4).
Table 1

TESS observations of TOI-1235.

2.1 TESS photometry
The goal of TESS is to search for planets transiting bright and nearby stars. It was designed to observe 26 sectors of 24 × 96 deg2 split into 13 partially overlapping sectors in the north and south ecliptic hemispheres, each of which observed for 27–28 d. The Mikulski Archive for Space Telescopes5 (MAST) stores the light curves of stars in the TESS Input Catalog (TIC; Stassun et al. 2018). About 200 000 bright main-sequence F, G, K, and M-type stars, small enough to enable the detection of transiting planets smaller than Neptune (R ≤4 R⊕), are observed with a 2 min cadence (cf. Stassun et al. 2018), while fainter stars (V ≳ 13 mag) or with earlier spectral types (and, thus, high masses and large radii) are observed with a 30 min cadence. TOI-1235 (TIC 103633434) was observed by TESS in 2 min short-cadence integrations in sectors 14, 20, and 21 during the TESS primary mission (see Table 1). The transiting-planet signature was detected when the Science Processing Operations Center (SPOC; Jenkins et al. 2016) processed the data from sector 14 and searched the light curve for transits with the transiting planet search module (Jenkins 2002; Jenkins et al. 2017). The transit signature passed all the diagnostic tests performed by the data validation module (Twicken et al. 2018), which also provided the initial limb-darkened transit model fit (Li et al. 2019). After these steps, TOI-1235 was announced on 16 September 2019 as a TESS object of interest (TOI) thorugh the dedicated MIT TESS data alerts public website6. The transit signal had a period of 3.4431 ± 0.0008 d and a depth of 0.91 ± 0.08 mmag, corresponding to a planet radius of about 2 R⊕, well in the super-Earth domain.
Soon after, we downloaded the corresponding light curve produced by the SPOC at the NASA Ames Research Center from MAST. SPOC provides simple aperture photometry (SAP) and photometry corrected for systematics (PDC, Smith et al. 2012; Stumpe et al. 2012, 2014), which is optimized for TESS transit searches. Figure 1 shows the PDC data for the three TESS sectors with the best-fit model (see Sect. 4.4 for details).
	[image: thumbnail]	Fig. 1
Top panel: TESS transit photometry for the three sectors (gray points) with the best-fit juliet model (black line; see Sect. 4.4 for details on the modeling). Bottom panel: phase-folded transit light curve of TOI-1235 b. The three sectors (14, 20, and 21) are color-coded in red, green, and blue, respectively. The best-fit model is depicted by the black curve.



2.2 High-resolution spectroscopy
2.2.1 CARMENES
CARMENES (Quirrenbach et al. 2014, 2018) is a high-resolution spectrograph mounted on the 3.5 m telescope at the Observatorio de Calar Alto in Almería, Spain. It splits the incoming light into two channels, one that operates in the optical (VIS: 0.52–0.96 μm, [image: equation]) and the other in the near-infrared (NIR: 0.96–1.71 μm, [image: equation]). TOI-1235 was observed 40 times with CARMENES between 09 November 2019 and 18 February 2020, overlapping with the TESS sector 20 and 21 observations. We used the maximum exposure time of 1800 s and followed the standard data flow of the CARMENES guaranteed time observations. In particular, we reduced the VIS spectra with CARACAL (Zechmeister et al. 2014) and determined the corresponding RVs and spectral activity indices (see Sect. 4.3) with SERVAL (Zechmeister et al. 2018). We corrected the RV’s for barycentric motion, instrumental drift, secular acceleration, and nightly zero-points (see Kaminski et al. 2018, Tal-Or et al. 2019, and, especially, Trifonov et al. 2020 for details). For exposure times shorter than 1800 s, the CARMENES standard integrations are automatically limited by signal-to-noise (S/N) ratio to 150 by an exposure-meter per channel that collects the light of the zeroth order of the respective échelle grating during the exposure (Caballero et al. 2016). However, the median S/N of our CARMENES VIS spectra was slightly lower (~97). Correspondingly, the weighted root-mean-square (wrms) and median uncertainty ([image: equation]) of the CARMENES VIS data were 3.7 and 1.9 m s−1, respectively. These RVs and their uncertainties are listed in the top part of Table A.2.
As expected from the results presented by Bauer et al. (2020), the RV precision of the CARMENES NIR observations of TOI-1235 was lower than that of the VIS observations: wrms = 9.1 and [image: equation] = 7.4 m s−1. The expected RV amplitude of the planet of about 3–4 m s−1 was lower than the data radial precision of the CARMENES NIR data. The RVs, CRX, and dLW of CARMENES NIR spectra are displayed in the top part of Table A.3.
2.2.2 HARPS-N
HARPS-N (Cosentino et al. 2012) is a high-resolution spectrograph mounted on the Italian 3.58 m Telescopio Nazionale Galileo at the Observatorio del Roque de los Muchachos, La Palma, Spain. HARPS-N covers the optical wavelength regime between 0.38 and 0.69 μm with a spectral resolution of[image: equation]. The precision and stability of HARPS-N is comparable to its sister instrument HARPS on the ESO 3.6 m telescope and therefore to CARMENES (Trifonov et al. 2018; Perger et al. 2019). TOI-1235 was observed 21 times between 14 January 2020 and 26 February 2020 with HARPS-N7, also overlapping with TESS sectors 20 and 21. Just as with the CARMENES data, we determined the RVs and Hα spectral activity index with SERVAL. They are listed in the bottom part of Table A.2. The typical S/N per exposure was 100, while the wrms and [image: equation] of the HARPS-N data were 4.5 and1.0 m s−1, respectively.
2.2.3 iSHELL
We obtained 49 spectra during five nights for TOI 1235 spanning 26 days in January-February 2020 with iSHELL mounted on the 3.2 m NASA Infrared Telescope Facility (IRTF) on Maunakea, Hawaii (Rayner et al. 2016). We used the silicon immersion grating optimized for the K band with the 0.375 arcsec slit, which resulted in a spectral resolution of 80 000. The spectra were wavelength calibrated with a methane isotopolog gas cell in the calibration unit. The exposure times were 300 s, repeated 9–11 times within a night to reach a cumulative photon S/N per spectral pixel at about 2.4 μm (at the approximate center of the blaze for the middle order) varying from 77 to 98 to achieve a per-night precision of 4–11 m s−1. Spectra were reduced and RVs extracted using the methods outlined by Cale et al. (2019). The resulting wrms and [image: equation] of the iSHELL data were 7.2 and 6.1 m s−1, slightly better than the CARMENES NIR data, but still twice higher than the expected planet semiamplitude. The RVs are displayed in the bottom part of Table A.3.
2.3 High-resolution imaging
2.3.1 AstraLux
We observed TOI-1235 with the high spatial resolution camera and lucky imager AstraLux (Hormuth et al. 2008) on the 2.2 m telescope at the Observatorio de Calar Alto in Almería, Spain. The observations were carried out in the z′ band on 30 October 2019 under good weather conditions with a mean seeing of 1.0 arcsec. We obtained 96 000 frames of 10 ms in a 6.0 × 6.0 arcsec2 window. With the observatory pipeline, we selected the 5% frames with the highest Strehl ratio (Strehl 1902), aligned them, and stacked them for a final high-spatial resolution image.
2.3.2 NESSI
On 14 October of 2019, we observed TOI-1235 with the NASA Exoplanet Star and Speckle Imager (NESSI; Scott et al. 2018; Scott & Howell 2018) on the 3.5 m WIYN telescope at the Kitt Peak National Observatory in Arizona, USA. We observed nearby point-sourcecalibrator stars and reduced the data following Howell et al. (2011). The high-speed electron-multiplying CCDs of NESSI capture images at 25 Hz simultaneously in two bands centered at 562 and 832 nm. Finally, we obtained two 4.6 ×4.6 arcsec2 reconstructed images, one for each passband.
2.4 Ground-based photometry
Additional photometric data for TOI-1235 were taken on 31 December 2019 with one of the 1 m telescopes of the Las Cumbres ObservatoryGlobal Telescope (LCOGT; Brown et al. 2013) Network at the McDonald Observatory in Texas, USA. We used the TESS Transit Finder, which is a customized version of the Tapir software package (Jensen 2013), to schedule a full transit observation. We used the zs (short z′) band and an aperture radius of 7.0 arcsec for the photometry extraction. A total of 358 photometric measurements were obtained with a cadence of 56 s and a median precision of 1.1 mmag per point. The images were calibrated using the standard LCOGT Banzai pipeline (McCully et al. 2018), and the photometric data were extracted using the AstroImageJ software package (Collins et al. 2017).
We also observed a TOI-1235 transit on 29 March 2020 with the 0.8 m Telescopi Joan Oró (TJO) at the Observatori Astronòmic del Montsec in Lleida, Spain. We obtained a total of 221 images with the Johnson R filter using the LAIA imager, a 4k × 4k CCD with a field of view of 30 arcmin and a scale of 0.4 arcsec pixel−1. The observations were affected by poor weather conditions, and the photometry was extracted and analyzed with AstroImageJ. Although we did not use this photometry in the joint modeling due to the relatively poor photometric precision, of about 2 mmag, and an observational gap in the middle of the transit, it was still useful as an independent confirmation that the transit event indeed occurred on the target star, as the TJO photometry for all Gaia DR2 sources within 2.5 arcmin of the target ruled out the possibility that the TESS transit signal was produced by any of these stars being short-period eclipsing binary contaminants.
Finally, we searched for public time-series data of wide-area photometric surveys and databases exactly as in Díez Alonso et al. (2019). In particular, we retrieved light curves from the All-Sky Automated Survey for SuperNovae (ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017) in the g′ and V bands, and the Northern Sky Variability Survey (NSVS; Woźniak et al. 2004), and the Catalina Sky Survey (Drake et al. 2009) in white light. Table 2 summarizes the three public data sets, including the standard deviation of the magnitudes and mean of the magnitude errors. The Catalina data set is much noisier, sparser, and shorter than the others, therefore we did not use it inour analysis. In addition, we did not find data on TOI-1235 in the public archives of other photometric surveys, such as MEarth (Irwin et al. 2011), SuperWASP (Pollacco et al. 2006, including unpublished data), ASAS (Pojmański 1997), and HATNet (Bakos et al. 2004). Finally, TOI-1235 was not labeled as a variable star in the ATLAS survey (Heinze et al. 2018).
Table 2

Descriptions of data from public ground-based surveys.

3 Stellar properties
The star TOI-1235 (TYC 4384–1735–1) has been included in only a few proper-motion surveys (Høg et al. 2000; Lépine & Shara 2005; Kirkpatrick et al. 2016) and catalogs of nearby M dwarfs that could host exoplanets (Lépine & Gaidos 2011; Frith et al. 2013; Gaidos et al. 2014). As indicated by its Tycho-2 identifier, TOI-1235 is a relatively nearby (d ≈ 39.6 pc) bright (V ≈ 11.5 mag) star. Lépine et al. (2013) and Gaidos et al. (2014) reported spectral types M0.5 V and M1.0 V and effective temperatures Teff of 3660 K and 4060 K. Gaidos et al. (2014) also derived stellar radius R⋆ and bolometric luminosity L⋆, which are consistent with the determinations by Gaia Collaboration (2018), mass M⋆, and pseudo-equivalent width of the Hα line, pEW(Hα).
We redetermined all stellar parameters for this early-M dwarf. In particular, we measured Teff, surface gravity log g, and iron abundance [Fe/H] from the stacked CARMENES VIS spectra by fitting them with a grid of PHOENIX-SESAM models as in Passegger et al. (2019), the rotational velocity vsini with the cross-correlation method as in Reiners et al. (2018), and the stellar luminosity L⋆ by integrating the spectral energy distribution as in Cifuentes et al. (2020). To do this, we used photometric data in 17 passbands from the optical blue Tycho-2 BT (Høg et al. 2000) to the mid-infrared AllWISE W4 (Cutri & et al. 2014), the Virtual Observatory Spectral energy distribution Analyzer (VOSA; Bayo et al. 2008), and the BT-Settl CIFIST theoretical models, which were used to extrapolate the spectral energy distribution at ranges bluer than BT and redder than W4. The full photometric data set including u′ is made available by Cifuentes et al. (2020). The photospheric contributions to the total stellar flux of an M0.5 V star in these ranges are <0.5 and < 0.004%, which means that the L⋆ determination was model independentat the >99.5% level at fixed metallicity. Next, we determined R⋆ through the Stefan-Boltzmann law, [image: equation], and M⋆ with the mass-radius relation derived from main-sequence eclipsing binaries by Schweitzer et al. (2019). All redetermined parameters (Teff, L⋆, R⋆, and M⋆) match the values published by Gaidos et al. (2014) and Gaia Collaboration (2018) within 1σ. Furthermore, we used the precise astrometric data of Gaia DR2, the absolute RV measured on the stacked CARMENES spectra as in Lafarga et al. (2020), and the prescription of Johnson & Soderblom (1987) for measuring the Galactocentric space velocities UV W. Using this kinematic information with the BANYAN Σ tool (Gagné et al. 2018), we classified TOI-1235 as a field star in the Galactic thin disk not associated with any young stellar kinematic group.
Finally, we determined key indicators of stellar activity. First, we measured the Mount Wilson S index, SMWO, with the Yabi data environment on the HARPS-N spectra (Hunter et al. 2012; Borsa et al. 2015), from which we derived [image: equation] using the formulae of Astudillo-Defru et al. (2017) and V − Ks = 3.602 ± 0.059 mag. Next, we measured pEW(Hα) on the CARMENES stacked spectrum following Schöfer et al. (2019), which was in agreement within 2σ to the pEW(Hα) = +0.74 ± 0.11 Å measured by Gaidos et al. (2014) in April 2009. This means that the activity level of the star (as determined by Hα) has not substantially changed for over a decade. These three indicators make TOI-1235 one of the least active stars for its spectral type (Wright et al. 2004; Astudillo-Defru et al. 2017; Boro Saikia et al. 2018). See Sect. 4.3 for a search for periodic signals in other spectroscopic activity indicators.
We also searched for soft X-ray and ultraviolet data of TOI-1235, but the star was not covered by any pointing (XMM-Newton, Chandra, or EUVE), or was too faint and far from axis to be detected (ROSAT and GALEX). As an inactive member of the thin disk without further clear evidence to support a very young or very old age, TOI-1235 is likely between 0.6 Ga (older than the Hyades) and 10 Ga (younger than low-metallicity thick-disk stars).
Table 3 summarizes the stellar properties of TOI-1235. We provide the average values, their uncertainties, and corresponding reference.
4 Analysis and results
4.1 Limits on photometric contamination
The presence of an unresolved companion could have a strong effect on our results. This is particularly relevant for TESS photometry because of its large pixel size (~21 arcsec). For comparison, the CARMENES and HARPS-N optical fiber apertures projected on the sky have sizes of only 1.5 arcsec and 1.0 arcsec, respectively. Even so, they are not immune to contamination from sub-arcsecond blends. Here, we place limits on the dilution factor and the presence of contaminant sources that can affect our photometric and RV measurements of TOI-1235. First, we verified that the sources in the selection apertures in the TESS pixel file (TPF) did not affect the depth of the transits significantly. The TPFs shown in Fig. 2 were created with tpfplotter8 (Aller et al. 2020). In particular, Gaia DR2 sources 2 and 3 in sectors 14, source 4 in sector 20, and source 8 in sector 21 all have G-band fluxes lower by 0.5% than that of TOI-1235 (Gaia and the TESS photometric bands are very similar). Similar results were found for the apertures of the ground-based surveys ASAS-SN and NSVS.
For subarcsecond separations, we used our lucky imaging AstraLux and speckle NESSI data sets described in Sect. 2.3 and illustrated by Fig. 3. We computed 5σ contrast curves as described by Lillo-Box et al. (2012) with the astrasens package9 for AstraLux, and as reported by Livingston et al. (2018) for NESSI. From both data sets, we confirmed the absence of any close companion 4–6 mag fainter than TOI-1235, and derived an upper limit to the contamination of around 2% between 0.15 arcsec and 1.5 arcsec (6.0–60 au if physically bound).
A further constraint came from the Gaia DR2 renormalized unit weight error (RUWE) value, which for TOI-1235 is 1.03, below the critical value of 1.40 that “indicates that a source is non-single or otherwise problematic for the astrometric solution” (Arenou et al. 2018; Lindegren et al. 2018). We also searched for wide common proper motion companions with similar Gaia DR2 parallax, as in Montes et al. (2018), and found none within 30 arcmin of our star. Following these results, we conclude that TOI-1235 is a single star. We estimated the TESS and LCOGT dilution factors at D = 1.0 with Eq. (2) in Espinoza et al. (2019), and fixed this value for all our model fits in the next sections.
Table 3

Stellar parameters of TOI-1235.

	[image: thumbnail]	Fig. 2
Target pixel files of TOI-1235 in TESS sectors 14, 20, and 21. The electron counts are color-coded. The red bordered pixels are used in the SAP. The size of the redcircles indicates the TESS magnitudes of all nearby stars and TOI-1235 (circle 1 is marked with a cross). Bottom right: false-color, 2 × 2 arcmin2 Sloan Digital Sky Survey DR9 image centered on TOI-1235 (north is up, east is left).



4.2 Stellar rotational period from photometric data
The low activity levels of TOI-1235 probably imply a slow rotation and that there may not be enough spot coverage to measure a rotation period. Empirically, the measured limit on rotational velocity (v sini < 2 km s−1) places a lower limit on Prot∕sini > 15.7 d. Given the estimate of the stellar radius in Table 3, the short-period transiting planet around such a low-mass stars indicates a low obliquity (Winn et al. 2017), so that most probably, sin i ~ 1 and therefore Prot ≳ 16 d. On the other hand, from the [image: equation]–Prot relation of Astudillo-Defru et al. (2017), TOI-1235 has a most likely Prot between 22 d and 38 d. However, from Jeffers et al. (2018), the range of rotation periods that M dwarfs with v sini < 2 km s−1 can have is between 10 d and 150 d.
To determine the actual rotational period of the star, we carried out different analyses of the available photometric data for TOI-1235. First, we employed the traditional periodogram analysis to search for significant peaks from the ASAS-SN g′ - and V -band light curves. With the generalized Lomb-Scargle periodogram (GLS) of Zechmeister & Kürster (2009), we obtained a peak at 48.63 ± 0.08 d above the 10% false-alarm probability (FAP) threshold for the combined light curve after subtracting an independent zero-point from each band. We explored the time parameter space between 10 d and 1000 d. Because the ASAS-SN light curves contained a significant number (15%) of outlying data points because of flares and low S/Ns that might bias the previous GLS analysis, we repeated the GLS analysis after removing these deviant data from the two light curves in two steps: we first applied a 2σ and then a 1σ clipping algorithm. The new GLS periodogram of the resulting combined g′ and V data looked different to the one of the original ASAS-SN data, as there were no significant peaks in the studied parameter space. The highest peak near the 10% FAP level was located, but at a longer period of 136.9 ± 1.4 d. The marginal amplitude of the cleaned ASAS-SN g′- and V -band light curve folded in phase with this long period was only 1.4 mmag.
Next, we used a more sophisticated model and fit the ASAS-SN and NSVS photometry with a quasi-periodic Gaussian process (GP). In particular, we used the GP kernel introduced by Foreman-Mackey et al. (2017) of the form
[image: equation]
where τ = |ti − tj| is the time lag, B and C define the amplitude of the GP, L is a timescale for the amplitude-modulation of the GP, and Prot is the period of the quasi-periodic modulations. For the fit, we considered that each instrument and passband could have different values of B and C, while L and Prot were left as common parameters. We considered wide uninformative priors for B, C (log-uniform between 10−3 ppm and 108 ppm), L (log-uniform between 102 d and 108 d), Prot (uniform between 10 d and 300 d), and instrumental jitter (log-uniform between 10 ppm and 106 ppm). The fit was performed using juliet (Espinoza et al. 2019, see the next section for a full description of the algorithm), and the resulting fit is presented in Fig. 4. The rotational period from the quasi-periodic GP analysis was found to be [image: equation] d, with an amplitude of about 10 mmag during the time of highest stellar variability.
Finally,we took advantage of the TESS observations of TOI-1235 inthree sectors spanning almost 210 d. We analyzed the light curve described in Sect 2.1 and two light curves obtained from an optimized aperture (González-Cuesta et al., in prep.), in which we selected pixels with integrated flux above thresholds of 10 and 20 e− s−1, respectively.We then corrected the light curves for outliers and jumps, filled the gaps, concatenated the three sectors following García et al. (2011, 2014a), and removed the transits to make sure that they did not bias the results. Last, we applied our rotation pipeline (Mathur et al. 2010; García et al. 2014b; Santos et al. 2019) with three different methods to search for a periodicity in the data: time-frequency analysis with wavelets (Torrence & Compo 1998), autocorrelation function (McQuillan et al. 2014), a and composite spectrum that is a combination of the two previous methods (Ceillier et al. 2017). While different combinations of methods and light curves generally yielded somewhat different periodicities, signals in the range 32–42 d were present in the time-frequency and composite spectrum analysis of the last two sectors. The significance of the peaks in the autocorrelation function and composite spectrum was slightly below the criteria of in Sect. 3.3 of Ceillier et al. (2017) for establishing a reliable period (i.e., height of the peaks in the autocorrelation functions and composite function greater than or equal than 0.30 and 0.15, respectively). To summarize, the GLS periodogram of the raw ASAS-SN data (although with a low significance), the quasi-periodic GP modeling of the combined ASAS-SN and NSVS data, and the s-BGLS analysis of the spectroscopic data (see Sect. 4.3) all indicate a stellar origin of the ~41.2 d photometricsignal, which suggests that this value might be the true rotation period of TOI-1235.
	[image: thumbnail]	Fig. 3
Contrast curves (5σ) of TOI-1235 from AstraLux (left) and NESSI (right) observations. Inset images are 6.0 × 6.0 arcsec2 stacked in z′ band and 4.6× 4.6 arcsec2 reconstructed at 562 and 832 nm, respectively.



	[image: thumbnail]	Fig. 4
ASAS-SN (V passband in light blue, g′ passband in dark blue) and NSVS (purple) long-term photometric monitoring modeled with a quasi-periodic GP kernel defined as in Foreman-Mackey et al. (2017). The time span of the TESS observations is shown in gold. ASAS-SN and NSVS fluxeswere computed from the original magnitudes and normalized with their respective median.



4.3 Signals in spectroscopic data
We searched for periodic signals in the combined CARMENES VIS and HARPS-N RV data, which had the lowest median RV uncertainties, by computing GLS periodograms, as illustrated by Fig. 5. A signal corresponding to the transits in the TESS light curve was significantly detected in the RVs at Pb = 3.44 d (FAP ~1%; panel a) and its aliases at 1.41 d, 0.96 d, and 0.77 d. However, we also found an additional signal at P ≈ 20.6 d, at about half the most likely stellar rotation period. After removing the planetary signal, the 20.6 d signal and its aliases still remained with an FAP ≳ 0.1% (panel b).
To understand the origin of the 20.6 d signal, we searched for additional peaks in the periodograms of the activity indicators CRX, dLW, and Hα derived from the individual CARMENES and HARPS-N spectra (panels c–e), and Ca IRTa (panel f), and the titanium oxide indices that quantify the strengths of the TiO γ, ɛ, and δ absorption band heads at 7050, 8430, and 8860 Å (panels g–i), respectively, from the CARMENES spectra alone (Zechmeister et al. 2018; Schöfer et al. 2019). The activity indices and their uncertainties are listed in Table A.2. Except for daily aliases, the highest peaks in the dLW, Hα, Ca IRTa, and TiO7050 periodograms are at about P  ≈ 32–47 d, which adds further credence to Prot ≈ 41.2 d as inferred in Sect. 4.2. All these indicators track different features in the stellar atmosphere, and our spectra cover only slightly more than two periods, therefore it is plausible that they do not yield exactly the same periods. We also detected the 20.6 d signal in the dLW series, which supports the notion that this signal is also related to stellar activity. As expected for an early-type M dwarf, the TiO8430 and TiO8860 indices showed no significant signals.
We used the stacked Bayesian generalized Lomb-Scargle periodogram (s-BGLS; Mortier et al. 2015) with the normalization of Mortier & Collier Cameron (2017) to verify whether the 20.6 d signal was coherent over the whole observational time baseline of CARMENES VIS and HARPS-N. In Fig. 6 we display s-BGLS periodograms of the raw RV data around 3.44 d, and of the RV data, after subtracting a sinusoid at the transiting planet period, around the 20.6 d signal.
This signal showed a first probability maximum after around 44 observations (BJD ~ 2 458 663) and thereafter decreased for some time. This incoherence is characteristic of a nonplanetary origin of the signal (Mortier & Collier Cameron 2017). The s-BGLS of the 3.44 d signal, on the other hand, showed a monotonically increasing probability, as expected fora Keplerian signal.
Last, we measured the Pearson r, Student t, and Fisher z correlation coefficients between the temporal series of RV and the activity indicators CRX, dLW, Hα, Ca IRTa, TIO7050, and SMWO, and we did not see any intrinsic correlation between RV and activity as in Gan et al. (2020). In particular, we determined absolute values of r and z below 0.006 and of t above 0.7, respectively, for all relations except for RV versus dLW, which was in any case weakly anticorrelated.
	[image: thumbnail]	Fig. 5
GLS periodograms of: (a) combined RVs from CARMENES VIS and HARPS-N (black) and the respective spectral window function (gray), (b) RV residualsafter subtracting the planet signal, (c–e) combined CRX, dLW, and Hα index from CARMENES VIS and HARPS-N, and (f–i) Ca IRT, TiO7050, TiO8430, and TiO8860 indices from CARMENES VIS alone, (j) combined ASAS-SN (V and g′ bands), and NSVS data photometry. In all panels the vertical dashed lines indicate the periods of 3.44 d (thick green, planet) and the aliases of the orbital period (yellow, orange, and red), 41.2 d (violet, Prot from the quasi-periodic GP analysis of the combined photometric data), 20.6 d (blue, ~Prot /2). The horizontal lines mark the theoretical FAP levels of 0.1 (dashed), 1 (dash-dotted), and 10% (dotted).



	[image: thumbnail]	Fig. 6
Evolution of the s-BGLS periodogram of the CARMENES and HARPS-N RV data of TOI-1235 around the 3.44 d signal of thetransiting planet (left) and around the 20.6 d activity signal after subtracting the planet signal (right). The number of data points included in the computation of the periodogram increases from bottom to top.



4.4 Joint fit
To obtain precise parameters of the TOI-1235 system, we performed a joint analysis of the TESS and LCOGT photometry and CARMENES VIS and HARPS-N RV data using juliet. The model that we selected for our RV joint fit analysis was one composed ofa circular Keplerian orbit for the transiting planet plus a quasi-periodic GP that we used to model the 20.6 d signal observed in the RVs; we have discussed this in previous sections. However, we also computed models of a circular orbit, an eccentric orbit, a circular orbit plus a sinusoid, an eccentric orbit plus a sinusoid, an eccentric orbit plus a GP, and two circular orbits. The two best-fit models, judged by their log-evidences, were a two-planet model and a one-circular-planet model combined with a GP to fit the 20.6 d signal. The star-planet tidal locking and consequent circularization of the planet orbit following the theoretical predictions of Barnes (2017), for instance, support both models with eccentricity fixed to zero (see also Fig. 2 in Martínez-Rodríguez et al. 2019). However, the difference between their log-evidence was [image: equation], which made the two models indistinguishable if they were equally likely a priori. The two models gave almost identical constraints on the properties of the transiting exoplanet. The analyses of the activity indices and photometric data, however, gave a higher prior weight to the stellar activity model, and we therefore decided to use a GP, which is typically better at modeling stellar activity than a simple sinusoid, as our final model to account for the 20.6 d signal. In our analysis we used the exp-sine-squared kernel for the GP, which is a very common kernel to model stellar activity signatures in the literature (see, e.g., Nava et al. 2020, and references therein), and which is of the form
[image: equation]
For the transit modeling, juliet uses the batman package (Kreidberg 2015). To parameterize the limb-darkening effect in the TESS photometry, we employed the efficient, uninformative sampling scheme of Kipping (2013) and a quadratic law. We used a common set of limb-darkening coefficients across the three TESS sectors. In the LCOGT light-curve analysis, we instead used a linear law to parameterize the limb-darkening effect, as a more complex law was not warranted given the precision of the data, as explained by Espinoza & Jordán (2016). We used the Espinoza (2018) parameterization to explore the full physically plausible parameter space for the planet-to-star radius ratio, Rp ∕R⋆, and impact parameter, b. Finally, we used a white-noise-only fit for the TESS photometry, as an analysis using a GP on the photometry returned a log-evidencethat was indistinguishable from the one of a white-noise model. For the LCOGT photometry, on the other hand, we used a linear model to detrend the data, with airmass and pixel position of the target as regressors. The selected priors for our joint fit are presented in Table A.1.
As illustrated by the posterior parameters of our joint fit presented in Table 4 and the resulting RV model presented in Fig. 7, the maximum a posteriori of the GP periodic component, Prot;GP,RV, is about 20.9 d, in agreement with the signal observed in the GLS periodogram of the RVs (Fig. 5). This is almost exactly half the period derived from the long-term photometric monitoring discussed in previous sections, which means that a rotating spotted stellar surface is the most plausible cause of these variations. Consequently, we performed joint fits using the period observed in the photometry of [image: equation] d as a prior, and the results were almost identical regarding the properties of the transiting planet to the ones presented in Table 4. Therefore our model is marginalized properly over the possible different scenarios on the stellar surface in terms of stellar activity. As shown in Fig. 8 and Table 4, we attained a 10σ detection of the planetary RV semiamplitude.
We also performed two additional fits of the lower-precision CARMENES NIR and iSHELL RVs (Sects. 2.2.1 and 2.2.3). We set all the ephemeris priors to those found in the joint fit, including the planet P and t0, with and without stellar rotation period and timescale of the GP. All other parameters were free to vary around the entire parameter space. The two models, with and without GP, were indistinguishable based on their log-evidences ([image: equation]). Interestingly, the GP amplitude in the first model was consistent with zero, which supports the nonplanetary origin of the ~41.2 d period, as argued above. The new NIR RV analysis yielded a lower statistical precision in model parameter recovery than VIS RVs, but the new recovered planet-semiamplitude KNIR = 2.8 ± 1.4 m s−1 was consistent within 1σ with that listed in Table 4. In addition, the NIR RVs, taken at independent wavelengths and in the case of iSHELL with a different facility, help validate the system and instrument performance.
To summarize, the TOI-1235 system consists of a relatively weakly active M dwarf with at least one super-Earth-like planet, namely TOI-1235 b (see Table 5), with a mass of Mp = [image: equation] M⊕ and radius of Rp = [image: equation] R⊕ on a circular orbit with a period of 3.44 d. We also derived a bulk density of ρp = [image: equation] g cm−3 and an equilibrium temperature, assuming a zero albedo, of Teq = 776 ± 13 K, which is slightly hotter than the mean surface temperature of Venus.
Table 4

Posterior parameters of the juliet joint fit for TOI-1235 b.

	[image: thumbnail]	Fig. 7
Joint fit results. Top panels: phase-folded light curves of TESS, sectors 14, 20, and 21, and LCOGT, from left to right, and their residuals. White circles are binned data (shown only for reference; data used to fit the model were the unbinned points), black curves are the best-fit models, and blue areas are the 68% credibility bands. Bottom panel: CARMENES VIS (orange) and HARPS-N (blue) RVs. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68and 95% credibility bands.



	[image: thumbnail]	Fig. 8
Phase-folded RVs for TOI-1235 without the GP component. Orange circles are CARMENES VIS data, blue circles are HARPS-N data, white points are binned data for reference. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68 and 95% credibility bands.



4.5 Search for transit depth and time variations
TESS observed TOI-1235 in three sectors and covered 22 transits of TOI-1235 b. This allowed us to assess the presence of transit-timing variations (TTVs) and transit depth variations. We carried out a search for TTVs using the batman package and fit each transit individually. We only left transit times and transit depth as free parameters, and fixed the remaining parameters to the values obtained in the joint analysis in Sect. 4.4. The best-fit parameters and associated uncertainties in our fitting procedure were derived using a Markov chain Monte Carlo analysis implemented in the emcee python package (Foreman-Mackey et al. 2013). We found an indication of a periodic TTV signal with a semiamplitude of about 4 min. Using the GLS of the observed TTV signal, we found that the observed TTVs had a periodicity of 25.3 ± 0.2 d, which mightindicate the presence of a second nontransiting planet in the system (Holman & Murray 2005). However, a TTV signal with this amplitude might also easily be generated by the stellar activity (e.g., Oshagh et al. 2013), and the period was consistent with our previous analyses of the stellar rotation. We also searched for trends in the derived transit depths, and found that individual depths agreed within 1σ with the depth derived from the combined analysis.
Table 5

Derived planetary parameters for TOI-1235 b.

5 Discussion
Our 61 RV measurements yield a planetary mass for TOI-1235 b with an uncertainty of about 10%, and the TESS and LCOGT light curves constrain the planetary radius at a level of about 5% uncertainty. This means that TOI-1235 b belongs to the select group of terrestrial planets with a well-determined bulk density. The population with measurements better than 30% is shown in the mass-radius diagram of Fig. 9. The comparison of TOI-1235 b with theoretical models of Zeng et al. (2016, 2019) is consistent with a rocky MgSiO3-dominated composition with a bulk density slightly higher than that of Earth. This classifies it as a super-Earth planet.
Based again on the mass and radius relationships from Zeng et al. (2016), the best fit results in an iron core mass fraction of CRF = 0.10[image: equation], but the planet is also consistent with an Earth-like bulk composition (CRF ≈ 0.4–0.6). Furthermore, using Hardcore (Suissa et al. 2018) and our R and M, the marginal core ratio fraction, CRFmarg, is 0.53 ± 0.20, similar to the Earth’s true CRF value of 0.55.
Like many other transiting terrestrial and sub-Neptune planets, TOI-1235 b is on a fairly irradiated orbit and therefore may have been strongly sculpted by extreme atmospheric escape due to XUV-driven photoevaporation (e.g., López & Fortney 2013; Owen & Wu 2013) or core-powered mass loss (e.g., Wu 2019; Gupta & Schlichting 2020). Because of its expected low envelope mass fraction, the required binding energy makes this explanation difficult for TOI-1235 b, but using the escape scaling relations from López & Fortney (2013), we found that this planet lies right at the boundary of where escape evolution is likely to play a significant role in removing primordial H/He gaseous envelopes.
As described in Sect. 1 and illustrated by the insolation-radius diagram in Fig. 9, the growing exoplanet statistics has revealed a gap in the radius distribution of planets slightly larger than Earth (Fulton et al. 2017). Rocky super-Earth planets of up to ~1.5 R⊕ are relatively common, as are gaseous mini-Neptunes in the range of 2–4 R⊕, but only a few planets have been detected with a radius inside this gap (Gandolfi et al. 2019). Using the location of the radius valley as determined by Van Eylen et al. (2018), that is, log R = mlogP + a with [image: equation] and [image: equation], we determine the predicted location of the radius valley at the orbital period of TOI-1235 b. We find that for P = 3.44 d, the radius valley is located atR = 2.1 ± 0.2 R⊕. Therefore and according to this definition, TOI-1235 b, which has a radius [image: equation], would be located near the lower edge of the radius valley. Its rocky composition is indeed consistent with the planet having lost its atmosphere, as expected for planets below the radius valley (e.g., Owen & Wu 2013).
However, the location of the radius gap as determined by Van Eylen et al. (2018) was based on F-, G-, and K-type stars, whereas TOI-1235 b orbits an M dwarf star. Whether these same boundaries apply to M dwarfs (and whether the gap actually exists for planets around M dwarfs) has been the subject of several recent studies (Zeng et al. 2017; Fulton & Petigura 2018; Hirano et al. 2018). Following Zeng et al. (2017), for example, who used all of the Kepler planet candidates, the radius and stellar irradiation level of TOI-1235 b place it exactly in the gap for early-M dwarfs (located at about 1.7 R⊕ for an irradiation of 60 S⊕ in that work). On the other hand, when we extrapolate from the sample of Fulton & Petigura (2018), who focused on F-, G-, and K-type stars with precise stellar parameters and on stars that host validated Kepler exoplanets, we reach a similar conclusion. Finally, using the sample of Hirano et al. (2018), who focused only on low-mass stars hosting validated small planets unveiled by K2 and Kepler, we would locate TOI-1235 b in the gap, but the data in that sample (arguably more suitable for a proper comparison with the stellar properties of TOI-1235) were unable to track a proper stellar irradiation versus radius dependence of the gap. Therefore our measurements of the bulk composition of TOI-1235 b, consistent with the planet having lost its atmosphere, place a strong constraint on any interpretation regarding the radius gap for M dwarfs at the irradiation levels received by TOI-1235 b. If atmospheric loss is indeed the correct physical interpretation for the radius gap, and if it applies to M dwarfs at the period or stellar irradiation level of TOI-1235 b, the gap for early-type M dwarfs has to be either at or above 1.7 R⊕.
6 Conclusions
We confirmed that TOI-1235 b is a transiting super-Earth planet around an M0.5 V star, observed in sectors 14, 20, and 21 of the TESS mission. We collected CARMENES and HARPS-N spectroscopic data, from which we confirmed the planetary nature of the transit signal detected by TESS. Further support for the planetary interpretation came from our LCOGT photometric data during one transit, as well as from lucky and speckle imaging. From the joint analysis of all the data, we derived the following parameters for TOI-1235 b: mass of Mp = 5.9 ± 0.6 M⊕, radius of Rp = 1.69 ± 0.08 R⊕, and density of ρp = [image: equation] g cm−3.
A comparison of the physical properties of TOI-1235 b with compositional models reveals the planet to be a rocky super-Earth, with a bulk density only slightly higher than that of Earth. Although the location (and existence) of a radius gap for exoplanets around M-dwarfs is still debated, the radius and irradiation level of TOI-1235 b place it at the radius gap according to various suggestions of its location in the literature for these small low-mass stars. If the gap indeed exists for M-dwarfs, the bulk properties of TOI-1235 b, which make it consistent with having lost its atmosphere, constrain the gap to be at or above the planetary radius of TOI-1235 b, that is, ~ 1.7 R⊕ at its irradiation level (~ 60 S⊕). These findings help to better constrain the dependence of the gap location on stellar type and irradiation, and thus to understand its origin. Finally, the brightness of TOI-1235(V ≈ 11.5 mag) makes this planet an accessible and very interesting object for further studies of planet formation and atmospheric evolution.
	[image: thumbnail]	Fig. 9
Mass-radius (left) and insolation-radius (right) diagrams in Earth units. In the two panels, open circles are transiting planets around F-, G-, and K-type stars with mass and radius measurement better than 30% from the TEPCat database of well-characterized planets (Southworth 2011), filled red circles are planets around M dwarfs with mass and radius measurement, filled yellow circles are planets around M dwarfs with mass determinations lower than 30% or without mass constraints at all (right panel only), and the red star is TOI-1235 b, whose radius and mass are determined with accuracies of 5 and 10%, respectively. In the left panel, the color lines are the theoretical R-M models of Zeng et al. (2016), and the three planets with mass determinations lower than 30% are K2–3 b, BD–17 588A b, and LHS 1815 b. In the right panel, we plot the R-S point density of all the known confirmed transiting planets with contours, and mini-Neptunes and super-Earths density maxima with white crosses. The M dwarf without mass determination in the radius gap is K2–104 b (Mann et al. 2017), a planet around an active star in the Praesepe cluster that is fainter by 5 mag in V than TOI-1235.
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Appendix A  Long tables
Table A.1

Priors used for TOI-1235 b in the joint fit with juliet.

Table A.2

Radial velocity measurements and spectroscopic activity indicators for TOI-1235 from optical spectra.

Table A.3

Radial velocity measurements and spectroscopic activity indicators for TOI-1235 from NIR spectra.
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2 Calar Alto high-Resolution search for M dwarfs with Exoearths with Near-infrared and optical Echelle Spectrographs: http://carmenes.caha.es


3 High Accuracy Radial velocity Planet Searcher for the Northern hemisphere: https://plone.unige.ch/HARPS-N/


4 Immersion Grating Echelle Spectrograph: http://irtfweb.ifa.hawaii.edu/~ishell/
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7 HARPS-N data: 15 RVs were obtained from the Spanish CAT19A-162 program (PI: Nowak) and 6 RVs from ITP 19-1 program (PI: Pallé).
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	[image: thumbnail]	Fig. 1
Top panel: TESS transit photometry for the three sectors (gray points) with the best-fit juliet model (black line; see Sect. 4.4 for details on the modeling). Bottom panel: phase-folded transit light curve of TOI-1235 b. The three sectors (14, 20, and 21) are color-coded in red, green, and blue, respectively. The best-fit model is depicted by the black curve.
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	[image: thumbnail]	Fig. 2
Target pixel files of TOI-1235 in TESS sectors 14, 20, and 21. The electron counts are color-coded. The red bordered pixels are used in the SAP. The size of the redcircles indicates the TESS magnitudes of all nearby stars and TOI-1235 (circle 1 is marked with a cross). Bottom right: false-color, 2 × 2 arcmin2 Sloan Digital Sky Survey DR9 image centered on TOI-1235 (north is up, east is left).
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Contrast curves (5σ) of TOI-1235 from AstraLux (left) and NESSI (right) observations. Inset images are 6.0 × 6.0 arcsec2 stacked in z′ band and 4.6× 4.6 arcsec2 reconstructed at 562 and 832 nm, respectively.
In the text



	[image: thumbnail]	Fig. 4
ASAS-SN (V passband in light blue, g′ passband in dark blue) and NSVS (purple) long-term photometric monitoring modeled with a quasi-periodic GP kernel defined as in Foreman-Mackey et al. (2017). The time span of the TESS observations is shown in gold. ASAS-SN and NSVS fluxeswere computed from the original magnitudes and normalized with their respective median.
In the text



	[image: thumbnail]	Fig. 5
GLS periodograms of: (a) combined RVs from CARMENES VIS and HARPS-N (black) and the respective spectral window function (gray), (b) RV residualsafter subtracting the planet signal, (c–e) combined CRX, dLW, and Hα index from CARMENES VIS and HARPS-N, and (f–i) Ca IRT, TiO7050, TiO8430, and TiO8860 indices from CARMENES VIS alone, (j) combined ASAS-SN (V and g′ bands), and NSVS data photometry. In all panels the vertical dashed lines indicate the periods of 3.44 d (thick green, planet) and the aliases of the orbital period (yellow, orange, and red), 41.2 d (violet, Prot from the quasi-periodic GP analysis of the combined photometric data), 20.6 d (blue, ~Prot /2). The horizontal lines mark the theoretical FAP levels of 0.1 (dashed), 1 (dash-dotted), and 10% (dotted).
In the text



	[image: thumbnail]	Fig. 6
Evolution of the s-BGLS periodogram of the CARMENES and HARPS-N RV data of TOI-1235 around the 3.44 d signal of thetransiting planet (left) and around the 20.6 d activity signal after subtracting the planet signal (right). The number of data points included in the computation of the periodogram increases from bottom to top.
In the text



	[image: thumbnail]	Fig. 7
Joint fit results. Top panels: phase-folded light curves of TESS, sectors 14, 20, and 21, and LCOGT, from left to right, and their residuals. White circles are binned data (shown only for reference; data used to fit the model were the unbinned points), black curves are the best-fit models, and blue areas are the 68% credibility bands. Bottom panel: CARMENES VIS (orange) and HARPS-N (blue) RVs. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68and 95% credibility bands.
In the text



	[image: thumbnail]	Fig. 8
Phase-folded RVs for TOI-1235 without the GP component. Orange circles are CARMENES VIS data, blue circles are HARPS-N data, white points are binned data for reference. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68 and 95% credibility bands.
In the text



	[image: thumbnail]	Fig. 9
Mass-radius (left) and insolation-radius (right) diagrams in Earth units. In the two panels, open circles are transiting planets around F-, G-, and K-type stars with mass and radius measurement better than 30% from the TEPCat database of well-characterized planets (Southworth 2011), filled red circles are planets around M dwarfs with mass and radius measurement, filled yellow circles are planets around M dwarfs with mass determinations lower than 30% or without mass constraints at all (right panel only), and the red star is TOI-1235 b, whose radius and mass are determined with accuracies of 5 and 10%, respectively. In the left panel, the color lines are the theoretical R-M models of Zeng et al. (2016), and the three planets with mass determinations lower than 30% are K2–3 b, BD–17 588A b, and LHS 1815 b. In the right panel, we plot the R-S point density of all the known confirmed transiting planets with contours, and mini-Neptunes and super-Earths density maxima with white crosses. The M dwarf without mass determination in the radius gap is K2–104 b (Mann et al. 2017), a planet around an active star in the Praesepe cluster that is fainter by 5 mag in V than TOI-1235.
In the text





    Table 1 

TESS observations of TOI-1235.



	Sector
	Camera
	CCD
	Start date
	End date





	14
	4
	3
	18 July 2019
	15 August 2019



	20
	2
	1
	24 December 2019
	21 January 2020



	21
	2
	2
	21 January 2020
	18 February 2020






  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
Top panel: TESS transit photometry for the three sectors (gray points) with the best-fit juliet model (black line; see Sect. 4.4 for details on the modeling). Bottom panel: phase-folded transit light curve of TOI-1235 b. The three sectors (14, 20, and 21) are color-coded in red, green, and blue, respectively. The best-fit model is depicted by the black curve.


    

  
    Table 2 

Descriptions of data from public ground-based surveys.



	Survey
	Band
	Start date
	End date
	N
	Δt
	[image: equation]
	σm
	[image: equation]



						(d)
	(mag)
	(mag)
	(mag)





	ASAS-SN
	g′
	29 October 2017
	24 March 2020
	603(a)
	877
	12.255
	0.026
	0.010



		V
	28 January 2012
	26 November 2018
	713(b)
	2494
	11.572
	0.018
	0.009



	NSVS
	Clear
	04 June 2018
	20 May 2019
	111
	359
	11.027
	0.024
	0.011



	Catalina(b)
	Clear
	02 February 2006
	18 April 2013
	43
	2632
	10.761
	0.089
	0.050






Notes. Number of collected data points. (a)After discarding 20 g′ and 10
V dubious data points (with poor quality flags). (b)Data set eventually not used.





  
    Table 3 

Stellar parameters of TOI-1235.



	Parameter
	Value
	Reference





	Name and identifiers



	Name
	TYC 4384–1735–1
	Høg00



	Karmn
	J10088+692
	AF15



	TOI
	1235
	ExoFOP-TESS



	TIC
	103 633 434
	Sta18



	Coordinates and spectral type



	α (J2000)
	10:08:52.38
	Gaia DR2



	δ (J2000)
	+69:16:35.8
	Gaia DR2



	Sp. type
	M0.5 V
	Lep13



	G [mag]
	10.8492 ± 0.0005
	Gaia DR2



	T [mag]
	9.9192 ± 0.0072
	Sta19



	J [mag]
	8.711 ± 0.020
	Skr06



	Parallax and kinematics



	ϖ [mas]
	25.202 ± 0.030
	Gaia DR2



	d [pc]
	39.680 ± 0.048
	Gaia DR2



	μα cos δ [mas a−1]
	+ 196.631 ± 0.040
	Gaia DR2



	μδ [mas a−1]
	+ 17.369 ± 0.047
	Gaia DR2



	γ [km s−1]
	− 27.512 ± 0.018
	This work



	U [km s−1]
	+ 45.98 ± 0.04
	This work



	V [km s−1]
	− 4.29 ± 0.01
	This work



	W [km s−1]
	+ 1.73 ± 0.03
	This work



	Gal. population
	Thin disk
	This work



	Photospheric parameters



	Teff [K]
	3997 ± 51
	This work



	logg
	4.64 ± 0.04
	This work



	[Fe/H]
	+ 0.33 ± 0.16
	This work



	vsini⋆ [km s−1]
	<2.0
	This work



	Physical parameters



	L⋆ [10−4 L⊙]
	883 ± 3
	This work



	M⋆ [M⊙]
	0.630 ± 0.024
	This work



	R⋆ [R⊙]
	0.619 ± 0.019
	This work



	Activity and age



	pEW(Hα) [Å]
	+ 0.97 ± 0.06
	This work



	[image: equation]
	− 4.728 ± 0.015
	This work



	SMWO
	1.005 ± 0.029
	This work



	Age (Ga)
	0.6–10
	This work






References. AF15: Alonso-Floriano et al. (2015); Gaia DR2: Gaia Collaboration (2018); Høg00: Høg et al. (2000); Lep13: Lépine et al. (2013); Schf19: Schöfer et al. (2019); Skr06: Skrutskie et al. (2006); Sta18: Stassun et al. (2018); Sta19: Stassun et al. (2019).





  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
Target pixel files of TOI-1235 in TESS sectors 14, 20, and 21. The electron counts are color-coded. The red bordered pixels are used in the SAP. The size of the redcircles indicates the TESS magnitudes of all nearby stars and TOI-1235 (circle 1 is marked with a cross). Bottom right: false-color, 2 × 2 arcmin2 Sloan Digital Sky Survey DR9 image centered on TOI-1235 (north is up, east is left).


    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
Contrast curves (5σ) of TOI-1235 from AstraLux (left) and NESSI (right) observations. Inset images are 6.0 × 6.0 arcsec2 stacked in z′ band and 4.6× 4.6 arcsec2 reconstructed at 562 and 832 nm, respectively.


    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
ASAS-SN (V passband in light blue, g′ passband in dark blue) and NSVS (purple) long-term photometric monitoring modeled with a quasi-periodic GP kernel defined as in Foreman-Mackey et al. (2017). The time span of the TESS observations is shown in gold. ASAS-SN and NSVS fluxeswere computed from the original magnitudes and normalized with their respective median.


    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
GLS periodograms of: (a) combined RVs from CARMENES VIS and HARPS-N (black) and the respective spectral window function (gray), (b) RV residualsafter subtracting the planet signal, (c–e) combined CRX, dLW, and Hα index from CARMENES VIS and HARPS-N, and (f–i) Ca IRT, TiO7050, TiO8430, and TiO8860 indices from CARMENES VIS alone, (j) combined ASAS-SN (V and g′ bands), and NSVS data photometry. In all panels the vertical dashed lines indicate the periods of 3.44 d (thick green, planet) and the aliases of the orbital period (yellow, orange, and red), 41.2 d (violet, Prot from the quasi-periodic GP analysis of the combined photometric data), 20.6 d (blue, ~Prot /2). The horizontal lines mark the theoretical FAP levels of 0.1 (dashed), 1 (dash-dotted), and 10% (dotted).


    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
Evolution of the s-BGLS periodogram of the CARMENES and HARPS-N RV data of TOI-1235 around the 3.44 d signal of thetransiting planet (left) and around the 20.6 d activity signal after subtracting the planet signal (right). The number of data points included in the computation of the periodogram increases from bottom to top.


    

  
    Table 4 

Posterior parameters of the juliet joint fit for TOI-1235 b.



	Parameter (a)
	TOI-1235 b





	Stellar parameters



	ρ⋆ (g cm−3)
	[image: equation]



	 
	 



	Planet parameters



	P (d)
	[image: equation]



	 
	 



	t0 (BJD)
	[image: equation]



	 
	 



	a∕R⋆
	[image: equation]



	 
	 



	p = Rp∕R⋆
	[image: equation]



	 
	 



	b = (a∕R⋆)cos ip
	[image: equation]



	 
	 



	ip (deg)
	[image: equation]



	 
	 



	r1
	[image: equation]



	 
	 



	r2
	[image: equation]



	 
	 



	K (m s−1)
	[image: equation]



	 
	 



	Photometry parameters



	MTESS,S14 (10−6)
	[image: equation]



	 
	 



	MTESS,S20 (10−6)
	[image: equation]



	 
	 



	MTESS,S21 (10−6)
	[image: equation]



	 
	 



	σTESS,S14 (ppm)
	[image: equation]



	 
	 



	σTESS,S20 (ppm)
	[image: equation]



	 
	 



	σTESS,S21 (ppm)
	[image: equation]



	 
	 



	q1,TESS
	[image: equation]



	 
	 



	q2,TESS
	[image: equation]



	 
	 



	MLCO (10−6)
	[image: equation]



	 
	 



	σLCO (ppm)
	[image: equation]



	 
	 



	q1,LCO
	[image: equation]



	 
	 



	θ0,LCO (10−6)
	[image: equation]



	 
	 



	θ1,LCO (10−6)
	[image: equation]



	 
	 



	RV parameters



	γCARMENES (m s−1)
	[image: equation]



	 
	 



	σCARMENES (m s−1)
	[image: equation]



	 
	 



	γHARPS-N (m s−1)
	[image: equation]



	 
	 



	σHARPS-N (m s−1)
	[image: equation]



	 
	 



	GP hyperparameters



	σGP,RV (m s−1)
	[image: equation]



	 
	 



	αGP,RV (10−6 d−2)
	[image: equation]



	 
	 



	ΓGP,RV
	[image: equation]



	 
	 



	Prot;GP,RV (d)
	[image: equation]



	





Notes.
(a) Priors and descriptions for each parameter are in Table A.1. Error bars denote the 68% posterior credibility intervals.





  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Joint fit results. Top panels: phase-folded light curves of TESS, sectors 14, 20, and 21, and LCOGT, from left to right, and their residuals. White circles are binned data (shown only for reference; data used to fit the model were the unbinned points), black curves are the best-fit models, and blue areas are the 68% credibility bands. Bottom panel: CARMENES VIS (orange) and HARPS-N (blue) RVs. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68and 95% credibility bands.


    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
Phase-folded RVs for TOI-1235 without the GP component. Orange circles are CARMENES VIS data, blue circles are HARPS-N data, white points are binned data for reference. The gray curve is the median best-fit juliet model, and the light and dark blue areas are its 68 and 95% credibility bands.


    

  
    Table 5 

Derived planetary parameters for TOI-1235 b.



	Parameter (a)
	TOI-1235 b





	Derived transit parameters



	u1 (b)
	[image: equation]



	 
	 



	u2 (b)
	[image: equation]



	 
	 



	tT (h)
	[image: equation]



	 
	 



	Derived physical parameters



	Mp (M⊕)
	[image: equation]



	 
	 



	Rp (R⊕)
	[image: equation]



	 
	 



	ρp (g cm−3)
	[image: equation]



	 
	 



	gp (m s−2)
	[image: equation]



	 
	 



	ap (au)
	[image: equation]



	 
	 



	Teq (K) (c)
	[image: equation]



	 
	 



	S (S⊕)
	[image: equation]






Notes. (a) Parameters obtained with the posterior values from Table 4, tT = Transit duration, from first contact to fourth contact. Error bars denote the 68% posterior credibility intervals. (b) Derived from the TESS light curve. (c)The equilibrium temperature was calculated assuming zero Bond albedo.





  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Mass-radius (left) and insolation-radius (right) diagrams in Earth units. In the two panels, open circles are transiting planets around F-, G-, and K-type stars with mass and radius measurement better than 30% from the TEPCat database of well-characterized planets (Southworth 2011), filled red circles are planets around M dwarfs with mass and radius measurement, filled yellow circles are planets around M dwarfs with mass determinations lower than 30% or without mass constraints at all (right panel only), and the red star is TOI-1235 b, whose radius and mass are determined with accuracies of 5 and 10%, respectively. In the left panel, the color lines are the theoretical R-M models of Zeng et al. (2016), and the three planets with mass determinations lower than 30% are K2–3 b, BD–17 588A b, and LHS 1815 b. In the right panel, we plot the R-S point density of all the known confirmed transiting planets with contours, and mini-Neptunes and super-Earths density maxima with white crosses. The M dwarf without mass determination in the radius gap is K2–104 b (Mann et al. 2017), a planet around an active star in the Praesepe cluster that is fainter by 5 mag in V than TOI-1235.


    

  
    Table A.1 

Priors used for TOI-1235 b in the joint fit with juliet.



	Parameter (a)
	Prior
	Unit
	Description





	Stellar parameters



	ρ⋆
	[image: equation]
	g cm−3
	Stellar density



	Planet parameters



	Pb
	[image: equation]
	d
	Period of planet b



	t0,b
	[image: equation]
	d
	Time of transit center of planet b



	r1,b
	[image: equation]
	…
	Parameterization for p and b



	r2,b
	[image: equation]
	…
	Parameterization for p and b



	Kb
	[image: equation]
	m s−1
	RV semi-amplitude of planet b



	eb
	0.0 (fixed)
	…
	Orbital eccentricity of planet b



	ωb
	90.0 (fixed)
	deg
	Periastron angle of planet b



	 
	 
	 
	 



	Photometry parameters



	DTESS
	1.0 (fixed)
	…
	Dilution factor for TESS Sectors 14, 20, and 21



	MTESS,S14
	[image: equation]
	…
	Relative flux offset for TESS Sector 14



	MTESS,S20
	[image: equation]
	…
	Relative flux offset for TESS Sector 20



	MTESS,S21
	[image: equation]
	…
	Relative flux offset for TESS Sector 21



	σTESS,S14
	[image: equation]
	ppm
	Extra jitter term for TESS Sector 14



	σTESS,S20
	[image: equation]
	ppm
	Extra jitter term for TESS Sector 20



	σTESS,S21
	[image: equation]
	ppm
	Extra jitter term TESS Sector 21



	q1,TESS
	[image: equation]
	…
	Limb-darkening parameterization for TESS Sectors 14, 20, 21



	q2,TESS
	[image: equation]
	…
	Limb-darkening parameterization for TESS Sectors 14, 20, 21



	DLCO
	1.0 (fixed)
	…
	Dilution factor for LCOGT



	q1,LCO
	[image: equation]
	…
	Limb-darkening parameterization for LCOGT



	MLCO
	[image: equation]
	…
	Relative flux offset for LCOGT



	σLCO
	[image: equation]
	ppm
	Extra jitter term for LCOGT



	θ0,LCO
	[image: equation]
	…
	Extra jitter term for LCOGT



	θ1,LCO
	[image: equation]
	…
	Extra jitter term for LCOGT



	 
	 
	 
	 



	RV parameters



	γHARPS-N
	[image: equation]
	m s−1
	RV zero-point for HARPS-N



	σHARPS-N
	[image: equation]
	m s−1
	Extra jitter term for HARPS-N



	γCARMENES
	[image: equation]
	m s−1
	RV zero point for CARMENES



	σCARMENES
	[image: equation]
	m s−1
	Extra jitter term for CARMENES



	 
	 
	 
	 



	GP hyperparameters



	σGP,RV
	[image: equation]
	m s−1
	Amplitude of GP component for the RVs



	αGP,RV
	[image: equation]
	d−2
	Inverse length-scale of GP exponential component for the RVs



	ΓGP,RV
	[image: equation]
	…
	Amplitude of GP sine-squared component for the RVs



	Prot;GP,RV
	[image: equation]
	d
	Period of the GP quasi-periodic component for the RVs






Notes. (a) The parameterization for (p, b) was made with (r1, r2) as in Espinoza (2018). The prior labels of [image: equation],
[image: equation], and
[image: equation]
represent normal, uniform, and log-uniform distributions, respectively, where
[image: equation] is a normal distribution of the mean μ
and variance σ2
and [image: equation] and
[image: equation] are uniform and log-uniform distributions between a
and b.





  
    Table A.2 

Radial velocity measurements and spectroscopic activity indicators for TOI-1235 from optical spectra.



	CARMENES VIS



	




	BJD
	RV
	CRX
	dLW
	Hα
	Ca IRTa
	TiO7050
	TiO8430
	TiO8860



	(–2 450 000)
	(m s−1)
	(m s−1 Np−1)
	(m2 s−2)
	




	8796.6533
	–1.2 ± 2.2
	9 ± 19
	–30.4 ± 3.8
	0.6954 ± 0.0021
	0.5204 ± 0.0022
	0.8474 ± 0.0015
	0.8656 ± 0.0027
	0.9722 ± 0.0028



	8807.7240
	0.4 ± 2.4
	–24 ± 20
	–3.2 ± 2.8
	0.7004 ± 0.0017
	0.5221 ± 0.0018
	0.8487 ± 0.0012
	0.8694 ± 0.0022
	0.9684 ± 0.0023



	8811.6588
	6.3 ± 2.8
	37 ± 25
	–22.0 ± 4.1
	0.6859 ± 0.0027
	0.5194 ± 0.0029
	0.8515 ± 0.0020
	0.8640 ± 0.0036
	0.9746 ± 0.0035



	8815.7134
	–2.7 ± 1.8
	8 ± 15
	–0.8 ± 2.0
	0.6907 ± 0.0014
	0.5294 ± 0.0016
	0.8494 ± 0.0011
	0.8665 ± 0.0019
	0.9742 ± 0.0020



	8816.6576
	3.0 ± 1.6
	–14 ± 13
	5.5 ± 2.0
	0.6916 ± 0.0013
	0.5299 ± 0.0015
	0.8859 ± 0.0010
	0.8650 ± 0.0018
	0.9768 ± 0.0018



	8817.7185
	0.4 ± 3.2
	64 ± 29
	–19.3 ± 3.4
	0.6973 ± 0.0030
	0.5223 ± 0.0035
	0.8379 ± 0.0022
	0.8542 ± 0.0042
	0.9759 ± 0.0042



	8831.5414
	5.4 ± 2.8
	0 ± 23
	–4.6 ± 3.3
	0.6884 ± 0.0020
	0.5199 ± 0.0022
	0.8460 ± 0.0015
	0.8667 ± 0.0027
	0.9770 ± 0.0027



	8832.6949
	2.5 ± 2.2
	–7 ± 19
	11.4 ± 3.3
	0.6893 ± 0.0018
	0.5223 ± 0.0020
	0.8486 ± 0.0014
	0.8629 ± 0.0025
	0.9782 ± 0.0025



	8846.6694
	–4.2 ± 1.6
	16 ± 14
	6.3 ± 1.6
	0.6894 ± 0.0011
	0.5267 ± 0.0013
	0.8514 ± 0.0009
	0.8666 ± 0.0016
	0.9769 ± 0.0017



	8848.7121
	5.8 ± 1.6
	27 ± 13
	10.1 ± 1.6
	0.6963 ± 0.0011
	0.5200 ± 0.0013
	0.8489 ± 0.0008
	0.8640 ± 0.0015
	0.9765 ± 0.0016



	8850.6431
	2.8 ± 1.4
	12 ± 13
	1.5 ± 1.9
	0.6905 ± 0.0012
	0.5256 ± 0.0014
	0.8518 ± 0.0009
	0.8709 ± 0.0017
	0.9761 ± 0.0017



	8852.6259
	4.5 ± 1.4
	9 ± 12
	8.0 ± 1.3
	0.6989 ± 0.0012
	0.5191 ± 0.0014
	0.8502 ± 0.0009
	0.8687 ± 0.0017
	0.9812 ± 0.0017



	8854.6620
	6.0 ± 2.1
	27 ± 14
	5.5 ± 1.8
	0.6950 ± 0.0011
	0.5268 ± 0.0013
	0.8488 ± 0.0009
	0.8647 ± 0.0016
	0.9798 ± 0.0016



	8855.6361
	4.7 ± 2.0
	–3 ± 14
	2.5 ± 1.6
	0.6864 ± 0.0012
	0.5254 ± 0.0013
	0.8499 ± 0.0009
	0.8678 ± 0.0016
	0.9754 ± 0.0016



	8856.6278
	0.0 ± 1.5
	13 ± 11
	6.6 ± 1.7
	0.6868 ± 0.0011
	0.5187 ± 0.0013
	0.8523 ± 0.0009
	0.8650 ± 0.0015
	0.9756 ± 0.0016



	8857.6312
	–1.5 ± 1.9
	6 ± 13
	6.1 ± 2.1
	0.6952 ± 0.0011
	0.5283 ± 0.0013
	0.8491 ± 0.0009
	0.8666 ± 0.0016
	0.9832 ± 0.0016



	8858.6017
	6.7 ± 2.0
	15 ± 16
	–2.3 ± 2.5
	0.6934 ± 0.0017
	0.5265 ± 0.0018
	0.8514 ± 0.0013
	0.8659 ± 0.0022
	0.9826 ± 0.0023



	8860.6327
	–3.8 ± 1.8
	–3 ± 16
	2.8 ± 2.3
	0.6859 ± 0.0015
	0.5227 ± 0.0017
	0.8538 ± 0.0012
	0.8665 ± 0.0020
	0.9769 ± 0.0021



	8861.6279
	–3.8 ± 1.9
	26 ± 15
	3.2 ± 2.3
	0.6944 ± 0.0014
	0.5262 ± 0.0015
	0.8506 ± 0.0010
	0.8665 ± 0.0019
	0.9794 ± 0.0019



	8862.6304
	–0.2 ± 1.8
	27 ± 14
	–0.7 ± 1.9
	0.6947 ± 0.0014
	0.5285 ± 0.0016
	0.8509 ± 0.0011
	0.8693 ± 0.0019
	0.9768 ± 0.0020



	8863.6852
	–1.4 ± 3.0
	–48 ± 27
	2.7 ± 3.5
	0.6932 ± 0.0021
	0.5312 ± 0.0023
	0.8470 ± 0.0016
	0.8613 ± 0.0028
	0.9778 ± 0.0029



	8864.6148
	–3.8 ± 2.1
	–11 ± 16
	–6.6 ± 2.4
	0.6862 ± 0.0016
	0.5217 ± 0.0018
	0.8507 ± 0.0012
	0.8662 ± 0.0021
	0.9758 ± 0.0021



	8865.6228
	0.6 ± 2.5
	–33 ± 23
	–5.5 ± 2.6
	0.6967 ± 0.0019
	0.5277 ± 0.0021
	0.8477 ± 0.0014
	0.8648 ± 0.0025
	0.9864 ± 0.0026



	8866.6362
	2.0 ± 3.4
	–23 ± 28
	–4.4 ± 3.5
	0.6948 ± 0.0028
	0.5287 ± 0.0030
	0.8479 ± 0.0020
	0.8626 ± 0.0036
	0.9867 ± 0.0036



	8877.5779
	–2.4 ± 2.0
	–10 ± 13
	–4.4 ± 2.2
	0.6927 ± 0.0011
	0.5219 ± 0.0012
	0.8467 ± 0.0008
	0.8682 ± 0.0015
	0.9839 ± 0.0015



	8881.5843
	–0.6 ± 1.6
	13 ± 15
	–8.0 ± 1.9
	0.6875 ± 0.0012
	0.5185 ± 0.0013
	0.8471 ± 0.0009
	0.8670 ± 0.0016
	0.9821 ± 0.0017



	8882.5742
	0.3 ± 1.6
	2 ± 14
	–19.2 ± 2.2
	0.6948 ± 0.0014
	0.5208 ± 0.0015
	0.8493 ± 0.0010
	0.8687 ± 0.0018
	0.9793 ± 0.0019



	8883.5713
	–5.9 ± 1.6
	1 ± 13
	–9.5 ± 1.7
	0.6954 ± 0.0012
	0.5210 ± 0.0014
	0.8485 ± 0.0009
	0.8679 ± 0.0017
	0.9821 ± 0.0017



	8884.5713
	–5.5 ± 1.2
	2.0 ± 8.8
	–4.9 ± 1.6
	0.6912 ± 0.0011
	0.5151 ± 0.0012
	0.8473 ± 0.0008
	0.8675 ± 0.0014
	0.9756 ± 0.0015



	8885.5794
	1.2 ± 1.7
	–8 ± 13
	–5.9 ± 1.8
	0.6859 ± 0.0013
	0.5209 ± 0.0014
	0.8468 ± 0.0010
	0.8701 ± 0.0017
	0.9804 ± 0.0018



	8887.5650
	–9.7 ± 3.2
	17 ± 27
	–9.4 ± 3.7
	0.6919 ± 0.0027
	0.5260 ± 0.0028
	0.8484 ± 0.0020
	0.8684 ± 0.0035
	0.9772 ± 0.0035



	8888.7326
	2.2 ± 3.7
	12 ± 34
	11.0 ± 4.6
	0.6912 ± 0.0032
	0.5210 ± 0.0034
	0.8472 ± 0.0024
	0.8611 ± 0.0043
	0.9758 ± 0.0041



	8890.5100
	–0.1 ± 2.8
	–37 ± 24
	2.3 ± 2.0
	0.6939 ± 0.0016
	0.5295 ± 0.0018
	0.8487 ± 0.0012
	0.8651 ± 0.0022
	0.9798 ± 0.0022



	8890.5332
	–1.5 ± 1.8
	–19 ± 13
	2.2 ± 1.8
	0.6884 ± 0.0014
	0.5268 ± 0.0016
	0.8500 ± 0.0011
	0.8668 ± 0.0019
	0.9816 ± 0.0020



	8891.5446
	–2.6 ± 1.5
	4 ± 12
	6.0 ± 2.4
	0.7054 ± 0.0012
	0.5305 ± 0.0014
	0.8525 ± 0.0009
	0.8677 ± 0.0016
	0.9872 ± 0.0017



	8893.5107
	4.1 ± 1.6
	4 ± 13
	7.9 ± 2.2
	0.6982 ± 0.0013
	0.5270 ± 0.0014
	0.8500 ± 0.0010
	0.8705 ± 0.0017
	0.9800 ± 0.0018



	8894.5328
	–1.0 ± 1.9
	–24 ± 14
	8.1 ± 1.4
	0.6911 ± 0.0010
	0.5297 ± 0.0011
	0.8522 ± 0.0008
	0.8678 ± 0.0014
	0.9802 ± 0.0015



	8895.5580
	0.6 ± 2.0
	–52 ± 14
	–4.9 ± 2.2
	0.6938 ± 0.0013
	0.5265 ± 0.0014
	0.8506 ± 0.0010
	0.8706 ± 0.0018
	0.9865 ± 0.0018



	8896.5272
	3.0 ± 1.4
	–8 ± 12
	0.3 ± 1.9
	0.6989 ± 0.0011
	0.5233 ± 0.0012
	0.8510 ± 0.0008
	0.8682 ± 0.0015
	0.9784 ± 0.0015



	8897.5334
	–3.0 ± 1.4
	–15 ± 11
	1.5 ± 1.5
	0.6990 ± 0.0012
	0.5270 ± 0.0013
	0.8489 ± 0.0009
	0.8642 ± 0.0016
	0.9877 ± 0.0017



	




	HARPS-N



	

	
	



	BJD
	RV
	CRX
	dLW
	Hα
	SMWO
	[image: equation]
	
	



	(–2 450 000)
	(m s−1)
	(m s−1 Np−1)
	(m2 s−2)
	
	
	



	

	
	



	8862.5810
	6.6 ± 2.0
	11 ± 17
	–12.7 ± 3.5
	0.7144 ± 0.0026
	0.967 ± 0.043
	–4.748 ± 0.045
	
	



	8862.7100
	2.0 ± 1.0
	–2.2 ± 7.5
	–25.8 ± 2.0
	0.7125 ± 0.0013
	0.991 ± 0.014
	–4.735 ± 0.038
	
	



	8863.6284
	0.24 ± 0.60
	2.1 ± 4.8
	–30.4 ± 1.3
	0.7154 ± 0.0010
	1.015 ± 0.008
	–4.722 ± 0.037
	
	



	8863.7378
	–1.32 ± 0.72
	4.7 ± 5.7
	–30.4 ± 1.3
	0.7147 ± 0.0009
	1.005 ± 0.009
	–4.727 ± 0.037
	
	



	8864.6070
	5.2 ± 1.0
	19.5 ± 7.6
	–28.4 ± 1.7
	0.7144 ± 0.0013
	1.000 ± 0.012
	–4.730 ± 0.038
	
	



	8864.7169
	5.91 ± 0.99
	7.6 ± 7.8
	–30.4 ± 1.6
	0.7242 ± 0.0013
	1.040 ± 0.014
	–4.709 ± 0.038
	
	



	8865.5889
	8.28 ± 0.70
	–0.9 ± 5.7
	–29.8 ± 1.4
	0.7156 ± 0.0012
	1.027 ± 0.010
	–4.716 ± 0.037
	
	



	8865.7198
	4.97 ± 0.76
	8.8 ± 6.0
	–29.0 ± 1.3
	0.7134 ± 0.0011
	1.009 ± 0.008
	–4.725 ± 0.037
	
	



	8869.6175
	10.75 ± 0.98
	4.5 ± 7.8
	–25.9 ± 2.2
	0.7131 ± 0.0015
	0.986 ± 0.021
	–4.738 ± 0.039
	
	



	8869.7536
	10.22 ± 0.89
	–4.2 ± 6.9
	–26.1 ± 1.5
	0.7152 ± 0.0009
	1.073 ± 0.011
	–4.692 ± 0.037
	
	



	8870.6093
	6.0 ± 1.6
	–22 ± 13
	–22.4 ± 2.4
	0.7120 ± 0.0018
	1.031 ± 0.030
	–4.713 ± 0.040
	
	



	8870.6978
	6.0 ± 1.6
	–21 ± 13
	–22.4 ± 2.9
	0.7087 ± 0.0020
	1.017 ± 0.033
	–4.721 ± 0.041
	
	



	8895.4528
	11.9 ± 1.9
	7 ± 15
	–27.5 ± 2.8
	0.7159 ± 0.0024
	0.999 ± 0.042
	–4.731 ± 0.044
	
	



	8896.5214
	11.37 ± 0.95
	–2.2 ± 7.5
	–31.2 ± 1.9
	0.7186 ± 0.0013
	0.985 ± 0.016
	–4.738 ± 0.038
	
	



	8896.6331
	12.1 ± 1.2
	–2.2 ± 9.6
	–31.7 ± 1.8
	0.7155 ± 0.0012
	1.021 ± 0.014
	–4.719 ± 0.038
	
	



	8897.6418
	4.6 ± 1.1
	–14.0 ± 8.4
	–34.1 ± 1.5
	0.7166 ± 0.0012
	0.978 ± 0.012
	–4.742 ± 0.038
	
	



	8898.5249
	6.64 ± 0.87
	–16.4 ± 6.4
	–35.4 ± 1.3
	0.7170 ± 0.0010
	1.009 ± 0.010
	–4.725 ± 0.037
	
	



	8898.6937
	2.4 ± 1.0
	–8.2 ± 8.2
	–35.0 ± 1.8
	0.7234 ± 0.0015
	0.980 ± 0.019
	–4.741 ± 0.039
	
	



	8905.5116
	–0.8 ± 1.4
	2 ± 11
	–36.8 ± 2.6
	0.7242 ± 0.0018
	0.989 ± 0.025
	–4.736 ± 0.040
	
	



	8905.6346
	–0.5 ± 1.6
	–8 ± 13
	–36.3 ± 2.3
	0.7185 ± 0.0020
	0.942 ± 0.026
	–4.763 ± 0.041
	
	



	8925.5936
	–5.1 ± 1.5
	3 ± 12
	–27.1 ± 2.3
	0.7183 ± 0.0020
	1.033 ± 0.031
	–4.712 ± 0.040
	
	






  
    Table A.3 

Radial velocity measurements and spectroscopic activity indicators for TOI-1235 from NIR spectra.



	CARMENES NIR



	




	BJD
	RV
	CRX
	dLW



	(–2 450 000)
	(m s−1)
	(m s−1 Np−1)
	(m2 s−2)





	8796.6534
	–3.62 ± 8.7
	–15.51 ± 43
	–9.56 ± 16



	8807.7242
	2.7 ± 11.5
	35.98 ± 51
	14.64 ± 11



	8815.7113
	–5.57 ± 7.0
	59.31 ± 32
	20.36 ± 6.3



	8816.6574
	–12.1 ± 4.3
	50.87 ± 17
	26.59 ± 12



	8817.7193
	–28.31 ± 12.5
	91.45 ± 58
	2.89 ± 24



	8831.5418
	14.98 ± 10.8
	25.22 ± 51
	20.13 ± 16



	8832.6942
	–9.92 ± 9.5
	102.59 ± 39
	32.11 ± 11



	8846.6695
	16.88 ± 14.2
	–169.25 ± 98
	–55.07 ± 11



	8848.7123
	9.06 ± 7.1
	21.37 ± 37
	19.54 ± 5.2



	8850.6443
	–7.15 ± 7.5
	41.75 ± 37
	10.7 ± 6.1



	8852.6275
	–3.75 ± 6.2
	–18.49 ± 31
	25.48 ± 8.5



	8854.6613
	3.59 ± 8.7
	–23.5 ± 40
	12.99 ± 9.2



	8855.6350
	–25.78 ± 14.4
	–127.78 ± 99
	–10.78 ± 13



	8856.6274
	–16.5 ± 5.1
	37.01 ± 23
	28.13 ± 8.2



	8857.6309
	0.07 ± 4.8
	12.28 ± 22
	9.51 ± 7.9



	8858.6034
	–12.53 ± 5.6
	–13.31 ± 23
	–8.3 ± 10



	8860.6337
	–7.52 ± 7.3
	95.19 ± 27
	24.34 ± 11



	8861.6289
	–3.69 ± 5.5
	28.43 ± 26
	19.61 ± 9.8



	8862.6275
	10.29 ± 8.1
	84.9 ± 36
	31.28 ± 9.3



	8863.6678
	–27.79 ± 25.7
	56.84 ± 127
	63.0 ± 29



	8863.6864
	–10.75 ± 13.1
	14.07 ± 65
	27.92 ± 11



	8864.6146
	–9.35 ± 8.6
	108.24 ± 34
	44.67 ± 8.2



	8865.6222
	6.09 ± 9.3
	82.43 ± 42
	0.45 ± 8.3



	8866.6361
	–24.99 ± 19.1
	46.87 ± 108
	–107.27 ± 34



	8877.5768
	–11.17 ± 5.6
	7.22 ± 27
	14.44 ± 6.4



	8881.5859
	–7.27 ± 5.8
	61.08 ± 25
	3.89 ± 6.7



	8882.5755
	–5.17 ± 5.0
	–12.44 ± 24
	–2.18 ± 6.8



	8883.5726
	–6.14 ± 6.6
	38.85 ± 32
	–3.2 ± 6.8



	8884.5719
	–7.81 ± 4.9
	24.28 ± 23
	–4.16 ± 8.1



	8885.5807
	–12.04 ± 7.0
	29.82 ± 34
	19.68 ± 9.0



	8887.5639
	–5.08 ± 10.8
	–104.73 ± 46
	–15.27 ± 25



	8888.7295
	–12.98 ± 17.3
	34.81 ± 85
	–27.62 ± 28



	8890.5100
	1.13 ± 15.4
	–5.12 ± 113
	–34.55 ± 18



	8890.5349
	–8.16 ± 7.1
	–20.73 ± 38
	18.13 ± 10



	8891.5421
	–1.74 ± 4.8
	–12.32 ± 24
	10.26 ± 8.6



	8893.5073
	9.0 ± 7.6
	47.15 ± 45
	38.66 ± 14



	8894.5324
	–8.05 ± 5.3
	55.52 ± 24
	5.35 ± 6.9



	8895.5593
	4.62 ± 6.1
	–33.6 ± 30
	3.3 ± 7.3



	8896.5263
	0.14 ± 5.1
	–11.55 ± 27
	32.04 ± 6.6



	8897.5325
	5.19 ± 13.7
	–22.3 ± 100
	–41.89 ± 19



	8903.4969
	–4.6 ± 10.7
	139.99 ± 63
	36.28 ± 16



	8904.4842
	–11.51 ± 6.1
	–19.26 ± 29
	6.46 ± 10



	




	iSHELL



	BJD
	RV
	
	



	(–2 450 000)
	(m s−1)
	
	



	

	
	



	8874.1303
	–0.71 ± 9.1
	
	



	8875.1161
	6.61 ± 11.1
	
	



	8895.0886
	2.6 ± 4.0
	
	



	8899.0817
	13.07 ± 5.2
	
	



	8901.0644
	–4.16 ± 6.1
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