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Abstract

Context. To understand the formation of planetary systems, it is important to understand the initial conditions of planet formation, that is, the young gas-rich planet forming disks. Spatially resolved, high-contrast observations are of particular interest since substructures in disks that are linked to planet formation can be detected. In addition, we have the opportunity to reveal close companions or even planets in formation that are embedded in the disk.

Aims. In this study, we present the first results of the Disk Evolution Study Through Imaging of Nearby Young Stars (DESTINYS), an ESO/SPHERE large program that is aimed at studying disk evolution in scattered light, mainly focusing on a sample of low-mass stars (< 1 M⊙) in nearby (∼200 pc) star-forming regions. In this particular study, we present observations of the ET Cha (RECX 15) system, a nearby “old” classical T Tauri star (5−8 Myr, ∼100 pc), which is still strongly accreting.

Methods. We used SPHERE/IRDIS in the H-band polarimetric imaging mode to obtain high spatial resolution and high-contrast images of the ET Cha system to search for scattered light from the circumstellar disk as well as thermal emission from close companions. We additionally employed VLT/NACO total intensity archival data of the system taken in 2003.

Results. Here, we report the discovery, using SPHERE/IRDIS, of a low-mass (sub)stellar companion to the η Cha cluster member ET Cha. We estimate the mass of this new companion based on photometry. Depending on the system age, it is either a 5 Myr, 50 MJup brown dwarf or an 8 Myr, 0.10 M⊙ M-type, pre-main-sequence star. We explore possible orbital solutions and discuss the recent dynamic history of the system.

Conclusions. Independent of the precise companion mass, we find that the presence of the companion likely explains the small size of the disk around ET Cha. The small separation of the binary pair indicates that the disk around the primary component is likely clearing from the outside in, which explains the high accretion rate of the system.
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⋆ Based on data obtained in ESO programs 1104.C-0415(E) and 70.C-0286(A).



1. Introduction
Gas giants are formed when the circumstellar disks around young stars are still rich in gas and dust. The dust in these disks must go through a very intense and rapid phase of growth to transform particles similar in nature to the interstellar medium (ISM), which are sub-micron in size, into large bodies thousands of kilometer across. Irrespective of the exact details of this process, the formation of planets is intimately intertwined with the evolution of disks (see Morbidelli & Raymond 2016 for a recent review).
The results of surveys aimed at measuring the bulk properties and evolution timescales of disks indicate that disks around T Tauri stars dissipate on a typical timescale of 3 Myr (e.g., Haisch et al. 2001; Hernández et al. 2007; Fedele et al. 2010). They also indicate that the mass available in solids (as estimated from mm-continuum observations) is, at best, of a few Mjup by 1−2 Myr (Ansdell et al. 2016; Pascucci et al. 2016). Assuming a typical gas-to-dust mass ratio of 100, the typical total disk mass is on the order of 0.5% of the central star mass (Andrews et al. 2013). These results, along with the short timescales and limited mass involved, place stringent constraints on the planet formation mechanisms (Greaves & Rice 2010; Najita & Kenyon 2014; Manara et al. 2018).
New instruments that provide high angular resolution and high-contrast offer a new window into resolving the disks and directly study the presence and interaction of forming planets with their parental disks. However, at least for now, the results from these surveys are mostly relevant either for the brighter end of the young star sample when adaptive optics is used or to the largest and most massive disks when mm-interferometry is used (see e.g., Andrews et al. 2018; Garufi et al. 2018). In this paper, we report the first results of the Disk Evolution Study Through Imaging of Nearby Young Stars (DESTINYS), a large program carried out with SPHERE (Beuzit et al. 2019) at the ESO/VLT. It will obtain deep, high contrast, polarized intensity images of a sample of 85 T Tauri stars in all nearby star forming regions to expand the current results towards the fainter members of the young stellar population. In this study, we present early observational results of the ET Cha system, located in the η Chamaeleontis cluster.
The η Chamaeleontis cluster is a nearby (d ∼ 97 pc), compact (core extent ∼1 pc), and coeval (age ≤ 10 Myr) cluster of young stars (Mamajek et al. 1999; Lawson et al. 2001; Herczeg & Hillenbrand 2015). It contains approximately ∼20 low-mass members, a few of which have been confirmed by spectroscopy to sustain significant accretion (Lyo et al. 2003; Murphy et al. 2011; Rugel et al. 2018). The most striking case is ET Cha (=ECHA J0843.3−7905, RECX 15), which was the first low-mass member discovered through a photometric survey of the η Cha cluster by Lawson et al. (2002); the original low-mass members were all discovered via X-ray emission (Mamajek et al. 1999). ET Cha exhibited remarkably strong Hα emission (EW(Hα) = −110 Å, Lawson et al. 2002) and strong far-IR 60 μm and 100 μm excess (Sicilia-Aguilar et al. 2009; Woitke et al. 2011, with an IR counterpart of IRAS F08450−7854) – both indicative of an accreting classical T Tauri star. ET Cha stands out in the η Cha cluster as the system with the most massive disk (Mdust = 3.5 × 10−8 M⊙, Woitke et al. 2019) and the highest accretion rate (Lyo et al. 2003). The high accretion rate was confirmed by Lawson et al. (2004), who measured ∼10−9 M⊙ yr−1 from Hα equivalent width and Rugel et al. (2018), who found accretion rates between 5.8 × 10−10 M⊙ yr−1 and 7.6 × 10−10 M⊙ yr−1 from Hα, Hβ and UV excess measurements. Interestingly, the disk was also estimated to be unusually compact by Woitke et al. (2011), who used global radiation thermo-chemical modeling. In particular, matching the low line flux of the [OI]63 μm line and the non-detection of the CO 3−2 emission by APEX requires an outer disk radius of only Rout ≲ 10 au (Woitke et al. 2011). This result was confirmed by more sensitive and spectrally resolved ALMA observations of 12CO J = 3 − 2, where the broad line width is consistent only with a disk outer radius of 5 − 10 au (Woitke et al. 2019). The continuum emission at 850 μm, detected with ALMA, is consistent with a small and truncated, but gas-rich (gas-to-dust mass ratio of ≈3500) circumstellar disk.
ET Cha is one of the rare1 cases of a T Tauri star retaining its primordial gas-rich disk to a late age and as such it is an extremely interesting laboratory to study disk evolution. It is of particular interest to consider why a rather old disk, which should have undergone viscous spreading, is seemingly so small in radial extent and why it still harbors a large amount of gas.
This paper is organized as follows. In Sect. 2, we discuss the observation and data reduction. We analyze the data in Sect. 3 and discuss the age of the ET Cha system in Sect. 4. Following up to this, we discuss the presence of planetary mass companions in Sect. 5. In Sect. 6, we investigate the orbital architecture of the system given our previous findings. Finally, we discuss our new observations in the context of previous studies on the system in Sect. 7 and present our conclusions in Sect. 8.
2. Observations and data reduction
2.1. SPHERE IRDIS observations
We observed ET Cha on 23rd of December 2019 with SPHERE/IRDIS in dual polarization imaging mode with pupil stabilization (Langlois et al. 2014; de Boer et al. 2020; van Holstein et al. 2020). The main observing sequence was conducted with the primary star behind a coronagraph with inner working angle of 92.5 mas (Carbillet et al. 2011) in the H-band. Individual integration times for this sequence were 64 s per frame amounting to a total integration time of 59.7 min. The main science sequence was preceded and followed by flux calibration frames taken with the primary star moved away from the coronagraph. Here, shorter integration times of 0.84 s per frame were set in order to prevent saturation. The total integration time for the flux reference frames amounts to 8.4 s. Observational setup and weather conditions are summarized in Table 1. The data were reduced using the IRDIS Data Reduction for Accurate Polarimetry (IRDAP, van Holstein et al. 2020) pipeline. The data reduction process is described in detail in van Holstein et al. (2020).
Table 1.

Observing setup and average observing conditions for SPHERE/IRDIS and archival NACO observation epochs.


2.2. Archival VLT/NACO data
ET Cha was observed with VLT/NACO (Lenzen et al. 2003; Rousset et al. 2003) in the H-band on the 21st of January 2003. Observing conditions were excellent with low seeing (0.55″) and above average atmosphere coherence time. The observations were conducted in field-stabilized mode in the H-band with short exposure times of 0.345 s. The total integration time amounted to 11.3 min. The observing setup and conditions are summarized in Table 1. The NACO “autojitter” template was used to move the star to different detector positions in order to enable an accurate sky background subtraction. The data were reduced using the ESO eclipse software package and the jitter routine (Devillard 1999). The data reduction steps included sky subtraction, aligning of individual frames with a cross correlation routine, and stacking.
3. Results
In our SPHERE observations, we find a close companion candidate to ET Cha. This companion candidate is most clearly visible in the flux reference frames taken without the coronagraph and shown in Fig. 1. The companion is very clearly detected in total intensity (i.e., polarized and unpolarized light combined), roughly 130 mas south-east of the primary star. In the coronagraphic data the companion is detected, but with a much lower signal-to-noise ratio (S/N). This is because the primary star was not well-centered behind the coronagraph, but the mask was, rather, placed roughly on the photo-center location between both sources; thus, the companion candidate was inside of the inner working angle of the mask, that is, it is suppressed by more than 50%. We show the coronagraphic images after angular differential imaging was applied to subtract the primary star point spread function (PSF) in Fig. 2.
	[image: thumbnail]	Fig. 1.
SPHERE/IRDIS and NACO observations of the ET Cha system. The companion is well-resolved in the 2019 SPHERE epoch. We note that we show the primary star on a slightly saturated color scale in order to highlight the companion (the data is not saturated). In the 2003 NACO epoch the companion is close to the resolution limit of the instrument and shows as a strong asymmetrical extension to the primary star PSF. We have performed a high-pass filter to make the companion more clearly visible. We mark the companion position in the NACO image by two white bars.




	[image: thumbnail]	Fig. 2.
Coronagraphic images of ET Cha taken with SPHERE/IRDIS in our program. Upper left: stacked total intensity image. Upper right: total intensity image after classical angular differential imaging reduction. Bottom: Stokes Q and U polarized flux images after polarization differential imaging. The size of the coronagraphic mask is indicated with the grey, hashed circle. The positive-negative signal pattern is caused by unresolved stellar polarization of the primary star, the companion or both and not by a resolved circumstellar disk.




We performed polarimetric differential imaging on the coronagraphic data to search for polarized scattered light from the circumstellar disk around ET Cha. We show the final Stokes Q and U images in Fig. 2. We find a positive-negative signal pattern along the direction in which the stellar primary and companion are located. This is residual, unresolved stellar polarization and not resolved signal from a circumstellar disk. For a disk we would expect a “butterfly” pattern associated with azimuthal polarization (see e.g., Ginski et al. 2016). This is not present here. Stellar polarization is discussed in detail in van Holstein et al. (2020). The changing sign that we observe between the residual signal from the companion (in the south-east) and the stellar primary (in the north-west) suggests that both of these sources show different absolute linear polarization. Since both sources are co-located at the same distance, this cannot be introduced by different column densities of interstellar dust. Instead, it is likely that this is introduced by circumstellar material around the primary, the companion or both. We find the most likely explanation to be that the known circumstellar disk around the primary star is inclined and thus introduces a break in symmetry in the unresolved system. This would naturally result in a residual polarization of the light that we receive. However, since we do not know the exact geometry of the disk around the primary star, we can only speculate on the degree of linear polarization that is introduced. Thus, we cannot rule out that the light received from the companion is also intrinsically polarized, perhaps also by circumstellar material.
We conclude that we did not detect any significant signal from a resolved circumstellar disk outside of the inner working angle of the coronagraph. Due to the mis-centering, we conservatively estimate the inner working angle to be larger than the mask diameter, that is roughly 150 mas. We note that this inner working angle is asymmetric with closer separations sampled in the north-west than in the south-east.
In addition to the new SPHERE observations, we analyzed archival VLT/NACO data. In this data set, taken under excellent observing conditions, we find that the PSF of ET Cha is very clearly asymmetrically elongated towards the north-east (see Fig. 1, bottom panel). While such elongations are possible for other stars in the field-of-view due to the limited isoplanatic angle, they are not typical for the on-axis adaptive optics guide star itself. Furthermore, elongations due to isoplanatic angle effects are typically point-symmetric, while this is clearly not the case here. We thus conclude that in this NACO data set we recover the companion candidate detected by SPHERE. If this is the case, then the companion candidate has moved significantly relative to the primary star within the ∼17 year epoch difference between both data sets. In the following sections, we extract the astrometry and photometry of the companion from the data and discuss the nature of the object.
3.1. Astrometric analysis
Since the companion candidate was only well-detected in the SPHERE flux reference frames without a coronagraph, we used only these for astrometric extraction. The companion candidate is close to the primary star, which shows slightly asymmetric diffraction patterns, likely due to low-wind effect (ground wind speed was below 1 ms−1, see Cantalloube et al. 2019). It is thus difficult to remove either stellar PSF in absence of an independent reference PSF for the data set in order to measure individual stellar positions. We, therefore, fitted both the companion and the primary star position simultaneously. As model, we utilized two elliptical Moffat functions2. We allowed for ellipticity in the Moffat in order to better fit small asymmetries in the stellar PSFs of companion candidate and primary star. The initial guesses of the position were assigned by eye and then a least-squares fitting approach was utilized as implemented in the astropy model fitting package. The astrometric calibration for IRDIS was taken from Maire et al. (2016)3. The same fitting procedure was utilized for the NACO archival data. Since both data sets (SPHERE and NACO) were taken in the H-band, we fixed the flux ratio of the two fitted Moffat functions for the NACO data set to the flux ratio extracted from the SPHERE data (see Sect. 3.2). The astrometric calibration for NACO, taken from Chauvin et al. (2010), gives a pixel scale of 13.24 ± 0.05 mas pixel−1 with a true north correction of −0.05° ±0.10. The results are listed in Table 2 for both observing epochs.
Table 2.

Astrometry and photometry of the ET Cha system, as extracted from our SPHERE/IRDIS observations as well as NACO archival data.


We employed both astrometric epochs in order to check whether the companion candidate is co-moving with ET Cha on the sky. In Fig. 3, we show both data points relative to the expected behavior of a non-moving distant background star (grey, oscillating area in both panels). The existing astrometry is inconsistent with such an object. The dashed lines in Fig. 3 show the expected motion for a circular orbit. For the position angle, we considered a circular face-on orbit since it would lead to the maximum change of position angle, while for the separation, we considered an edge-on orbit since this would lead to the maximum change in separation over time. The companion candidate shows a change in position angle larger than expected for a circular face-on orbit (see Sect. 4.2 for a discussion of the system mass). However, we also see a significant increase in separation between the two observing epochs. This likely points to an orbit with an intermediate inclination or a non-zero eccentricity.
	[image: thumbnail]	Fig. 3.
SPHERE/IRDIS and NACO astrometry of the detected companion relative to the primary star versus time. Position angle is measured from north over east. The grey ribbon shows the expected location of a non-moving background object, while the dashed lines indicate possible circular orbital motion assuming a face-on orbit for position angle and an edge-on orbit for separation independently (these are mutual exclusive orbits to illustrate the maximum expected change in separation and position angle for the circular case).




Given that the companion candidate is inconsistent with a distant background object, we estimated the probability to find a relatively nearby – that is, Galactic – background object within 0.15″ of ET Cha and with the limiting magnitude measured for the companion candidate. Such an object could, in theory, exhibit a non-zero proper motion and, thus, could mimic a co-moving bound companion. For this, we used the approach by Lillo-Box et al. (2014) and the TRILEGAL v1.6 population synthesis models (Girardi et al. 2012). We find the probability is 10−6, that is, negligible. Thus, we conclude from the astrometric and probability analysis that the detected source is in all likelihood a true bound companion to the ET Cha system.
3.2. Photometric analysis
We used the SPHERE/IRDIS flux calibration frames to extract relative photometry between the primary star and the companion. Since we do not have a reference PSF that is not contaminated by the close companion, we applied aperture photometry. Aperture radii of three pixels (36.8 mas) were used for both objects. To achieve an accurate measurement, we estimated the cross-contamination of the companion and the primary PSF in several ways. We subtracted an azimuthally averaged profile of the primary PSF as well as a 180° rotated profile. We also measured the unaltered companion flux and subtracted the average background flux at the same separation but opposite side of the primary star. Between these measurements, we find an ∼8% variation in the recovered flux. We ultimately adopted the average value of these measurements for the companion and considered the variation in flux as uncertainty. Additionally, we included the standard deviation of the background in the uncertainty of the photometric result listed in Table 2. Since the companion is at the resolution limit in the NACO observation and was observed in the same band as the IRDIS observation, we did not attempt to extract photometry from the NACO data set.
To calculate the apparent magnitude of the companion we used the H-band measurement of the system listed in the 2MASS catalog (Cutri et al. 2003) of 9.834 ± 0.021 mag. This measurement does not resolve the primary star and the companion and, thus, it represents the combined flux. To correct for the contribution of the companion, we use the formula presented in Bohn et al. (2020). We find a correction of 0.23 mag. Thus, we compute an apparent magnitude for the companion of 11.65 ± 0.07 mag.
4. The age and mass of ET Cha
In order to determine the mass of the newly detected companion from photometry, we need to know its age. In the following, we first discuss the ET Cha system age, based on cluster age, kinematics, and stellar parameters of the primary star. We then use this age estimate together with (sub)stellar isochrone models to determine the companion mass.
4.1. Age estimate of the system
The age of the η Cha cluster has been the subject of intense study. In the initial study by Mamajek et al. (1999), a large spread of individual system ages was found ranging from 2 Myr to 18 Myr from compiled photometry, leading to an average age of ∼8 Myr (Mamajek et al. 2000). The study by Lawson et al. (2001) is broadly in agreement, inferring an age range between 4 Myr and 9 Myr for the M-star members of the cluster from re-compiled H-R-diagrams. An isochronal analysis of the color-magnitude data for the cluster members by Bell et al. (2015) yielded an older cluster age of 11 ± 3 Myr on an age scale consistent with results from Li depletion boundary analyses of other well-studied young clusters (e.g., Soderblom et al. 2014). However, we note that Herczeg & Hillenbrand (2015) find a significantly younger average age of 5.5 ± 1.3 Myr (but with a spread between 2.1 Myr and 12.7 Myr) from a comparison of the available literature photometry and spectral types of cluster members with various stellar model isochrones.
The best age estimate for a cluster member is available for the RS Cha system (RECX 8). A comparison of the stellar parameters for this well-constrained intermediate-mass (A8V + A8V) eclipsing binary to modern evolutionary tracks have yielded ages of 9.1 ± 2 Myr (Alecian et al. 2007) and 8.0[image: equation] Myr (Gennaro et al. 2012).
Due to the seemingly large age spread within the cluster, it is problematic to assign the cluster age to individual sources. ET Cha is one of only two known members of η Cha with a gas-rich class II disk, giving some indication that the system might in fact be younger than the average cluster age. Woitke et al. (2011) note that the near-infrared colors seen in ET Cha are a better fit to a disk that is 1−2 Myr old. We discuss two scenarios to estimate the age of the ET Cha system.
ET Cha age estimate from stellar parameters. Recently Rugel et al. (2018) published medium spectral resolution X-Shooter spectra of ET Cha taken simultaneously in the optical and near infrared. From these spectra, they calculate the stellar properties and find an effective temperature of 3190 K, as well as a stellar luminosity of 0.073 L⊙. We used these values as input for Siess et al. (2000) evolutionary models as well as Baraffe et al. (2015) models. We find an age of 4.9 Myr for the former and an even younger age of 3.2 Myr for the latter model. These age estimates are on the lower end of the range for M-star cluster member proposed by Lawson et al. (2001). To remain consistent with all age estimates, we thus favor the age of 4.9 Myr obtained from the Siess model tracks.
ET Cha age estimate from kinematics. Isochronal model tracks are known to underestimate the age of low-mass stars (Pecaut et al. 2012; Bell et al. 2015; Pecaut & Mamajek 2016). Thus, ET Cha could be older than estimated from its stellar parameters using such models. There is, in fact, some compelling kinematic evidence that the system may be part of the well-characterized RS Cha system. RS Cha is located only 68″ to the north-west of ET Cha. RS Cha shows a proper motion of −27.168 ± 0.072 mas yr−1 in RA and 28.015 ± 0.073 mas yr−1 in Dec as measured by Gaia DR2. ET Cha has a proper motion of −27.343 ± 0.487 mas yr−1 in RA and 27.323 ± 0.571 mas yr−1 in Dec, which means that the motion in RA is within 1σ of RS Cha and the motion in Dec is within 2σ of RS Cha. Converting the differences in their proper motions vectors to tangential velocity (assuming d = 100 pc for simplicity), their tangential motions agree within 0.34 ± 0.36 km s−1. Using inverse Gaia parallaxes the systems are at face value located at different distances, that is, RS Cha at 99.0 ± 0.4 pc and ET Cha at 91.7 ± 2.5 pc. However, our findings show that ET Cha is a close binary star with a separation of 135 mas. Assuming a simple circular orbit for the pair, we find that during the Gaia DR2 period, the orbital displacement of ET Cha may have been of the order of 1 mas4. This additional uncertainty allows for the possibility that ET Cha is located at slightly larger and possibly the same distance as RS Cha. If this is the case, then it is highly unlikely that the system is younger than RS Cha. We conclude that it currently cannot be ruled out that ET Cha and RS Cha are forming a wide multiple system. In this case, ET Cha should be co-eval with RS Cha and we adopt an age of 8 Myr for this scenario.
4.2. Mass estimates for primary and secondary
Given the age estimate and the photometry, we can estimate the masses of the primary star and the companion in the ET Cha system. To compute absolute magnitudes from our photometric analysis, we have to assume a distance of the system. In the case that ET Cha is not associated with RS Cha and, thus, 5 Myr old, we use the Gaia DR2 parallax measurement of 91.7 pc. However, if we assume that ET Cha and RS Cha form a wide pair, then they should be located at roughly the same distance and the Gaia parallax measurement for ET Cha is likely flawed. For this scenario we thus adopt the distance measurement of RS Cha, that is, 99.0 pc.
Using BT-SETTL model isochrones for low-mass stars and brown dwarfs (Baraffe et al. 2015), we find masses of 0.22 M⊙ and 0.048 M⊙ (50.3 MJup) for the primary star and companion, respectively for the first scenario. Using the older age and larger distance, we find values of 0.32 M⊙ and 0.10 M⊙.
5. Limits on additional companions
Using the deep coronagraphic total intensity images, we investigated the possible presence of further companions to the ET Cha system. For this purpose, we applied the TLOCI angular differential imaging algorithm (Marois et al. 2014) as realized in the SpeCal toolbox (Galicher et al. 2018) implemented into the SPHERE-DC reduction pipeline (Delorme et al. 2017). We find two additional point sources at separations of 3.03 ± 0.02 arcsec and 4.20 ± 0.02 arcsec, along with position angles of 82.1° ± 0.3° and 135.2° ± 0.3°. The closer of these is also detected in the NACO archival data and is consistent with a distant, non-moving background object (see Fig. A.1). The farther source is too faint (21.3 ± 0.2 mag in the SPHERE H-band image) to be detected in the NACO data. Thus, we cannot determine its nature. However, due to its wide separation, it seems likely that this is a background source as well.
Using the procedure outlined in Galicher et al. (2018), we use the total intensity data to determine detection limits for additional companions. The result is shown in Fig. 4. Utilizing models by Baraffe et al. (2015), we can translate the contrast limits to mass limits. We can rule out additional stellar or brown dwarf companions down to an angular separation of ∼190 mas independent of the system age. Outside of 1″ we are sensitive to planetary mass companions down to masses of 3 MJup for the lower system age and down to 4 MJup for the higher system age.
	[image: thumbnail]	Fig. 4.
Contrast limits derived from the coronagraphic observations using angular differential imaging and TLOCI post-processing. Mass limits for the 5 Myr and the 8 Myr case are indicated with the blue, dash-dotted lines and the red, dashed lines, respectively.




6. Orbit analysis of the ET Cha system
We utilized the orbitize! Python package (Blunt et al. 2020) to investigate possible orbit configurations of the system. We employed the OFTI (Blunt et al. 2017) sampling method with 106 runs. We consider the two scenarios for the system mass discussed in the previous section, that is, a total mass of 0.268 M⊙ for the younger low-mass scenario 1 and a total mass of 0.42 M⊙ for the older higher-mass scenario 2. In addition use different distance estimates for scenario 1 and scenario 2, that is, 91.7 pc and 99.0 pc, respectively. Since we only have two astrometric data points and the primary goal is to get a general understanding of possible orbit families, we do not consider an uncertainty for the mass estimates in the fit, meaning that they are treated as fixed values and not free parameters. The resulting posterior distributions of semi-major axis, inclination, and eccentricity are shown in Fig. 5. We additionally show ten randomly selected orbits for both mass scenarios in Appendix B. We note that while we do not limit the semi-major axis to a certain parameter range, we cut off the posterior distributions shown here at 30 au. This is motivated by Bate (2009), who find in their hydrodynamic simulations of stellar clusters that low-mass binaries typically have a semi-major axis smaller than 30 au. We cannnot, however, at this time put a meaningful upper limit on the semi-major axis. Extreme eccentric solutions with very large semi-major axis up to ∼1000 au are, in principle, consistent with the astrometric data points.
	[image: thumbnail]	Fig. 5.
Resulting orbit solutions for the ET Cha system using our extracted astrometry. We utilized the orbitize! package and the included OFTI algorithm with 106 generated orbits. We show semi-major axis, inclination, and eccentricity. Scenario 1 is in the lower left corner in blue color and scenario 2 is in the upper right corner in red.




While we can not constrain the orbit tightly from only two data points, we find that several bound orbit families exist. We find typically either inclined or eccentric orbits or a mixture of both, and we can rule out circular face-on orbits. The degeneracy between inclination and eccentricity is typical for an orbit with a low coverage of data points or with only short orbital arcs observed (see e.g., Ginski et al. 2014).
Low-mass scenario 1. For the low-mass scenario 1, we find a first-orbit family with the most likely inclination range between 30° and 73°, that is, the inclination is rather unconstrained. These solutions can be circular, but have the strongest probability peak between eccentricities of 0.15 and 0.3. The most likely semi-major axis range is 9 au to 15 au with a peak at 13 au. A second orbit family favors high eccentricity values of roughly 0.2 to 0.75 which correspond to slightly smaller semi-major axes between 8 au and 11 au with peak at 8.5 au. These solutions have a smaller inclination roughly between 0° and 40°. We find a general lower limit of the semi-major axis across all solutions of 6.5 au but can neither constrain inclination nor eccentricity to any upper or lower values.
High-mass scenario 2. For the higher mass scenario 2, we find, similarly, two-orbit families. The high-inclination family shows a probability peak in the inclination between 55° and 75°. These solutions have, most likely, a semi-major axis range between 10 au and 19 au, with a strong peak at 14 au. These solutions can be circular and have the strongest probability between eccentricities of 0 and 0.2. Compared to the lower mass scenario, we thus find that for this first orbit family high inclinations, larger semi-major axis, but lower eccentricities are preferred. The second orbit family contains the more eccentric solutions with a probability peak in the eccentricity space between 0.4 and 0.7. These solutions have smaller semi-major axes with a peak between 9 au and 10 au. As was the case for the lower mass scenario, these solutions have smaller inclinations, which are roughly between 0° and 40°. Thus, this second-orbit family is located in a very similar parameter space to the lower mass scenario.
While this first assessment of the system orbit is instructive, we caution that this picture might change significantly with the addition of even one well-calibrated observing epoch.
7. Discussion
Our photometric and age analysis finds that the companion is either a low-mass (0.10 M⊙) pre-main-sequence M-type star or a brown dwarf (0.048 M⊙, i.e., 50.3 MJup), depending on the system age. Accordingly, the mass ratio between primary star and companion is either 0.31 or 0.21 (with the primary star itself also having an age-dependent mass). In both cases, this makes for a somewhat atypical system. Bate (2009) found with hydrodynamic simulations of stellar clusters that the median mass ratio for binary systems with a semi-major axis smaller than 10 au is 0.74 and for systems with semi-major axis between 10 au and 100 au is 0.57. This theoretical result is supported also by observational surveys, for example, Delfosse et al. (2004) find that brown dwarf companions are rare within 100 au from main-sequence M-dwarf primary stars (∼1% of their sample stars had a brown dwarf companion). For more, see Duchêne & Kraus (2013) and references therein, where similar results are discussed for pre-main-sequence stars. On the other hand, Bate (2009) also finds that the separation between binary components depends strongly on the primary mass, that is, it increases with increasing mass. For primary masses between 0.2 M⊙ and 0.5 M⊙, they find a bi-modal distribution with roughly half of the recovered systems exhibiting semi-major axis smaller than 10 au, that is, compatible with a large fraction of the recovered orbit solutions for ET Cha.
7.1. The formation of the ET Cha system
There are several possible formation pathways for systems like ET Cha. The most prominent ones are either fragmentation in the proto-stellar cloud (e.g., Bate et al. 1995; Kroupa 1995; Lomax et al. 2015; Moe et al. 2019) and gravitational instability in the proto-stellar or circumstellar disk (e.g., Boss 1997; Kratter & Lodato 2016). Both of these mechanisms will (at least initially) produce dynamically very different systems. While an object formed via cloud fragmentation can show strong spin-orbit misalignment and potential high orbit eccentricities, this would not be expected from an object formed in a disk around the primary star. Both mass scenarios for the ET Cha system produce an appreciable number of eccentric orbit solutions. These are in particular preferred for the lower mass scenario in which the system is younger and the new detected companion in the brown dwarf regime.
However, objects formed via fragmentation in a disk may also exhibit eccentric orbits if they experienced dynamic encounters. Reipurth & Clarke (2001) suggest scattering of low-mass cores in multiple systems as a main formation pathway to explain wide orbit brown dwarfs. For this, a third body would be needed, which is so far not observed in the ET Cha system. Such a body could either be in a close orbit around ET Cha, it could have fallen into ET Cha A or it could potentially be another cluster member. The possibility that ET Cha is bound to RS Cha would make this a complex multiple system. A dynamical scattering of the ET Cha system by another cluster member may also be supported by findings of Moraux et al. (2007). They simulated the η Cha cluster and found that ejection of cluster members may have occurred with most objects ejected in the early stages of formation, after roughly 1−4 Myr. In their simulation, they find ejection velocities of 1−5 km s−1, which translates into a distance of 9 pc from the cluster core after 7 Myr. Such ejected members of the η Cha cluster were indeed found by Murphy et al. (2010). They suggest a halo of low-mass members of the cluster within 5[image: equation]5 from the cluster center, that is, within 9 pc. In this scenario, ET Cha would be a member of this low-mass halo which was ejected towards us. If the Gaia parallax is taken at face value it may support such a history of ET Cha since it is located roughly 7 pc closer than the median of the η Cha cluster (see Fig. C.1). However, we caution that such a scenario in which the system is ejected directly toward us seems unlikely.
Besides the dynamical signatures, there are several numerical studies that give some evidence to the formation history of the system. Most notably, Vorobyov (2013) performed simulations of disk gravitational fragmentation and found that they were unable to produce brown dwarf companions at small orbital separations. Furthermore, Kratter et al. (2010), Offner et al. (2010), and Haworth et al. (2020) found that disk fragmentation is less likely around M-dwarf primary stars. We suggest, thus, that some circumstantial evidence exists to support the formation of ET Cha B via core fragmentation in the proto-stellar cloud.
7.2. Interaction with the circumstellar disk
The circumstellar disk around the primary star was not detected in our scattered light observations down to an average5 separation of 0.0925″ (8.5−9.2 au, depending on the system distance), that is, the nominal inner working angle of the employed coronagraph. This confirms its previously inferred small radius (5−7 au, see Woitke et al. 2019). The ALMA surveys of recent years have shown that such small disks are not uncommon (see e.g. Ansdell et al. 2016). Given the newly detected close B component, the small size of the disk is indeed not surprising and is likely explained by truncation. In such a case, the expected disk outer radius is half the periastron separation (Hall et al. 1996). The closest projected separation was observed with NACO to be 50.5 mas. If we assume that this is the actual physical separation at periastron, then the disk should have been truncated at 2.3−2.5 au. However, this assumes that the entire orbital trajectory is in the plane of the sky, which might well not be the case (we recover many orbits with larger periastron separations). So this should be seen as a lower limit and is, in principle, consistent with the inferred disk radius of 5−7 au. Truncation by outer companions is indeed common. Manara et al. (2019) recently found that disks in known multiple systems are systematically smaller in mm continuum emission than their counter parts around single stars.
The disk around ET Cha is still unusual in several aspects. Kraus et al. (2012) find from an observational study in Taurus that the disk frequency is significantly reduced around close (≤50 au) binaries. While they find disks in more than ∼80% of wide binaries (same result as for single stars), this is true for only ∼40% of close binaries. These results are supported by recent population synthesis models by Rosotti & Clarke (2018), who find that binaries with separations similar to ET Cha (∼10 au) only have a disk in 10% of the cases. In the same study, they predict that in these close systems, the disk around the secondary component will clear first, which is in line with our non-detection of a resolved disk around the B component.
A second puzzling aspect of the system is its high accretion rate. Using the UV excess measurement Rugel et al. (2018) estimated an accretion rate of 7.6 × 10−10 M⊙ yr−1. Assuming a gas mass of 1.2 × 10−4 M⊙ (Woitke et al. 2019) and a constant accretion rate, the circumstellar disk should be gone after only ∼1.6 × 105 yr−1, that is, a time frame that is much shorter than both our estimates for the system age. However Rosotti & Clarke (2018) found that a close companion has significant influence on the evolution of the disk. In particular, for a semi-major axis smaller than 20−30 au, the dominating disk dispersal mechanism changes from the inside-out regime (through photo-evaporation) to the outside-in regime due to the tidal torque of the companion. Thus, in these disks, no inner cavity is opened, which leads to significantly higher accretion rates than those for wide separation binary stars or single stars. In particular, the dimensionless η parameter that was studied by Jones et al. (2012) and Rosotti et al. (2017) which is the product of system age and accretion time divided by disk mass, shows a steep increase with age for these systems. For ET Cha, we compute values for η of 31 and 51 for the younger and older disk age. Such values are possible in the simulations by Rosotti et al. (2017), but given the system separation, they imply an age younger than 1.5 Myr for a value of the viscous parameter α (Shakura & Sunyaev 1976) of 10−3.
To reconcile the age and accretion rate of ET Cha, we require a lower viscous parameter α of 10−4. This would increase the disk viscous timescale at a truncation radius of 10 au to 5 Myr. Since the disk dispersal takes on the order of 2−3 viscous timescales (Pringle 1981; Rosotti & Clarke 2018) the presence of the disk in both age scenarios would then not be problematic. However, lowering the viscous timescale would also imply that we need a higher disk mass to explain the current high accretion rate (assuming purely viscous accretion). We roughly find that an increase by a factor 10−15 would be required. The disk mass could be indeed significantly higher than that inferred by Woitke et al. (2019) if the disk is optically thick outside of 1 au.
We note that very recently Manara et al. (2020) found similarly high accretion rates reported for ET Cha around several members of the ∼5 Myr Upper Scorpius region (see also Ingleby et al. 2014; Venuti et al. 2019 for Orion OB1 and TWA). The mass estimate in this case was based on the dust. They suggest that a higher gas-to-dust ratio than the often assumed 100 would explain the measured accretion rates. Indeed Woitke et al. (2019) find with their thermo-chemical modeling of the ET Cha system an extreme gas-to-dust ratio of 3500 and the true value would be even more extreme if the gas mass is indeed underestimated. However, it would be very interesting to study the sample of Manara et al. (2020) with high angular resolution to test the correlation of a high accretion rate with the occurrence rate of close companions.
We find that another scenario might simultaneously explain the discrepancy of the age and accretion rate of the system, as well as the small size of the circumstellar disk. If the companion is not bound but, instead, is on a hyperbolic orbit, that is, we image the system close to the periastron passage during a fly-by, then the disk could have been recently truncated. However, we do not see evidence for a dispersing disk outside of the companion orbit. Also, such a scenario is inherently unlikely because close encounters are rare (Adams et al. 2006; Winter et al. 2018) and it is even more unlikely to observe them close to periastron passage. We nevertheless include for completeness that with only two astrometric epochs, we cannot rule out a hyperbolic orbit (even though we did not specifically fit unbound trajectories). Finally, it may be possible that the accretion rate is highly variable if accretion “pulses” are triggered by the companion during periastron passage of an eccentric orbital trajectory (e.g., Tofflemire et al. 2019).
8. Summary and conclusion
We detected a low-mass (50.3 MJup or 0.1 M⊙, depending on system age) companion to the η Cha cluster member ET Cha. This companion is inconsistent with a background object and, in all likelihood, it is associated with ET Cha. From SPHERE and NACO measurements spaced almost 17 years apart, we can see significant orbital motion, which can be explained by several families of bound orbits, many of them with significant eccentricity. Due to a lack of additional data points, we cannot rule out hyperbolic orbits.
The mass ratio of the system is low compared to theoretical and observational studies, possibly representing an extreme case of a young multi-star system. From the small separation, low-mass ratio, and potential eccentric orbit, we tentatively conclude that the companion may have formed via fragmentation in the proto-stellar cloud.
The disk around ET Cha has several particular characteristics, such as its small outer radius, its high gas-to-dust ratio, and high accretion rate as compared to age and gas mass, which may all be well-explained by the companion. In particular, the small separation of the pair indicates that the disk clearing might be dominated by tidal torques from the companion, which also trigger the high accretion rate. If we assume purely viscous accretion, then we find that we need a low α of ∼10−4 to explain the presence of the disk at the age of the system. This is in line with with recent studies of multi-ringed disks, which also require a low viscosity (Dullemond et al. 2018). To come to more definitive conclusions regarding the evolutionary state of the system and its dynamical history, follow-up observations are required. In particular, we suggest the following:

	
SPHERE/IRDIS follow-up observations spread over the next few years to determine the orbit of the system, particularly if the orbit is bound and if it is highly eccentric.



	
A search for accretion tracers of the companion, which may indicate in-situ formation or very recent ejection from the inner system. This may be done with SPHERE/ZIMPOL or VLT/MUSE in Hα or possibly MagAO-X once it is online.



	
Non-coronagraphic follow-up observations with SPHERE/IRDIS to determine the polarization state of both objects and thus infer (or rule out) the presence of circumstellar material around the companion.



	
VLT/ERIS measurements (once the instrument is available) to get a companion spectrum and possibly its radial velocity, which would significantly constrain its orbit as well as mass.



	
Very high spatial resolution (about 3 au should be possible) and sensitive ALMA observations of the gas and dust. Such observations can provide stringent constraints on the gas and dust mass, the extension of the disk, and the presence of a (remnant) circumbinary disk. Furthermore, the spectral line observations, with the necessary spectral resolution, can provide additional constrains on the mass of the primary.




Stellar multiplicity can generally have a strong influence on the evolution of circumstellar disks. Our new observations show that with extreme adaptive-optics instruments, it is now possible to detect previously unnoticed (sub)stellar companions to young stars, particularly in a parameter range (separation and mass) where they may cause significant changes in disk evolution. Currently, instruments such as SPHERE and GPI, are limited in their target sample by the requirements of optically bright guide stars for their adaptive optics systems. This leads to an observational bias towards the higher end of the mass function. This is one of the many reasons why instrument upgrades such as the proposed SPHERE+ concept (Boccaletti et al. 2020) are highly important for furthering the understanding of the evolution of young systems.


1 We note that, while still rare, there is an increasing number of “old” systems with signs of ongoing accretion discovered in the recent literature. See Lee et al. (2020) for an example.


2 In an upcoming publication (Ginski et al., in prep.), we extensively tested the influence of different fitted model functions on the retrieved astrometry for tight binary stars with SPHERE/ZIMPOL. We found that as long as the model has a well defined peak the astrometric result was virtually identical.


3 We note that the calibration was performed in standard imaging mode and not DPI mode. In DPI mode an extra half-wave-plate is inserted into the beam path. We have at this time no evidence that this alters the astrometric solution.


4 While the same uncertainty could affect the proper motion, here longer baselines are available, which limit the influence of this deviation.


5 As noted previously the mask was misaligned, thus, we probe closer to the star in the north-west and slightly further away from the star in the south-east.
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Appendix A:  Proper motion test for a wide-separation companion
	[image: thumbnail]	Fig. A.1.
Astrometric proper motion analysis analog to Fig. 3, but for the additional wide-separation point source detected in the coronagraphic images. The astrometry in the SPHERE and NACO epochs is consistent with a non-moving (distant) background object.





Appendix B:  Randomly selected orbit plots
To illustrate the quality of the recovered orbit solutions in Sect. 6, we show, for both mass scenarios, ten randomly selected orbits. Astrometric data points are displayed in black.
	[image: thumbnail]	Fig. B.1.
Ten random orbits for the low-mass scenario 1, that is, a system mass of 0.268 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.




	[image: thumbnail]	Fig. B.2.
Ten random orbits for the high-mass scenario 2, i.e. a system mass of 0.42 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.





Appendix C:  Cluster parallaxes
	[image: thumbnail]	Fig. C.1.
Parallaxes of known η Cha cluster members. ET Cha seems to be significantly closer than the other members.
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	[image: thumbnail]	Fig. 1.
SPHERE/IRDIS and NACO observations of the ET Cha system. The companion is well-resolved in the 2019 SPHERE epoch. We note that we show the primary star on a slightly saturated color scale in order to highlight the companion (the data is not saturated). In the 2003 NACO epoch the companion is close to the resolution limit of the instrument and shows as a strong asymmetrical extension to the primary star PSF. We have performed a high-pass filter to make the companion more clearly visible. We mark the companion position in the NACO image by two white bars.
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	[image: thumbnail]	Fig. 2.
Coronagraphic images of ET Cha taken with SPHERE/IRDIS in our program. Upper left: stacked total intensity image. Upper right: total intensity image after classical angular differential imaging reduction. Bottom: Stokes Q and U polarized flux images after polarization differential imaging. The size of the coronagraphic mask is indicated with the grey, hashed circle. The positive-negative signal pattern is caused by unresolved stellar polarization of the primary star, the companion or both and not by a resolved circumstellar disk.
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	[image: thumbnail]	Fig. 3.
SPHERE/IRDIS and NACO astrometry of the detected companion relative to the primary star versus time. Position angle is measured from north over east. The grey ribbon shows the expected location of a non-moving background object, while the dashed lines indicate possible circular orbital motion assuming a face-on orbit for position angle and an edge-on orbit for separation independently (these are mutual exclusive orbits to illustrate the maximum expected change in separation and position angle for the circular case).
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	[image: thumbnail]	Fig. 4.
Contrast limits derived from the coronagraphic observations using angular differential imaging and TLOCI post-processing. Mass limits for the 5 Myr and the 8 Myr case are indicated with the blue, dash-dotted lines and the red, dashed lines, respectively.
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	[image: thumbnail]	Fig. 5.
Resulting orbit solutions for the ET Cha system using our extracted astrometry. We utilized the orbitize! package and the included OFTI algorithm with 106 generated orbits. We show semi-major axis, inclination, and eccentricity. Scenario 1 is in the lower left corner in blue color and scenario 2 is in the upper right corner in red.
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	[image: thumbnail]	Fig. A.1.
Astrometric proper motion analysis analog to Fig. 3, but for the additional wide-separation point source detected in the coronagraphic images. The astrometry in the SPHERE and NACO epochs is consistent with a non-moving (distant) background object.
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	[image: thumbnail]	Fig. B.1.
Ten random orbits for the low-mass scenario 1, that is, a system mass of 0.268 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.
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	[image: thumbnail]	Fig. B.2.
Ten random orbits for the high-mass scenario 2, i.e. a system mass of 0.42 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.
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Parallaxes of known η Cha cluster members. ET Cha seems to be significantly closer than the other members.
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    Table 1. 

Observing setup and average observing conditions for SPHERE/IRDIS and archival NACO observation epochs.




	Epoch
	Instrument
	Coronagraph
	Filter
	DIT [s]
	# of frames
	Seeing [″]
	⟨τ0⟩ [ms]





	21-01-2003
	NACO
	No
	H
	0.345
	1971
	0.55
	5.5



	23-12-2019
	SPHERE
	Yes
	BB_H
	64
	56
	0.43
	8.6



	23-12-2019
	SPHERE
	No
	BB_H
	0.84
	10
	0.36
	10.1







  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
Coronagraphic images of ET Cha taken with SPHERE/IRDIS in our program. Upper left: stacked total intensity image. Upper right: total intensity image after classical angular differential imaging reduction. Bottom: Stokes Q and U polarized flux images after polarization differential imaging. The size of the coronagraphic mask is indicated with the grey, hashed circle. The positive-negative signal pattern is caused by unresolved stellar polarization of the primary star, the companion or both and not by a resolved circumstellar disk.



    

  
    Table 2. 

Astrometry and photometry of the ET Cha system, as extracted from our SPHERE/IRDIS observations as well as NACO archival data.




	Epoch
	Filter
	Sep [mas]
	PA [deg]
	Δmag





	21-01-2003
	H
	50.5 ± 8.3
	45.2 ± 6.7
	−



	23-12-2019
	BB_H
	135.4 ± 0.5
	149.7 ± 0.8
	1.59 ± 0.07






Notes. We note that due to the barely resolved nature of the NACO data, we did not attempt to extract the H-band photometry as it also does not add new information.




  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
SPHERE/IRDIS and NACO astrometry of the detected companion relative to the primary star versus time. Position angle is measured from north over east. The grey ribbon shows the expected location of a non-moving background object, while the dashed lines indicate possible circular orbital motion assuming a face-on orbit for position angle and an edge-on orbit for separation independently (these are mutual exclusive orbits to illustrate the maximum expected change in separation and position angle for the circular case).



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
Resulting orbit solutions for the ET Cha system using our extracted astrometry. We utilized the orbitize! package and the included OFTI algorithm with 106 generated orbits. We show semi-major axis, inclination, and eccentricity. Scenario 1 is in the lower left corner in blue color and scenario 2 is in the upper right corner in red.



    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
Ten random orbits for the low-mass scenario 1, that is, a system mass of 0.268 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.



    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
Ten random orbits for the high-mass scenario 2, i.e. a system mass of 0.42 M⊙. On the left, we show the orbit in RA-Dec space and on the right, we show relative separation and position angle of the secondary relative to the primary versus time.
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