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Abstract

        Context. The substellar companion HD 206893b has recently been discovered by direct imaging of its disc-bearing host star with the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) instrument.

        Aims. We investigate the atypical properties of the companion, which has the reddest near-infrared colours among all known substellar objects, either orbiting a star or isolated, and we provide a comprehensive characterisation of the host star-disc-companion system.

        Methods. We conducted a follow-up of the companion with adaptive optics imaging and spectro-imaging with SPHERE, and a multi-instrument follow-up of its host star. We obtain a R = 30 spectrum from 0.95 to 1.64 μm of the companion and additional photometry at 2.11 and 2.25 μm. We carried out extensive atmosphere model fitting for the companions and the host star in order to derive their age, mass, and metallicity.

        Results. We found no additional companion in the system in spite of exquisite observing conditions resulting in sensitivity to 6 MJup (2 MJup) at 0.5′′ for an age of 300 Myr (50 Myr). We detect orbital motion over more than one year and characterise the possible Keplerian orbits. We constrain the age of the system to a minimum of 50 Myr and a maximum of 700 Myr, and determine that the host-star metallicity is nearly solar. The comparison of the companion spectrum and photometry to model atmospheres indicates that the companion is an extremely dusty late L dwarf, with an intermediate gravity (log g ~ 4.5–5.0) which is compatible with the independent age estimate of the system.

        Conclusions. Though our best fit corresponds to a brown dwarf of 15–30 MJup aged 100–300 Myr, our analysis is also compatible with a range of masses and ages going from a 50 Myr 12 MJup planetary-mass object to a 50 MJup Hyades-age brown dwarf. Even though this companion is extremely red, we note that it is more probable that it has an intermediate gravity rather than the very low gravity that is often associated with very red L dwarfs. We also find that the detected companion cannot shape the observed outer debris disc, hinting that one or several additional planetary mass objects in the system might be necessary to explain the position of the disc inner edge. 

      Key words: brown dwarfs / planets and satellites: atmospheres / techniques: high angular resolution / planet-disk interactions


⋆ Based on observations made with ESO Telescopes at the Paranal Observatory under Programs ID 097.C-0865(D) (SPHERE GTO, SHINE Program) and Program ID: 082.A-9007(A) (FEROS) 098.C-0739(A), 192.C-0224(C) (HARPS). This work has made use of the SPHERE Data Centre.

⋆⋆⋆ F.R.S.-FNRS Research Associate.



1. Introduction
The discovery of young extrasolar giant planets found with high-contrast imaging techniques (Chauvin et al. 2004; Marois et al. 2008; Lagrange et al. 2010; Rameau et al. 2013; Delorme et al. 2013; Bailey et al. 2014; Macintosh et al. 2015; Gauza et al. 2015) offers the opportunity to directly probe the properties of their photosphere. The improved contrast and spectroscopic capabilities of the new generation of adaptive optics (AO) instruments such as Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2008) and GPI (Macintosh et al. 2012) have made it possible to study the molecular composition and physical processes taking place in the atmospheres of extrasolar giant planets (Zurlo et al. 2016; Bonnefoy et al. 2016; Vigan et al. 2016; De Rosa et al. 2016; Chilcote et al. 2017). 
These previous studies have shown that while young exoplanets have a spectral signature quite distinct from field brown dwarfs of equivalent effective temperature, they have many atmospheric properties in common with isolated brown dwarfs recently identified in young moving groups (Liu et al. 2013; Gagné et al. 2015a; Aller et al. 2016; Faherty et al. 2016). They notably share a very red spectral energy distribution (SED) in the near-infrared (NIR) that can be attributed to the presence of very thick dust clouds in their photosphere. This trend was qualitatively expected by atmosphere models because the lower surface gravity of these planetary mass objects inhibits dust settling and naturally increases the dust content within the photosphere. However, all atmosphere models fail to quantitatively match the very red NIR colours of young planetary mass objects via a self-consistent physical model, and have to resort to parametrising the sedimentation efficiency of the dust to match these observations, as done for instance in the Dusty models where there is no dust settling (Allard et al. 2001) or the parametrised cloud models (Saumon & Marley 2008; Madhusudhan et al. 2011; Morley et al. 2014; Baudino et al. 2015). The recent work by Liu et al. (2016) focuses on a sample of substellar objects with known ages and distances and has confirmed that low-gravity objects populate an area of NIR colour–magnitude diagram that is distinct from the area occupied by field brown dwarfs of the same spectral type. This study also claims that low-mass companions might have properties distinct from those of isolated low-mass objects, while they should have similar gravity, hinting that other parameters might also shape the NIR SED of substellar objects. 
In this light the recent discovery of the very red close-in companion HD 206893B (or HIP 107412 b) identified by Milli et al. (2017), offers the opportunity to explore the physical properties of a relatively young mid-L dwarf substellar companion and to try to understand its atypical properties. We carried out a systematic study of the debris disc-bearing host star, including new observations, to determine its age and metallicity (Sect. 2). Through the SpHere INfrared survey for Exoplanets (SHINE) GTO large programme with SPHERE, we obtained additional resolved observations of the companion under very stable observing conditions, including the low-resolution spectroscopy that we present in Sect. 3. These observations confirm that HD 206893B is the reddest known substellar object, even redder in NIR than 2M1207 b (admittedly by a slight margin of approximately 1σ, Chauvin et al. 2004) or the recently discovered 2MASS J223624+4751 (Bowler et al. 2017). Section 4 focuses on the comparison of HD 206893B with known red L dwarfs. Section 5 is dedicated to the characterisation of the atmospheric properties of this atypical young substellar companion, through atmosphere and substellar evolution models. In Sect. 6 we detail the orbital constraints that can be derived from the observed Keplerian motion of the companion and determine that this detected companion cannot shape the observed disc alone. 
2. Host star properties
The determination of the properties of the substellar object around the star depends sensitively on the adopted stellar parameters, and especially on stellar age. Unfortunately, the age of mid-F stars like HD 206893 is particularly difficult to determine. On the one hand, their evolution is slow, making isochrone fitting not very constraining when close to the main sequence. On the other hand, the indicators based on rotation and activity are more uncertain than for colder stars due to the very thin convective envelope. Milli et al. (2017) adopted an extended age range 0.2–2.1 Gyr, while Galicher et al. (2016) adopted [image: equation] Myr from X-ray and UV luminosity. Our approach is based on a comprehensive evaluation of several age indicators following the methods described in Desidera et al. (2015). Spectroscopic and photometric datasets were acquired to gather the required information. 
2.1. Kinematic analysis and young groups membership
HD 206893 is included in Gaia DR1 and we adopted Gaia DR1 trigonometric parallax and proper motion (using a corresponding distance of 40.6[image: equation] pc; see Table 1), unlike Milli et al. who adopted the Hipparcos parallax (38.3[image: equation] pc; van Leeuwen 2007). For the radial velocity we adopt RV =  − 11.92 ± 0.32 km s-1, as derived from the analysis of the FEROS spectrum. This is similar to the values of − 12.9 ± 1.4 km s-1 measured by Nordström et al. (2004), and also consistent with our measurements from HARPS data of − 12.2 ± 0.1 km s-1. The presence of the brown dwarf companion would imply a maximum RV semi-amplitude only of the order of 0.15 km s-1 (from the family of orbits fitting the available astrometric data, see Sect. 6.1), which is smaller than our current uncertainties on the RV of the system and is hence neglected in the kinematic analysis. These spectroscopic data also show that HD 206893 is not a spectroscopic binary. 

          Table 1

              Stellar parameters of HD 206893.

            

        The resulting space velocities of the system are U,V,W =  − 20.15 ± 0.23, − 7.40 ± 0.15, − 3.40 ± 0.26 km s-1. We used these kinematics to investigate the possible membership of HD 206893 to a young moving group using the BANYAN2 online tool (Gagné et al. 2014b). Assuming that HD 206893 is younger than 1 Gyr (see below), we obtain a 13.5% probability for membership in the Argus association and 86.5% for the young field. 
2.2. Spectroscopic parameters
The star was observed with the FEROS spectrograph on 2008 November 13 as part of the preparatory program for the SPHERE GTO survey. Details on the instrument set-up and reduction procedure are given in Desidera et al. (2015). 
As done in our previous investigations (see e.g. Vigan et al. 2016, for GJ 758 B) we derived spectroscopic parameters using the code MOOG by Sneden (1973, 2014) and the Kurucz grid (1993) of model atmospheres, with the overshooting option switched on. Effective temperature (Teff) was obtained by zeroing the slope between abundances from Fe i lines and the excitation potential of the lines, while microturbulence velocity (ξ) comes from removing spurious trends between the reduced equivalent widths and abundances from Fe i lines. We note that due to the relatively high rotational velocity (vsini ~ 32 km s-1, see Sect. 2.3) we were able to exploit only 27 Fe i lines. Surface gravity (log g) was derived imposing the ionisation equilibrium condition that abundances from Fe i and Fe ii lines are in agreement within 0.05 dex. We found Teff = 6500 ± 100 K, logg = 4.45 ± 0.15 dex, and ξ = 1.35 ± 0.2 km s-1  (uncertainties were derived following De Silva et al. 2013; Vigan et al. 2016; we refer the reader to those papers for details on error computation). Our analysis results in A(Fe i)= 7.54  ±  0.02 dex, which implies [Fe/H] = + 0.04 ± 0.02 having adopted A(Fe i)= 7.50 for the Sun. 
The spectroscopic temperature based on excitation equilibrium is fully consistent with those derived from the fitting of the wings of the Hα line, which results in 6550 ± 100 K, and from B − V, V − I, and V − K colours using the calibrations determined by Casagrande et al. (2010), which yield 6519 ± 49 K. 
2.3. Lithium and barium
The lithium abundance was derived by synthesising the Li i doublet at 6708 Å, using the driver synth in MOOG, as done in all previous works (e.g. D’Orazi & Randich 2009; Desidera et al. 2011; De Silva et al. 2013). As a by-product of the spectral synthesis calculations we also obtained the projected rotational velocity (vsini), finding 32 ± 2 km s-1. 
From our analysis, the Li abundance for HD 206893 is A(Li i)= 2.38 ± 0.10 dex. For comparison with other works, we have also measured the EW of Li i doublet at 6708 Å, which results in 28.5 ± 7.0 mÅ, which is lower than what is expected for an Argus member (~100 mÅ  at V − I = 0.51 mag) and/or for stars of young ages (≳100 mÅ  at ages ≲100 Myr; Torres et al. 2008). The observed Li EW is intermediate between those measured for Hyades and Pleiades members, suggesting an intermediate age. 
Finally, we have investigated the barium (Ba) content for our target star, since Ba abundances have been shown to be enhanced in young open cluster and field stars (e.g. D’Orazi et al. 2009; Desidera et al. 2011; De Silva et al. 2013). In particular, stars younger than ~100 Myr has been found to exhibit an extreme Ba enhancement, up to ~0.65 dex, more than a factor of four above the solar abundance. For consistency, we derived the Ba abundance employing the same line list, code, and procedure as in previous papers (e.g. De Silva et al. 2013). From the synthesis of the strong Ba ii line at 5853 Å  (including hyperfine structure and isotopic splitting with solar mix composition) we obtained [Ba/Fe] = 0.2 ± 0.2 dex. The relatively high uncertainties are related to the saturated behaviour of the Ba ii line. This result seems to confirm that HD 206893 is unlikely to be a member of the Argus association since the average Ba abundance for Argus is [Ba/Fe] = 0.53 ± 0.03 (from De Silva et al. 2013). 

          
          	[image: thumbnail]	Fig. 1
              Comparison of rotation period, chromospheric emission log RHK, coronal emission log LX/Lbol, and Li EW of HD 206893 to those of the Hyades (red symbols) and Pleiades (blue symbols) open clusters. In the first panel (rotation period), the filled circle shows the photometric period and the triangle the upper limit derived from the projected rotational velocity. In the same panel the continuous and dashed lines are the sequences of slow rotators for Pleiades and Praesepe, respectively (Stauffer et al. 2016). They overlap at the colour of HD 206893. The last two panels show the kinematic parameters of HD 206893 and those of several young moving groups. In these panels, the dashed box represent the locus of the Nearby Young Population as defined in Zuckerman et al. (2004). The dotted contours in the U vs. V plot mark the locus of kinematically young stars, as proposed by Montes et al. (2001). 

            



        2.4. Rotation
2.4.1. Photometric periodicity
Photometric observations of HD 206893 were gathered between October 29 and December 5, 2016, with a 40 cm (f6.3) telescope located at the Remote Observatory Atacama Desert. The star was observed for 34 almost consecutive nights spanning a time interval of 38 days. We collected a total of 452 frames in B filter and 462 frames in V filter (generally three telescope pointings per night, separated by ~1.5 h with five consecutive frames in each filter on each pointing, which were averaged to get three average magnitudes per night and corresponding uncertainties). We used the tasks within IRAF1 for bias correction, flat fielding, and aperture photometry to extract the magnitudes of HD 206893 and of two nearby stars: HD 207006 (V = 7.55 mag, B = 8.55 mag), which served as comparison (c), and HD 206926 (V = 9.03 mag; B = 10.15 mag), which served as a reference star (ck). Differential magnitudes of HD 206893 (v) were computed with respect to HD 207006. The photometric precision is 0.015 mag in B filter and 0.014 mag in V filter. Differential magnitudes of comparison minus check turned out to be constant at the level σB(c − ck) = 0.016 mag. 
We performed Lomb-Scargle (Scargle 1982) and CLEAN (Roberts et al. 1987) periodogram analysis on the average data for the B time series and the V time series. The results are summarised in Fig. 2. We find the same period P = 0.996 ± 0.003 d in the B and V filters, and light curve amplitudes ΔB = 0.07 mag and ΔV = 0.05 mag. The period is highly significant (confidence level >99%) in both filters. The detection of a rotation period very close to one day is very challenging since it is very close to the observation sampling. The spectral window significantly powers periods at one day and its harmonics. 
However, as explained in detail in Appendix A, we can reasonably infer that the P = 0.996 d signal has a stellar origin and is most likely linked to the rotation of the star. 
2.4.2. Implications for system age and orientation
The measured rotation period of HD 206893 is clearly below the “interface” (Barnes 2007) sequence of the Pleaides as obtained by K2 observations (Stauffer et al. 2016), suggesting an age younger than about 130 Myr. Our RV measurements do not show indications of the presence of close companions altering the star’s angular momentum, meaning than the angular momentum evolution of HD 206893B should be similar to what is expected for single stars. However, fast rotators (P ≲ 2 d) belonging to the “convective” sequence are also observed at older ages. Stars with similar rotation period and colour to HD 206893 can be seen in clusters older than the Pleiades, for example, in M35 (Meibom et al. 2009) and NGC 6811 (Meibom et al. 2011). Therefore, we conclude that HD 206893 is too close to the boundary at which rotation is not a sensitive age indicator (see overlap of Pleiades and Praesepe sequences of slow rotators at the colour of our target; Fig. 1). Nevertheless, the fast rotation most likely suggests a moderately young age, considering the observed tendency toward slower rotation of stars with debris discs with respect to coeval disc-less stars in some associations (Messina et al. 2017b). 
By coupling the stellar radius of 1.26 ± 0.02 R⊙ (see Sect. 2.6) with the measured vsini and Prot, we infer a system inclination of 30 ± 5°, not far from the estimated inclination of the disc (Milli et al. 2017, 40 ± 10°). 
2.5. Coronal and chromospheric emission
The X-ray flux from the star was detected by ROSAT (Voges et al. 1999) yielding values of log LX/Lbol =  − 4.80. This is compatible with both Pleiades and Hyades stars, whose distributions slightly overlap in this colour range. 
The chromospheric flux log RHK was measured from FEROS and HARPS spectra yielding a value of − 4.85 and − 4.70, respectively, using the calibration by Desidera et al. (2015) for FEROS and a similar one for HARPS2. 

          
          	[image: thumbnail]	Fig. 2
              Results of photometric analysis of HD 206893 for B (top) and V filter (bottom) data. We plot the differential magnitude time series, the Lomb-Scargle periodogram (red line is the window function, dotted line the power at 99% confidence level), the Clean periodogram, and the light curve with the sinusoid fit overplotted.

            



        Due to the paucity of comparison stars with known age at the colour of our target, we retrieved from the ESO archive the spectra of a dozen of Hyades F stars observed with HARPS (B − V between 0.41 to 0.47). A median value of log RHK =  − 4.92 was obtained for these stars with a median colour B − V = 0.45. Therefore, HD 206893 appears to be slightly more active than the average of Hyades of the same colour, although within the scatter of individual objects. 
2.6. Age summary
The stellar properties of HD 206893 confirm the difficulty in obtaining high-precision ages for mid-F stars. The placement on the colour–magnitude diagram is close to the zero age main sequence and compatible with a broad range of ages, up to well above 1 Gyr (Milli et al. 2017,and references therein). 
A non-negligible probability of membership in the Argus MG is obtained but the lithium and barium abundances point to an older age, making membership unlikely. 
The tightest age constraint is obtained by lithium, which falls between the observed values for Pleiades and Hyades. Coronal and chromospheric activity support this estimate, but are also compatible with a broader range of ages. The observed rotation period (both the tentative detection and the firm upper limit from vsini) are also compatible with these values, once considering the presence of F-type fast rotators at both young and moderately old age. We adopt in the following an age of [image: equation] Myr, where the error bars should be considered as very conservative (max allowed range), including the age of Argus MG as a lower limit. Adopting this age range, the stellar mass and radius from Bressan et al. (2012) and the PARAM web interface (da Silva et al. 2006) result in 1.32 ± 0.02 M⊙ and 1.26 ± 0.02 R⊙, respectively. 
3. New SPHERE observations of HD 206893B
We observed HD 206893B on September 16, 2016, with VLT/SPHERE as part of the Guaranteed Time Observations dedicated to exoplanet search (SpHere INfrared survey for Exoplanets or SHINE, Chauvin et al., in prep.). These observations took advantage of the extreme adaptive optics system SAXO (Fusco et al. 2006; Sauvage et al. 2016) and used the Apodised Lyot Coronagraph (Carbillet et al. 2011; Guerri et al. 2011). We selected the IRDIFS_EXT observing mode, with which the Integral Field Spectrograph (IFS; Claudi et al. 2008) provides a spectral resolution of R = 30 in the wavelength range between 0.95 μm and 1.63 μm on a field of view of 1.7′′× 1.7′′, and Infra-Red Dual-beam Imager and Spectrograph (IRDIS; Dohlen et al. 2008) simultaneously operating in the Dual-Band Imaging (DBI; Vigan et al. 2010) mode in the K band with the K12 filter pair. The K1 filter is centred at 2.110 μm and the K2 filter at 2.251 μm. The observations lasted from 02:08:05 to 03:49:14 UTC under stable conditions and very good seeing varying between 0.4 and 0.5′′ in the NIR and an atmospheric coherence time of 4 to 5 ms. During this sequence 80 IFS and IRDIS science frames with 64 s exposure time were acquired. The total parallactic angle variation during the science observations was 76°. The observing sequence also included two observations using the waffle mode active (a small fixed waffle pattern was applied to the deformable mirror to create four echoes of the PSF) for an accurate determination of the stellar position behind the coronagraphic mask. We also obtained unsaturated observations without coronagraph, using short exposure times and a neutral density filter to provide an accurate flux calibration. 
3.1. Data reduction 
Our data was reduced by the SPHERE Data Centre (hereafter SPHERE-DC)3. For IRDIS data, the first reductions steps (dark, flat, and bad pixel correction) rely on the SPHERE Data Reduction and Handling (DRH) pipeline (Pavlov et al. 2008) provided by ESO. For IFS data the SPHERE-DC complements the DRH pipeline with additional steps that improve the wavelength calibration and the cross-talk correction (Mesa et al. 2015). For both IRDIS and IFS data, the SPHERE-DC also provides a frame-by-frame accurate determination of the parallactic angle for our pupil tracking observations. 
To perform the astrometric calibration of the IRDIS and IFS dataset on sky, we used the tools described by Maire et al. (2016b). The astrometric field 47 Tuc was observed on the same night as the science observations, and the data aligned to the true north by applying a rotation of –1.762°. The uncertainty on the true north calibration is 0.048°. 
The resulting reduced master cubes were then used as input of several distinct Angular DIfferential (ADI; Marois et al. 2006; Lafrenière et al. 2007) algorithms. We detail here the one we retained for the spectral analysis, a dedicated algorithm based on the TLOCI-ADI (Marois et al. 2010) routines given in Galicher et al. (2011). This TLOCI-ADI routine has been tested by the SHINE consortium among many other reduction algorithms and is shown to provide extracted spectra with the best agreement with the known injected spectra of fake planets, within its estimated errors bars (Galicher et al., in prep.). The resulting spectra is shown in Fig. 4. The contrast within the first eight channels of the IFS data with respect to the host star is too high to indisputably identify the companion. We thus include only upper limits for our final TLOCI reduction flux up to 1.07 μm in wavelength. Our final error estimation includes fitting errors, PSF, and atmospheric variation errors as well as an estimation of the speckle noise within a corona of 1 FWHM width located at the separation of the companion. At the low separation of the companion, this type of noise dominates the error statistics in the blue part of the spectrum up to about 1.25 μm. 
The extracted spectrum of HD 206893B after the TLOCI-ADI analysis is presented in Fig. 4. We also applied other independent reduction and analysis pipelines, and checked that the spectrum of HD 206893B extracted with these other methods was consistent, within error bars, with our TLOCI-ADI reduction. This comparison is detailed in Appendix B. 

          
          	[image: thumbnail]	Fig. 3
              Residual images of HD 206893B in Y, J, H, and K bands in linear scale. The scale is identical in Y, J, and H, but is 4 times wider in K to accommodate the brighter speckle residuals and brighter companion in the IRDIS K-band image.

            



        
          
          	[image: thumbnail]	Fig. 4
              Extracted spectrum of HD 206893B through TLOCI-ADI.

            



        3.2. Constraints on additional companions in the system
Our TLOCI-ADI analysis was dedicated to extract the spectrum of the companion and in order to limit the biases we used only the angular information (ADI analysis) contained in the observation to remove the speckle pattern. As shown by e.g. Rameau et al. (2015), using the spectral information (SDI) in addition to the angular information makes it very difficult to extract an unbiased spectrum of a detected companion. However, the same study points out that the speckle pattern is very efficiently removed when using the spectral information. Our own tests within the SHINE Consortium also show that the best spectral fidelity, i.e. the ability to retrieve, within the error bars, the spectrum of an injected fake companion is best when using only ADI, while the best point-source sensitivity is achieved by combining ADI and SDI. When we probed the possible presence of additional companions in the system we used TLOCI and PCA using this combined “ASDI” approach with IFS data. Figure 3 shows the resulting residuals maps in the Y, J, H, and K bands. The Y, J, and H are a stack of the IFS channels after TLOCI-ASDI reduction that have a wavelength corresponding to each photometric band, while the K-band image is a stack of the IRDIS K1 and K2 filters after TLOCI-ADI reduction. No companion was detected even though our detection limits reach respectively 14.5 and 15.2 mag of contrast for separations of 0.3 and 0.5′′ (see Fig. 5). These detection limits are computed for a companion with a uniform contrast and are hence conservative because the deep absorption bands in the spectra of real substellar companions slightly improve the sensitivity of spectral differential imaging methods (see e.g. Rameau et al. 2015). For an age of 300 Myr (50 Myr) these limits correspond to detection limits in mass, assuming Baraffe et al. (2003)hot-start evolution models, of respectively 6 and 8 MJup (2 and 3 MJup). 

          
          	[image: thumbnail]	Fig. 5
              Five σ detection limits combining IFS and IRDIS information. Left of the dashed line, IFS sensitivity is best and we show IFS TLOCI-ASDI sensitivity using the mean of the channels covering Y, J, and H band. Right of the dashed line, we show IRDIS sensitivity after TLOCI-ADI reduction, using the mean of the K1 and K2 images. The red dot indicates HD 206893B. 

            



        3.3. No disc re-detection in SHINE data
We initially believed that our K-band IRDIS SHINE data showed a re-detection of the faint structure highlighted as a probable disc detection in the H broad-band IRDIS images analysed by Milli et al. (2017). However, given the faintness of this signal, we checked whether the observed extended structure was indeed an astrophysical signal or an observational bias. Instead of de-rotating our sequence of images according to the actual parallactic angle of the observations, we applied a de-rotation in the opposite direction, which should effectively kill any astrophysical signal. Since the same fuzzy extended structure was still visible, it meant it was caused by an observational bias, probably the wind extending the coronagraphic halo along a privileged direction. As a sanity check, we also applied this procedure to the H-band data analysed by Milli et al. (2017), and we show that as expected for an astrophysical disc signal, applying an incorrect de-rotation angle destroys the signal in this case. We therefore confirm that Milli et al. (2017) have probably detected a faint disc structure at large separation in their SPHERE broad-band data, but we have no independent confirmation of this signal from our new observations. We note that this is not unexpected because the higher exposure time and larger bandwidth of the Milli et al. (2017) observations makes them more sensitive to disc signal at large separations. 
3.4. Conversion to fluxes
A prior knowledge of the star spectrum in the NIR is needed to convert the companion contrast extracted from the SPHERE data to fluxes. To get a simple estimate of the stellar spectrum fit for our calibration purposes, we compiled the Stromgren b and v, 2MASS JHKs, and WISE W1, W2, and W3-band photometry (Paunzen 2015; Cutri et al. 2003; Cutri et al. 2012). We converted this photometry to apparent fluxes with the VOSA tool (Bayo et al. 2008). We then smoothed a BT-NEXTGEN synthetic spectrum (Allard et al. 2012) with Teff = 6600 K, log g = 4.5 dex, and M/H = 0.0 dex to the IFS spectral resolution (R ~ 30), and adjusted its flux onto the star fluxes (Fig. 6). The Teff, log g, and metallicity are very close to the values found in the previous section. 

          Table 2

              Photometry of HD 206893B. 

            

        We used this spectrum to compute the average stellar flux at the IFS and IRDIS wavelengths. To do so, we took the mean of the stellar flux weighted by the response curves of the IFS channels (Gaussian transmission), and of the K1 and K2 passbands. The weighting also accounts for the atmospheric transmission using a model of the telluric absorptions generated with the Cerro Paranal Sky Model (Noll et al. 2012; Jones et al. 2013). We repeated this procedure for the L′ band photometry of HD 206893b gathered by Milli et al. (2017). The resulting photometry is shown in Table 2. 

          
          	[image: thumbnail]	Fig. 6
              BT-NEXTGEN synthetic spectrum (red curve) adjusted onto the star photometry (blue dots).

            



        4. Atmospheric properties of HD 206893B: a spectral analysis by comparison with reference objects
4.1. Colour–magnitude diagrams
HD 206893b has extremely red H − L′ colours (Milli et al. 2017). The K1K2 photometry confirms that HD 206893b is indeed a remarkably red object. We show in Fig. 7 the location of the companion in a K-band colour–magnitude diagram (see Mesa et al. 2016, for details). The companion has a K1 − K2 colour (0.40 ± 0.13 mag) in the same range as the HR8799d planet (0.36 ± 0.13 mag, Zurlo et al. 2016). Nonetheless, its absolute flux is consistent with those of mid-L dwarfs (both young and old). It has a slightly redder K1 − K2 colour than that of the already red L/T transition companion 2MASS J22362452+4751425 (0.28 ± 0.10 mag4) identified by Bowler et al. (2017). We synthesised the J-band photometry Js = 18.33 ± 0.17 mag of HD 206893b corresponding to a virtual filter with a 100% transmission between 1.2 and 1.3 μm, and report the corresponding colour–magnitude diagram in Fig. 7. The companion has a J-band luminosity that is more consistent with those of late L dwarfs. It is the reddest object in that diagram, even slightly redder than the extremely red companion 2M1207b, which is located nearby in the magnitude-colour space. 

          
          	[image: thumbnail]	Fig. 7
              Placement of the IRDIS photometry of HD 206893B (HIP 107412B) in colour–magnitude diagrams. The dash-dotted line corresponds to the reddening vector caused by forsterite grains with mean size 0.5 μm. The dashed line correspond to the interstellar reddening (reddening parameter R = 3.1).

            



        
          
          	[image: thumbnail]	Fig. 8
              Comparison of the NIR spectrum and photometry of HD 206893b to those of reference spectra. On the left the fit does not account for the correlation noise of the IFS spectrum; on the right, it does.

            



        
          
          	[image: thumbnail]	Fig. 9
              Comparison of the spectrum and photometry of HD 206893b (pink dots) to those of L-type companions (blue).

            



        4.2. Spectral templates
We compared the new SPHERE NIR spectrum and K1K2 photometry to reference low-resolution (R ~ 75–120) spectra acquired with the SpeX instrument. The spectra were taken for the most part from the SpeXPrism library (Burgasser 2014, 532 objects) and from Best et al. (2015; 122 objects). Those two libraries include spectra of peculiar dusty L dwarfs. We used additional 1–2.5μm continuous NIR spectra of L and T dwarfs from the Mace et al. (2013) library (72 objects; contains some spectra of peculiar L/T dwarfs), young M and L dwarfs of Allers & Liu (2013; 17 spectra), and of red/dusty L dwarfs later than L4 taken from the literature (see Appendix F). All spectra were smoothed to a resolution R ~ 30, corresponding to those of our data. We then took the weighted mean of the flux within the K1 and K2 filter passbands, and the IFS channels. We considered G, the goodness-of-fit indicator defined in Cushing et al. (2008), which accounts for the filter and spectral channel widths (see Appendix D for details). 
The goodness of fit indicates that the HD 206893b spectral slope is better represented by those of L5 to L7 dwarfs (Fig. 8). This is in agreement with the placement of the object in the Js − K1 colour–magnitude diagram (Fig. 7). Among all the considered objects, those of PSO J318.5338-22.8603 and PSO_J057.2893+15.2433 (Liu et al. 2013) represent the companion spectrophotometry most closely. These two objects are proposed members of the β Pictoris moving group and have estimated masses in the planetary mass range (~ 8 MJup). A visual inspection of the fit reveals nonetheless that the companion slope is still too red compared to that of these two objects. In addition, the water band from 1.35 to 1.5 μm is less deep in the HD 206893b spectrum. In general, the red, young, and/or dusty L dwarfs tend to produce lower G values than regular dwarfs for a given spectral type because of their redder spectral slope. Nevertheless, these dusty objects also fail to reproduce the extreme red slope of the companion. The goodness of fit follows the same trend whether or not the correlation of noise between spectral channels is accounted for (see Appendix C for details). This suggests that despite its important contribution to the G value, the noise correlation is not sufficient to influence the fit. 
We visually compared the HD 206893b spectrum to those of mid- to late-L companions (Fig. 9) taken from the literature (GU Psc b, Naud et al. 2014; VHS J125601.92-125723.9 ABb, Gauza et al. 2015; 2M1207b, Patience et al. 2010; HR8799d and e, Zurlo et al. 2016; HIP 203030B, Bonnefoy et al., in prep.; ζ Del B, De Rosa et al. 2014; 2M0219-39b, Artigau et al. 2015; 2M0122-24B, Hinkley et al. 2015; G196-3B, Rebolo et al. 1998). Unlike the dusty dwarfs, the primary stars enable more robust estimates of the age of the companion. The slope is best reproduced by those of young companions (age ≤150 Myr) at the L/T transition, although still redder than the templates. The fact that the best fits for HD 206893B are obtained with young companions hints that its age might be in the lower part of the age range estimated for HD 206893. The best fit on the full NIR wavelength range is provided by 2M1207b, a late L dwarf planetary-mass companion much younger than the estimated age range for HD 206893. When excluding the K band, a very good fit is obtained with the spectrum of VHS1256-12b, a member of AB-Doradus, with an age compatible with the young part of the age range estimated for HD 206893. However we note that in both cases the 1.35–1.5 μm water-band absorption is slightly weaker in the HD 206893b spectrum. The spectra of the older companions (130–525 Myr) HIP 203030B and ζ Del B do not represent the pseudo-continuum of HD 206893b well. Similarly, an inspection of Fig. 3 in Konopacky et al. (2016) indicates that the companion HR 2562B (L7, 300–900 Myr) has a bluer 1.1–2.4 μm spectral slope than VHS J125601.92-125723.9 ABb, which already has a bluer slope than HD 206893b. 
4.3. Strength of the 1.4 μm band
The discrepancy between the slope and main absorptions of the companion and those of benchmark objects can be quantified through spectral indices. These indices have to be defined to work on the SPHERE IFS wavelength grid. We therefore propose two indices based on the flux ratio of two spectral channels chosen to be correlated with the object’s spectral type and which are less affected by systematics: [image: equation]The H2OS - A and H2OS - B indices measure the strength of the 1.4 μm band compared to the J and H-band pseudo-continua, respectively. Those indices are close to the H2O1 and H2O-B indices defined by Slesnick et al. (2004) and McLean et al. (2003), respectively. Their evolution with spectral type is shown in Fig. 10. 

          
          	[image: thumbnail]	Fig. 10
              Evolution of the spectral indices H2OS-A and H2OS-B. We overlaid the value of the indices (thick line) and the associated error (dotted line) computed on the HD 206893b spectrum.

            



        The H2OS - B index is strongly correlated with the spectral type. The dusty, low-gravity, and/or young M and L dwarfs have values which are on average in the same range as the field dwarf counterparts. HD 206893b has an H2OS - B index value ([image: equation]) compatible with those of M9-T1 dwarfs. This is consistent with the fit of the 1–2.5 μm spectrophotometry (Fig. 8). Conversely, the dusty, low-gravity, and/or young M and L dwarfs tend to have lower H2OS - A values than the mean population of field objects at comparable spectral types. The companion HD 206893b has a H2OS - A index ([image: equation]) compatible with those of early L dwarfs. This confirms the unusual weak 1.4 μm absorption of the companion spectrum and suggests that it corresponds to one extreme of the trend shown by dusty and/or young objects. The dusty L7 object PSO_J057.2893+15.2433 is the only source for which the two indices are compatible within the error bars with those of HD 206893b. 
In summary, HD 206893b has a very red spectral slope coupled with a shallow 1.4 μm absorption which cannot be completely reproduced by any of the comparison objects considered here, some of which are young objects. We investigate possible origins of these properties in the following section. 
4.4. Exploring extinction/reddening by dust
Marocco et al. (2014), and Hiranaka et al. (2016) found that the spectra of young and/or dusty dwarfs in the L0–L7 regime could be modelled by spectra of standard L objects reddened by an extra layer of submicron-sized dust grains. We extended these conclusions to the domain of young companions (HR8799) in Bonnefoy et al. (2016). This extra-opacity may correspond to a haze of grains high in the atmosphere, which is also now proposed to explain the spectrophotometric variability of mid- and late-L dwarfs (Yang et al. 2015; Lew et al. 2016). 
We tested the hypothesis applying the extinction curves of forsterite, enstatite, corundum, and iron grains presented in Marocco et al. (2014) and Bonnefoy et al. (2016) on the spectra of optical standard L dwarfs and on the spectrum of the red L7 dwarf PSO_J057.2893+15.2433. We considered extinctions (AK) up to 10 mag in steps of 0.1 mag and computed the G parameter for each combination of AK and mean grain size (0.05 to 1 μm in steps of 0.05 μm). The test was repeated for each considered grain species. The G parameter is minimised for grains with a mean size around 0.5 μm. We adopted a size distribution of width [image: equation] with r corresponding to the characteristic grain radii. A full description is given in Marocco et al. (2014), Bonnefoy et al. (2016). The silicate and corundum grains reproduce better the shape of the continuum from 1.1 to 1.3 μm. The reddened spectrum of PSO_J057.2893+15.2433 matches the slope of HD 206893b and reproduces the depth of the water band at 1.4 μm of HD 206893b within the error bars. The reddened L0 to L3 dwarfs can also reproduce both the absorption and the slope. The parameters of the best fit are reported in Table 3. The reddened spectrum of the L0 dwarf and of PSO_J057.2893+15.2433 are shown in Fig. 11. 

          Table 3

              Parameters found when fitting the SPHERE spectrophotometry of HD 206893b with spectra of L dwarfs reddened by an extra layer of dust grains.

            

        
          
          	[image: thumbnail]	Fig. 11
              Comparison of the spectrum and photometry of HD 206893b (pink dots) to that of the L7 red dwarf PSO_J057.2893+15.2433 (bottom, Liu et al. 2013) and the L0 optical standard dwarf 2MASP J0345432+254023 (top, Kirkpatrick et al. 1997) reddened by a layer of forsterite grains with mean sizes of 0.50 and 0.40 μm, respectively. The mean flux of the reddened template spectrum is re-normalised to fit that of the companion. The G map is overlaid in the lower right portion of the plots.

            



        
          
          	[image: thumbnail]	Fig. 12
              Best fit parameters for each dwarf spectra considered in Fig. 8 reddened by a layer of forsterite grains.

            



        We generalised this analysis to all the spectra considered in Fig. 8 for the case of the forsterite grains (which are expected to be more abundant than corundum and iron at high altitude). The reddening parameters found for each object are reported in Fig. 12. The majority of spectra are de-reddened by 0.4–0.6 μm grains, e.g. a size consistent with that found by Marocco et al. (2014). L5–L7 dwarfs require the lower extinction (AK). 
The reddening vectors in Fig. 7 intersect the field dwarf sequence at the location of mid-L dwarfs. This suggests that an extinction caused by forsterite grains could explain consistently both the deviation of the 1–2.25 μm spectral slope and the absolute flux of the companion with respect to the sequence of field dwarfs. We investigated whether this hypothesis still hold up to 3.8 μm adding the L′ band photometry. We calibrated in flux the NIR spectra of 2MASP J0345432+254023 (L0), 2MASSW J1439284+192915 (L1), DENIS-PJ1058.7-1548 (L3), 2MASSW J0036159+182110 (L3.5), SDSSpJ053951.99-005902.0 (L5), 2MASSW J2244316+204343 (L7pec, see Table F.1), and 2M0122-24B (L3-4) using the 2MASS or MKO H-band magnitude of the objects and the corresponding zero points reported in VOSA. The L-band magnitudes were taken from Golimowski et al. (2004) and Bowler et al. (2013), and the zero point (MKO) was estimated using a flux-calibrated spectrum of Vega, and the MKO-L′ filter pass band. The parallaxes were taken from Faherty et al. (2012) and Liu et al. (2016), apart for 2M0122-24B where we used the photometric distance of the star Bowler et al. (2013). The central wavelength and width of the MKO L-band filter was considered to be similar to that of NaCo here. We compare in Fig. 13 the SED of HD 206893b to those templates. The companion is redder than all the objects considered here. The object is more luminous than the young L7 dwarf and less luminous than the L5 field dwarf template. When an extra reddening by forstertite grains is applied, L3.5 dwarfs from the field or from the AB Dor moving group can reproduce both the shape and absolute flux of the companion over 1 to 4 μm. While the reddened L0 template reproduces the best the shape of normalised spectrum and K-band photometry (Table 3 and Fig. 11), it cannot reproduce the whole SED when the L′ band flux is accounted for and it is too bright compared to the companion. 
We therefore conclude that HD 206893b spectrophotometry (continuum and H2O band) is most consistent with that of a L3–L5 object affected by an extra extinction. Two dusty L dwarfs, ULAS J2227 and 2MASS J21481628+4003593, are not related yet to a young moving group but share some of the properties of HD 206893b. This suggests that other parameters beyond gravity, such as the enrichments at formation (e.g. Lavie et al. 2017), the variability (along the reddening vector, see Lew et al. 2016), or the presence of a circumplanetary disc (Zakhozhay et al. 2017) may also be responsible for the peculiar properties of the companion. 

          
          	[image: thumbnail]	Fig. 13
              Comparison of spectral energy distribution of HD 206893b to those of flux-calibrated spectra of benchmark objects re-scaled to the distance of HD 206893b. On the left, the template spectra are re-normalised by an additional factor to match the flux of HD 206893. On the right, they are reddened by forsterite grains, but an additional normalisation factor is not applied.

            



        5. Spectral synthesis using brown dwarf model atmospheres
Model fitting is a standard approach used to study substellar atmospheres, but it should be noted that we only have 43 data points, so our model fitting has few degrees of freedom and should not be overinterpreted. However the SED of our object is extremely peculiar, and pushes models to their limits in two ways. First, HD 206893B has an extremely red J − K colour and second, the water absorption bands that dominate the spectra of L dwarfs are extremely dampened, notably between the J and H bands. Though several model atmospheres provide a fit with a reduced χ2 close to 1 (or even below) because of the few data points that we have, most of the models fail to reproduce the two above-mentioned extreme spectral features. 
5.1. Ensuring that best fit atmospheres can be related to the physically plausible substellar objects
Atmosphere models provide the set of effective temperature, gravity, and sometimes other parameters such as metallicity or cloud sedimentation efficiency that best match the observed spectrum. However, atmosphere models do not necessarily guarantee by design that every atmosphere within their grid can actually be related to a physically plausible substellar object. Some substellar atmosphere models provide grids going to log g  = 6.0, for which Newton’s law and the physics of electron degeneracy (Kumar 1963) predict that no substellar object can exist. Evolutionary models such as Baraffe et al. (2002, 2003) include this well-established physics, as well as more complex cooling mechanisms, and show that the highest gravity that a substellar object can reach is around log g = 5.6. Many atmosphere models also cover gravities as low as log g = 3.5 or even 3.0 (i.e. Earth’s gravity), which can only be compatible with extremely young (<1 Myr)or even accreting giant planets and are inconsistent when studying exoplanets around older host stars, such as young moving group members. Even though extending the atmosphere model grids to such extremes is useful to allow the interpolation of extremal boundary conditions and might help determine whether an object has, qualitatively, “very low” or “very high” gravity, it can be misleading when trying to quantitatively determine the physical parameters of a given object. 
In the following we systematically relate the best fit atmospheres to physical objects and ensure they are plausible. Using our measurement of the absolute flux of the companion, we explored which parts of the parameter space that are allowed by atmosphere models fits are also consistent with the associated evolutionary model solution. From the knowledge of the distance, we directly estimated the physical radius of the object associated with each atmosphere model from the dilution factor necessary to match the observed absolute flux of HD 206893B. Given the gravity of the model atmosphere, this radius can be converted into a mass using Newton’s law. The resulting combinations of mass, radius, and effective temperature are then compared with substellar evolution models. In order to visualise the area of the parameter space that are associated with a self-consistent set of effective temperature and gravity/radius, we plotted in Fig. 14 the radius derived from the atmospheric models for several effective temperatures together with the radius from evolutionary models for a range of age and the same effective temperatures. Error bars on the radius were derived by considering the maximum and minimum scaling factor, and hence associated radius, for each of the photometric bands for which we have significant flux (J, H, K, and L′). This difference in scaling factor depending on the photometric band considered is responsible for most of the error on radius and dominates over photometric error. Given the systematic uncertainties within both atmosphere and evolutionary models, we also chose to consider the extreme plausible radii according to our observational errors. We therefore considered the extreme radius obtained when matching the photometric band providing the smallest radius with a negative flux noise excursion (including photometric error and parallax errors) and the photometric band providing the largest radius with a positive flux noise excursion. Therefore, if a model atmosphere gravity/radius estimation in Fig. 14 does not match an evolutionary model track, it means that the observed absolute of HD 206893B is inconsistent in all photometric bands with evolutionary model prediction, even taking into account favourable photometric noise excursion at plus or minus 1σ. We also note that if we had the bolometric flux of the object, we would have no systematics at all when deriving the radius associated with a given effective temperature and gravity. Given our large spectral coverage (1–4μm), which encompasses most of the energy emitted by HD 206893B, the systematic uncertainties of the models are already significantly limited by the hard physics of black-body law. As can be seen in Table 4, this is confirmed by the narrow range of bolometric luminosity (log (Lbol/L⊙) =  − 4.3 to –4.5) spanned by our best fitting unextincted models. In the following, we therefore consider that model atmospheres that cannot match evolutionary model tracks within our very conservative error bars cannot be related to physically plausible substellar objects. 

          
          	[image: thumbnail]	Fig. 14
               Radius and gravity associated with atmosphere models (full line) and evolutionary models (dashed line). The shaded area corresponds to the uncertainty on the radius of the atmosphere models to match the absolute flux of HD 206893B. We used the ExoREM atmosphere models, which provide the best fit to HD 206893B (see Sect. 5.3), and the Baraffe et al. (2003) evolutionary models.

            



        
          Table 4

              Physical parameters associated with solar metallicity best fitting models explored in this article that are consistent with absolute flux and substellar evolution models constraints. 

            

        
          
          	[image: thumbnail]	Fig. 15
              Left: BT-Settl model atmosphere best fit (black) for the spectra of HD 206893b (red). Right: Dusty model atmosphere best fit (black) for the spectra of HD 206893b (red). 

            



        5.2. Lyon’s group atmosphere models
We first compared the observed spectrometric and photometric data of HD 206893B to the state of the art BT-Settl model (Allard 2014). Our model grid covered effective temperatures from 1100 K to 1950 K with steps of 50 K and gravities from log g = 3.5 dex to 5.5 dex (cgs) with steps of 0.5 dex. We included both solar and super-solar metallicity models (+0.3 dex, i.e. twice the solar abundance). We also calculated the correlated χ2 that takes into account the spectral correlation of our data (see De Rosa et al. 2016; Samland et al. 2017), see Appendix C for more details. By construction the correlated χ2 values are higher than the regular reduced χ2, and are only equal if all the data is perfectly uncorrelated. However, taking into account the spectral correlation did not change the best fits, so in the following we refer only to regular reduced χ2 values, which are easier to interpret than the correlated χ2 values. We fitted the observed spectra to the models after normalising both observation and models to their observed J-band peak, between 1.255–1.29 μm, which is a common approach in substellar atmosphere studies where parallaxes and hence absolute fluxes are not always available. The best fitting model with a reduced χ2 of 0.98 corresponds to a 1600 K atmosphere at low gravity (log g = 3.5 dex (cgs)) and solar metallicity, see Fig. 15. The radius that would match the observed absolute flux of HD 206893B is 0.92 RJup and the associated mass is only 1 MJup. This combination of physical parameters is in contradiction with substellar evolution models that predict that a 1 MJup isolated object never reaches 1600 K, with Baraffe et al. (2003) evolutionary models predicting an effective temperature of less than 1000 K at 1 Myr, naturally cooling down at older ages. This is confirmed by Fig. 14, which shows that atmospheres with temperatures higher than 1400 K can be consistently associated only with very small radius and very high gravity. We tried the opposite approach, and instead of normalising observation and models to their J-band peak, we directly used the absolute flux derived from a physically consistent set of radii and masses in the input of each BT-Settl atmosphere model to fit the absolute flux of HD 206893B. The best fit was extremely poor, that of a 1000 K object with log g = 5.0, which would correspond to a mid- or late-type field T dwarf, whose deep methane and water absorption bands and rather blue NIR spectra have nothing to do with the very red and smooth spectra of HD 206893B. This means that this model set can match either the absolute flux of our target or its SED, but struggle to match both together. The same problem was already encountered by Ducourant et al. (2008), Barman et al. (2011), Currie et al. (2011), Marley et al. (2012), Skemer et al. (2012) during early analysis of young planetary companions such as 2M1207b or HR8799bcde, for which the atmosphere models which matched the SED would lead to unphysically small radii when accounting for absolute flux. 

          
          	[image: thumbnail]	Fig. 16
              Upper panel: best fit ExoREM atmosphere model (1300 K, [M/H] = 0.0, log g = 4.4, in red), compared to the HD 206893B spectrum (in black). Lower panel: best fit ExoREM atmosphere model when super-solar metallicity is forced (1500 K, [M/H] = 0.5, log g = 4.5, in red), compared to the HD 206893B spectrum (in black). 

            



        Given that the best empirical fits for the object were very dusty L dwarfs, the unphysical fit obtained with the BT-Settl model might be caused by its self-consistent cloud model not managing to produce enough clouds to match the SED of this extremely atypical object. We therefore also tested our data against the simpler Dusty atmosphere models of the same team (Allard et al. 2001). This model set has no self-consistent cloud model and simply assumes there is no settling of dust in the photosphere of the objects, naturally leading to very dusty atmosphere. Dusty models also produce very good fits to our data (see Fig. 15), with reduced χ2 as low as 1.26. Again, introducing the correlated noise approach did not change the best fit model, that of a 1600 K atmosphere at moderately low gravity (log g = 4.5 dex (cgs)) and solar metallicity. However, the corresponding radius (0.75 RJup) and masses (6 MJup) are also unphysical. We also explored other publicly available atmosphere models, notably by Madhusudhan et al. (2011) and Morley et al. (2012), but the match to our data were similar or slightly worse than those found with BT-Settl, and were also associated with unphysical radii, so we do not describe them here. We therefore decided to test another set of models with more free parameters to explore whether some combination of gravity, effective temperature, dust settling efficiency, or metallicity could better match the observed properties of HD 206893B. 
5.3. ExoREM atmosphere models
In a second step, we compared our data to ExoREM, a 1D radiative convective model developed for young giant exoplanets (Baudino et al. 2015). This model solves the temperature profile for radiative-convective equilibrium iteratively. We computed a dedicated grid of ExoREM model atmospheres for the study of HD 206893B. The atmospheric grid consists of 64 logarithmically equally spaced pressure levels. Radiative transfer is performed using the correlated-k method from 0.67 to 500 μm. Scattering is not taken into account, but non-equilibrium chemistry is included by comparing a chemical timescale with a vertical mixing timescale, parametrised by an eddy mixing coefficient (Kzz) profile from Ackerman & Marley (2001). In this version of ExoREM, we also implemented a cloud scheme similar to the one described in Ackerman & Marley (2001). We use iron, silicate and sulfide clouds with saturated pressure from Visscher et al. (2010), Morley et al. (2012). The vertical profiles of cloud mixing ratio and particle size are computed by fixing parameter fsed, which is the ratio of sedimentation velocity to the typical vertical mixing velocity. We use the same Kzz for clouds as for non-equilibrium chemistry. The basic input parameters of the model are the effective temperature, the surface gravity at 1 bar, the elemental abundances, and fsed. Our model grids cover effective temperatures from 400 K to 2000 K with steps of 100 K, and gravities from log g = 3 to 5 (g expressed in cm s-2) with steps of 0.1. The grids include cases with 0.3×, 1×, and 3× solar metallicity. We computed these grids with fsed = 1, 2, and 3. While fsed = 2 generally provides the best match for field L dwarfs, only cases with fsed = 1 were cloudy enough to reproduce the red colour of HD 206893B. 
5.3.1. Best fit ExoREM model atmospheres
From the χ2 fitting of these models with the additional free parameter of optical extinction we achieve a best fit at Teff = 1300 K, log g = 4.4 for solar metallicity and no extinction with a reduced χ2 of 0.98, given in Fig. 16. We note that fits with several magnitudes of extinction give similarly good results, meaning that our observations are compatible with additional extinction, as in the scenario discussed in Sect. 4. However, our reduced χ2 is already below one without extinction, meaning we are in the data-starved regime of model fitting, and in the following we choose to consider the simpler models that provide good fits to our data. We discuss the equally good solutions provided by more complex – and more underconstrained – models that include additional extinction in the next section. 
The χ2 map is given in Fig. 17 and strongly points to 1300 K object at log g being higher than 4.2 dex. We locally enhanced the sampling of the temperature grid by computing models at 1250 K and 1350 K, but the 1300 K atmosphere still provided the best fit. 
We also forced high metallicity (three times solar) and get a good fit to the observations with a reduced χ2 of 1.05, corresponding to an effective temperature of 1500 K and a gravity of log g = 4.5. However, the high-metallicity solutions are significantly degenerate, and can provide good fit to the data for temperatures ranging for 1300 K (with log g = 3.1) to 1500 K (with log g = 4.9). 
This atmosphere model analysis does bring a constraint on the effective temperature of the object, which, in the absence of external extinction, appears to be in the 1250–1500 K range, but does not provide any robust constraint on the gravity, which could vary by almost two decades if all metallicities are considered. Our analysis provides a slightly narrower constraint (log g > 4.2) if we make the hypothesis of solar metallicity, but it is clear that atmosphere models by themselves cannot constrain the mass of HD 206893B. 
5.3.2. Breaking the degeneracy with evolutionary models and absolute flux
As discussed in Sect. 5.1, we can use information on the absolute flux and evolutionary models to select only the atmosphere models that can be related to a physically plausible object, with a mass and radius that account for its gravity and are at least roughly consistent with evolutionary model predictions. Figure 14 clearly shows that constraints arising from evolutionary models break most of the degeneracy of ExoREM atmosphere models and that the physically consistent solutions populate a relatively narrow diagonal of the parameter space. The lowest plausible temperature (1200 K) must be associated with low gravity (log g = 4.2) and a large radius and is only marginally consistent with what would be a 50 Myr old planetary mass (10–13 MJup) companion. Though not excluded by our analysis, we stress that it is unlikely for HD 206893B to reside in the planetary mass range, because it would not only require an age that is close to the youngest possible according to the independent age constraint from the host star, but also a combination of effective temperature and gravity that is only marginally consistent with evolutionary models predictions. In addition, the match to the data is not very good for this extreme solution with a reduced χ2 of 1.58 (see Fig. 18). 

            
            	[image: thumbnail]	Fig. 17
                χ2 contour map of ExoREM atmosphere model fits at solar metallicity. Deep blue is the 1σ contour, blue is 2σ, and light blue is 3σ. 

              



          
            	[image: thumbnail]	Fig. 18
                Left: observed spectra of HD 206893B (red) compared with the lowest gravity atmosphere model compatible with evolutionary models, Teff = 1200 K, log g = 4.2. The associated χ2 is 1.58. Right: observed spectra of HD 206893B (red) compared with the highest gravity atmosphere model compatible with evolutionary models, Teff = 1400 K, log g = 5.0. The associated χ2 is 1.27.

              



          For the atmosphere model best fit temperature of 1300 K, the range of gravity that is compatible with evolutionary models is restricted to log g between 4.3 and 4.6, corresponding to 12–20 MJup objects aged 100–200 Myr, in good agreement with our estimation of HD 206893 age. For a 1400 K atmosphere, the range of physically consistent gravity is restricted to log g between 4.8 and 5.0. Since gravity between log g = 4.6 and 4.8 would be compatible with an intermediate temperature of 1350 K, we consider in detail only the most extreme compatible case, that of a 1400 K, log g = 5.0 atmosphere, which corresponds to a ~40 MJup companion aged 600–700 Myr. As can be seen in Fig. 18, with an associated reduced χ2 of 1.27 this highest temperature, highest gravity solution compatible with evolutionary models provides a relatively poor fit to the data. It is striking to note that our independent upper age estimate for the host star (700 Myr) again coincides rather well with the constraints arising from the atmospheric and evolutionary analysis of the companion. 
If we follow the opposite approach and explore the solutions that are associated with our best estimate of the age of the host star (200–300 Myr), Fig. 14 shows that the effective temperature of the HD 206893B should be between 1300 K and 1400 K, with a gravity restricted to log g between 4.6 and 4.8, corresponding to a 20–30 MJup brown dwarf companion. We highlight that even though this approach leads to solutions that happen to be close to our best fitting atmosphere model, it is almost independent of atmosphere modelling. Indeed, in Fig. 14 atmosphere models are only used to derive the scaling factor to match the observed absolute flux. However, these atmosphere models at 1350 K and log g = 4.6 to 4.8 do provide a very good fit to the observed spectrum (see Fig. 17). This makes the hypothesis of a 200–300 Myr, 20–30 MJup brown dwarf companion especially interesting. 
5.4. Atmosphere models artificially reddened
Since our object appears extremely red, and because the only way to match its observed spectra with that of known L dwarfs is to add extra-photospheric absorption (see Sect. 4), we add a similar reddening to the atmosphere model fitting. We caution here that we add one free parameter to a fit that is already underconstrained, with reduced χ2 values below 1 even without extinction, so we obviously find very low reduced χ2, actually as low as 0.28, with extinction. We therefore do not claim that the reddened fits are better in a statistical sense, but our aim is simply to explore whether these reddened atmospheres can also be associated with a physically consistent set of masses, radii, and gravities. With reddening we obtain good fits with all model sets, and consistently get higher effective temperatures (1600−1700 K). We choose in the following to describe the results obtained with reddened BT-Settl models. 
The best fit is obtained for an atmosphere with an effective temperature of 1600 K, a gravity of log g = 4.0, a slightly super-solar metallicity of [M/H] = 0.3 dex, and a reddening of AV = 3.8 mag (AK = 0.42), see Fig. 19. If the reddening is assumed to come from within the object, the flux is not lost, but redistributed, and the resulting radii and masses are very similar to those found for the BT-Settl models without reddening, also at 1600 K, and are associated with an object of a few MJup with a radius larger than 1.5 RJup, which is much smaller than the radius of the object that is necessary to match the absolute flux (<1.0 RJup), and therefore physically inconsistent. The reddened solutions therefore can be physically plausible only if the reddening actually causes a flux loss and is linked to an extinction outside of the object, as in the case of interstellar extinction or absorption by a circumstellar or circum-companion disc. Another plausible explanation could be dust released by a recent giant impact in the system. Even if this hypothesis is quite speculative, it is worth noting that the age of the host star is similar to the age of the Sun at the time of the Late Heavy Bombardment, and Wyatt & Jackson (2016) claim that observing the effects of giant impacts in systems hosting a debris disc is not unlikely. However, even after accounting for the associated flux loss, the radius associated with the best reddened fit is still too small (<1.3 RJup) to be consistent with the 1.6 RJup that the Baraffe et al. (2003) evolutionary models associate with a 1600 K, log g = 4.0, atmosphere of 9–10 MJup object aged 10 Myr. Even if at such young ages evolutionary models might be affected by significant systematics (see e.g. Marley et al. 2007), we also note that this combination of parameters is not compatible with our independent age constraints on the host star. 
Finally, there is a degeneracy between reddening and the gravity of the fits, meaning that a family of models which provide fits almost as good as the best fit exist at higher gravity and higher reddening, and is associated with physical parameters that are consistent with the observed absolute flux of the object. This family of higher gravity best fits does not exist without reddening; in this case very low gravity would be necessary to obtain very red spectra and to match our observations. For a gravity of log g = 4.5 and an effective temperature of 1650 K, we get a physically consistent best fit corresponding to an object of 20–25 MJup aged approximately 100 Myr. For log g = 5.0, the best fit corresponds to an effective temperature of 1700 K, which is consistent with evolutionary models for a 35–40 MJup brown dwarf aged 300–400 Myr. In both case, these higher gravity solutions are in good agreement with our independent age constraints. 

          
          	[image: thumbnail]	Fig. 19
              Left: best fit of observation (in black) with reddened BT-Settl atmosphere (in orange). Right: best fit (χ2) with reddened BT-Settl atmosphere when forcing higher gravity.

            



        5.5. Conclusions from atmosphere model synthesis
All the atmosphere model fits that lead to solutions at least moderately consistent with absolute flux and substellar evolution model constraints are presented in Table 4. Our best fit solutions with the ExoREM atmosphere model favour an extremely dusty atmosphere with an effective temperature around 1300 K, solar metallicity, and an intermediate gravity from log g = 4.4 to log g = 4.8. The Baraffe et al. (2003) evolution models show that such atmospheric parameters are associated with a moderately young (100–300 Myr) 15–30 MJup low-mass brown dwarf. This age estimate is in very good agreement with the independent age constraint on the host star. 
We also studied the alternative hypothesis of extra-photospheric absorption and showed that reddened atmosphere model spectra can also match both the SED of HD 206893B and its absolute flux. The solutions that are compatible with our observation correspond to 1600–1700 K, 20–40 MJup, extincted L dwarf, aged 100–400 Myr. The source of the absorption has to be located outside the companion, and cause an actual loss of flux rather than just a flux redistribution toward the red to match the absolute flux. 
The mass estimates with or without additional reddening are also in good agreement with the upper limit on mass that can be derived from the Gaia-Tycho2 astrometric solution (see Appendix E). 
6. Orbital constraints and planet-disc interactions
6.1. Constraints on the orbit of the companion

          Table 5

              Available astrometry (position angle and separation) of HD 206893B. 

            

        
          
          	[image: thumbnail]	Fig. 20
               Results of our LSMC orbit fit for all fitting parameters. On the diagonal we show the distributions of each individual parameter (normalised to the distribution peak), while the other tiles show correlation plots between pairs of orbital parameters. In the upper right corner in blue hues (solid blue lines on the diagonal), we show all orbits that fit the available astrometry with an [image: equation]. In the lower left corner in red hues (red dashed lines on the diagonal), we show all the well fitting orbit solutions that are co-planar with the disk.  

            



        The on-sky astrometric calibration of the IRDIS and IFS used the tools described by Maire et al. (2016b), with a resulting uncertainty of 0.048° on the true north position. With this new SPHERE astrometric measurement and the two existing data points by Milli et al. (2017), we were able to constrain the orbit of the companion. 
For this purpose we used the least-squares Monte Carlo (LSMC) approach, as described in Ginski et al. (2013). The concept of this method is to generate several million random sets of orbit solutions within some global boundaries and then use these as starting points of a least-squares minimisation. The main advantage of the approach is that we can confidently exclude certain parts of the parameter space. The approach was successfully used to constrain the orbits of several brown dwarf and planetary mass companions, e.g. Ginski et al. (2014) and Maire et al. (2016a). A detailed comparison to the Markov chain Monte Carlo approach is given in Vigan et al. (2016). 
For the HD 206893 system we run an LSMC fit with 5 × 106 individual orbits. We used flat input distributions of the orbital elements in order to constrain the possible orbits purely based on the available astrometry. We arbitrarily restricted the semi-major axes of the orbit solutions to values smaller than 2  arcsec to somewhat constrain the parameter space. This only excludes extremely eccentric long-period solutions for which it would be very unlikely to find the companion in such close proximity to the host star as we observe it. We assumed a total system mass of 1.35 M⊙ (1.32 M⊙ for the primary, see Sect. 2.6 and 0.03 M⊙ for the companion) and used a distance of 40.7 pc as measured by Gaia (Gaia Collaboration 2016b,a). 
We find approximately 2.7 × 105 orbits with a reduced χ2 smaller than 2. In Fig. 20 we show all these solutions in the upper right part of the figure (displayed in blue). Since we do not have precise radial velocity measurements of the companion we restrict the displayed solutions to longitudes of the ascending node Ω between 0° and 180°. We note that the distributions of the other orbital elements look identical for both possible ranges of Ω. In addition, in the lower left part of Fig. 20 (displayed in red) we show the orbit solutions that have been restricted in inclination i and Ω in order to be coplanar with the observed debris disc. Taking the uncertainties of the disc inclination and position angle into account, we used a parameter range of 130° to 150° for the inclination (values larger than 90° are associated with retrograde motion of the companion) and 50° to 70° for the longitude of the ascending node. We find approximately 1.2 × 104 such solutions with reduced χ2 smaller than 2. We caution that the best fitting orbits may change when new data points become available. Given the low number of astrometric data points, we are still very sensitive to small deviations in astrometric calibration or to calibration offsets between NACO and SPHERE. 
6.2. Can the companion shape the debris disc without additional planets?
In order to establish if the companion interacts with the disc, possibly shaping its inner edge, we have to determine the extension of chaotic zone of the former. More specifically, since the planet is interior to the disc, we are interested in the outer semi-amplitude of the chaotic zone, Δaext. It depends on a certain power law of the ratio between the mass of the planet and the mass of the star, μ, on the semi-major axis of the planet, ap, and on its eccentricity, ep (Lazzoni et al. 2017). For each of the 12 426 coplanar orbits found to be compatible with the astrometric measurements, we used the equation in Wisdom (1980) modified for the eccentric case of ep ≤ 0.3[image: equation](3)whereas for ep> 0.3 we applied the equation obtained by Mustill & Wyatt (2012), also modified for the eccentric case [image: equation](4)We did a further approximation in this last equation, substituting in the original formula the mean value of the eccentricities of the particles in the disc, e, with the eccentricity of the planet. This simplification is acceptable since the planet induces an eccentricity on dust grains that is proportional to its own (Mustill & Wyatt 2009). 
In Fig. 21 we show the distribution of the outer extent of the chaotic zone obtained by all coplanar orbits. Due to the high uncertainty on the age of the star, the mass of the companion is not as accurately determined, ranging between 12 MJup and 60 MJup. We used as mean mass for the planet 30 MJup; however, we note that the clearing zone is not strongly influenced by Mp since in Eqs. (3) and (4) it is divided by the mass of the star M∗. Placing the edge at 50 AU ± 5 AU (Milli et al. 2017), it is clear that the planet never gets near enough to the disc to shape its inner edge. 

          
          	[image: thumbnail]	Fig. 21
              Distribution of the outer extent of the chaotic zone for each orbit.

            



        A companion can open a gap in a disc, but it could also deplete it and change its overall shape. We ran an N-body simulation to study the impact of the best fitting orbits on the disc and to confirm the results obtained through the approximate analytical approach. We used the code SWIFT_RMVS (Levison & Duncan 1994), and let 10 000 massless test particles evolve over 100 million years. The initial disc was set with a uniform radial distribution and extended from 1 to 200 AU. The evolution after 10 and 100 million years are plotted in Fig. 22, for a companion with the best fitting orbit, with semi-major axis 14.2 AU and eccentricity 0.31. We see that the companion creates a one-arm spiral that propagates through the disc during the first ten million years. Then the spiral dissipates, leading to a blurry outer extent between 150 and 200 AU. On the other hand, the inner edges of the disc are sharp, and closely match the analytical prediction of a gap in the 3–31 AU range. This computation confirms that the orbit of the observed companion could not be responsible for a gap in the disc at 50 ± 5 AU. We also performed an N-body simulation for other best fitting orbits and found very similar outcomes, in good agreement with the analytical  approach. 

          
          	[image: thumbnail]	Fig. 22
              Representation of an N-body simulation of 10 000 test particles initially ranging from 1 to 200 AU after a) 10 million years; b) 100 million years. A companion has been injected at t = 0 with semi-major axis 14.2 AU and eccentricity 0.31. Its orbit is depicted in blue, while the gap outer extent given by Eq. (4) is in green.

            



        7. Conclusions
We carried out a detailed study of HD 206893B and its host star. We show that the host star is most probably aged between 50 Myr and 700 Myr, and that it has nearly solar metallicity. Our detailed analysis of the atmospheric properties of the companion show that many atmosphere models can provide a decent fit to our low-resolution observations over a range of effective temperature spanning 1300–1600 K and gravity between log g = 3.5 and log g = 5.0 for both solar metallicity and super-solar metallicity. The only parameter that appears absolutely necessary in order to fit the very red and relatively smooth spectra of HD 206893B is dust. When dust content is a parameter of the tested model atmosphere, the best fit is always obtained for the highest photospheric dust content available in the grid. However, our knowledge of the distance of the object, and hence of its absolute flux, allows us to associate a mass and a radius for a given effective temperature and gravity, and to significantly break the degeneracy of the plausible atmospheric parameters through a comparison with substellar evolution models. The only solutions for which the atmosphere is associated with a set of effective temperatures and gravity that is physically consistent with the substellar evolution models are those which are close to our best fit with the ExoREM atmosphere model, favouring an extremely dusty atmosphere with an effective temperature around 1300 K, solar metallicity, and a gravity of log g = 4.4. Comparison with the Baraffe et al. (2003) evolution models show that these atmospheric parameters are consistent with a moderately young (100–300 Myr) 15–30 MJup low-mass brown dwarf. These physical parameters are also in good agreement with the independent constraint on age derived from the study of the host star. The resulting mass-ratio between HD 206893B and HD 206893 would be around 2%, which together with a semi-major axis of 10 AU could be compatible with a formation along core-accretion scenario (Pollack et al. 1996). Detailed core-accretion modelling by Mordasini et al. (2012) show that it is very unlikely that core accretion could form a 15–30 MJup companion around a solar metallicity star. However, in the unlikely case the system resided near the lower end of our age estimate range (50 Myr), HD 206893B would be in the planetary mass range, and in this specific case, it would be compatible with a formation via core-accretion. Though not necessary to match our observed spectra, we note that super-solar metallicity atmosphere models also provide good fits to the data in a range of effective temperatures and gravities that are close to those derived for solar metallicity models. Though our current data cannot rule out or favour super-solar metallicity, future observation at higher spectral resolution, perhaps with ELT Harmoni – the separation between HD 206893B and its host-star is probably too small and the contrast too high for JWST to provide useful constraints – should be able to resolve the atomic and molecular lines that are crucial in order to define both the gravity and the metallicity of L dwarfs (Allers & Liu 2013;  Faherty et al. 2014). 
We note that though this companion is extremely red, our atmosphere fitting as well as the independent constraints on the age of the system are much more consistent with an intermediate gravity (log g = 4.4 − 5.0) than with the very low gravity that is sometimes associated with very red L dwarfs (e.g. Liu et al. 2013). This suggests that other parameters in addition to gravity, such as enrichment at formation (e.g. Lavie et al. 2017), inhomogeneous dust cloud coverage (Lew et al. 2016), or even a circumplanetary disc (Zakhozhay et al. 2017) could also explain the peculiar properties of some of the very red L dwarfs. Our empirical comparison with known L dwarfs shows that the spectrum of HD 206893B is best matched by the spectra of atypically red L3–L5 dwarfs, which are themselves artificially reddened by a modelled extra-photospheric absorption by fosterite dust. We also explored whether similarly reddened atmosphere model spectra could match both the SED of HD 206893B and its absolute flux. We show that the source of the absorption has to be located outside the companion, hence causing a real loss of flux (and not only a flux redistribution toward the red), so that the reddened atmosphere models can match the absolute flux. In this case a 1600–1700 K, 20–40 MJup, extincted L dwarf would provide a very good match to our observations and our age constraint on the system. 
However, we recall that atmosphere models can also match the extremely red SED of HD 206893B without requiring the addition of complexity and free parameters associated with an external source of absorption. We conclude that HD 206893B might be either the most extreme known case of extremely dusty and red, 1300–1400 K, 15–30 MJup L dwarfs or a very red, slightly warmer, and more massive L dwarf embedded in some kind of external light-absorbing structure, such as a circum-companion disc or dust cloud released by a recent giant impact in the system. Finally, our dynamical analysis of the companion orbit and of the dusty disc detected around its host star shows that the companion cannot be responsible for the shape of the inner edge of the disc. Together with our direct imaging detection limits that reach well within the planetary mass range for separations larger than that of the observed companion, this means that the disc is probably shaped by one or more additional, as yet undetected, exoplanets with a mass of a few MJup at most. 

    
1  IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of the Universities for Research in Astronomy (AURA), Inc., under cooperative agreement with the National Science Foundation.


2  A much larger value of log RHK, − 4.466, was derived by Gray et al. (2006). While temporal variability cannot be ruled out, the most likely explanation is a measurement effect due to the low spectral resolution of the Gray et al. (2006) data (3 Å vs. the 1 Å window of the M. Wilson system). Indeed, a log RHK discrepancy between Gray et al. and other studies was already noticed for F-type stars, characterised by shallow H & K absorption features and thus more vulnerable to a lower spectral resolution (Desidera et al. 2015).
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4  Synthetic photometry computed from the flux-calibrated K-band spectrum of the source.
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      Appendix A:  Rotation period
We can reasonably infer that the P = 0.996 d signal has a stellar origin and is most likely linked to the rotation of the star for the following reasons:

          
            	
              a) 
               We collected three average magnitudes per night, which areenough to show the significant magnitude variation that the starundergoes in a time of about 5 h. The same pattern of variationrepeats each night and can be well fitted by a sinusoid withP = 0.996 d, but sampling a slightly progressing rotationphase. This implies that the observed magnitudes progressivelydecrease toward the phase minimum. 

            

            	
              b) 
               The c − ck time series, which has same sampling as the v − c time series, does not show that intra-night pattern of variation exhibited by the variable and its periodogram did not detect any significant periodicity at confidence levels greater than 50%. 

            

            	
              c) 
               When a time series has a periodicity different from 1 day, but the most significant power peak at about 1 day (owing to the spectral window), the filtering of the about 1d periodicity removes it and shows the true periodicity as the most significant. In our case, even filtering the periodicity corresponding to the maximum power peak on the spectral window, the most significant power peak still remains at P = 0.996 d. 

            

            	
              d) 
               The upper limit on rotation period as derived from stellar radius and projected rotational velocity is about 2 days, thus allowing only a limited range of values around 1 day. 

            

          

        Another possibility is that the observed periodicity is due to γ Dor-like pulsations. Indeed, the observed photometric amplitude is well above those observed in Pleiades F stars by K2 (Stauffer et al. 2016) and more consistent with γ Dor variables (Balona et al. 2011). Such spot-dominated photometric variability is observed in mid-F stars only at ages significantly younger than the Pleiades (see e.g. Messina et al. 2017a, for the case of β Pic MG). When observed with the time sampling characteristic of ground-based observations, γ Dor variability appears to be dominated by one or a few periods and for this reason the classification as spot dominated or γ Dor variability is ambiguous in several cases (Rebull et al. 2016). HD 206893 has an effective temperature slightly cooler than bona fide γ Dor stars, but compatible with several γ Dor candidates (Kahraman Aliçavuş et al. 2016). The pulsation frequency of γ Dor variables is correlated with the projected rotation velocity (Kahraman Aliçavuş et al. 2016) and there are indications that these stars oscillate at or close to the rotation period (Balona et al. 2011). 
Our data are insufficient to draw firm conclusions on the origin of the photometric variations, but considering this correlation, in this article we consider the detected periodicity as the true rotation period of the star. 

      Appendix B:  Independent data reductions
We also analysed our data using totally independent pipelines, namely VIP Optimal-PCA (Wertz et al. 2017), based on Principal Component Analysis (PCA; e.g. Amara & Quanz 2012; Soummer et al. 2012) and ANDROMEDA (Cantalloube et al. 2015), based on smart-ADI (Lagrange et al. 2010). 
The comparison between the spectrum of HD 206893B extracted by these three algorithms is presented in Fig. B.1. All three reductions show a very red spectra, with non-detection or marginal detections in the blue part of the spectrum and high signal-to-noise detections in the red channels. According to the estimated error bars, the difference between the extracted fluxes are mostly consistent with Gaussian noise, but a difference can be noticed in the measured signal of the J-band peak. Though the difference is moderate in σ unit, it is systematic; the estimated flux in the J-band peak is systematically lower through the VIP Optimal-PCA analysis than through the TLOCI-ADI and the ANDROMEDA analyses. Since we tested more carefully the spectral fidelity (ability to retrieve the signal of injected fake planets, within the error bars) of the TLOCI-ADI analysis when setting up our pipeline, we primarily consider the TLOCI-ADI extracted spectrum in this article. This choice is backed up by the similar SED obtained when using the ANDROMEDA algorithm. It is important to note that since speckle noise is correlated from channel to channel and that for a separation of approximately 8 lambda/D, it takes 150–200 nm, or 8–12 channels for a speckle residual to move one FWHM. It is therefore normal that extractions using different speckle subtraction algorithms show non-Gaussian differences over several contiguous channels. 
We nevertheless checked the impact of this systematic difference by fitting the spectra extracted through the VIP-optimal-PCA algorithm, and in this case, the best fitting BT-Settl atmosphere model was that of a 1550 K, log g = 3.5 atmosphere, almost identical to the best fit obtained with TLOCI-ADI (1600 K, log g = 3.5). This confirms that our study of the atmospheric properties of HD 206893B is not significantly affected by the systematic differences that arise when using different algorithms to extract the spectrum of the companion. 

          
          	[image: thumbnail]	Fig. B.1
              Extracted spectrum of HD 206893B through TLOCI-ADI (black), VIP Optimal-PCA (red), and ANDROMEDA (green).

            



        
      Appendix C:  Characterisation of the spectral correlation of noise in IFS data
We derived the correlation of the noise in IFS spectral channels in the same way as Samland et al. (2017). We therefore followed the prescription of Greco & Brandt (2016) to derive the correlation of IFS spectral channels at the separation of the detected companion. Since the noise is dominated by speckle noise, the spectral correlation of noise is highly dependent upon the analysis technique that is used, and we therefore directly measure it from the final residual wavelength cube after TLOCI-ADI has been applied. For the resulting correlation matrix, shown in Fig. C.1, the matrix component φij measures the correlation between channels i and j at the separation of the companion. The value of the correlation varies between –1 (pure anticorrelation) and +1 (pure correlation). Zero is adopted for spectral channels that are uncorrelated. Though correlation of noise in data is not in itself a problem, it needs to be taken into account to avoid biasing the fit of models or empirical template spectra. In the following this is taken into account by following the prescription of De Rosa et al. (2016) by introducing the covariance matrix C into the calculation of the χ2 of the fit and C is directly derived from the correlation matrix φ, with C = Σ × φ × Σ, where Σ is a diagonal matrix for which Σii is the value of noise of the extracted spectrum on channel i. The correlation matrix for the TLOCI-ADI reduction of our IFS dataset is shown in Fig. C.1. It is also important to remember than the spectral resolution of IFS in Y − H mode is 30, which means that three adjacent channels fall within the same spectral resolution element and are expected to have their signals correlated regardless of any reduction-induced correlation of noise. 

          
          	[image: thumbnail]	Fig. C.1
               Correlation matrix of the noise in the residual image TLOCI-ADI analysis. The x- and y-axes have 39 values associated with the 39 IFS channel. The pixel i,j therefore identifies the correlation of noise between channels i and j. We use a linear scale for which a perfect correlation of 1 is white and a slight anticorrelation of –0.1 is black. 

            



        
      Appendix D:  Goodness of fit
The goodness-of-fit indicator takes into account the filter width w when comparing each of the k template spectra Fk to the n photometric data points of HD 206893b, each of which have a given error bar σi[image: equation](D.1)where αk is a multiplicative factor between the companion spectrophotometry and that of the template which minimises Gk and is given by [image: equation](D.2)\newpage \noindent The correlation of noise was then taken into account in the spectral fitting by following the method described in \cite{Derosa.2016}.

      Appendix E:  Astrometric upper limits  on companion mass
The presence of a companion may be revealed as a difference on short-term proper motions taken at different epochs or between short-term and long-term proper motions (Bonavita et al. 2017). The proper motion difference depends on companion mass, orbital separation, and orbital parameters (Makarov & Kaplan 2005). The astrometric data of HD 206893 do not reveal any significant differences in proper motion. The Gaia-Tycho2 proper motion difference is Δμα =  − 0.16 ± 90 mas/yr and Δμδ = 0.86 ± 1.0 mas/yr. We checked the constraints on the mass of the substellar companions that can be derived from these measurements, using the procedure by Fontanive et al. (in prep., Fig. E.1). The constraints are rather loose, but still make the hypothesis that HD 206893B would be a massive brown dwarf somewhat unlikely. These dynamical limits are in general agreement with the mass derived from theoretical models for most of the adopted age range, but are marginally in tension (1σ) with the companion mass associated with the older ages, such as ~50 MJup for an age of 700 Myr. 

          	[image: thumbnail]	Fig. E.1
              Mass limit for the observed Δμ adopting R0 = 1 in the Makarov & Kaplan (2005) equation. (Corresponding to pole-on circular orbit.) The solid blue line represents the observed Δμ value, the dashed line the 1σ limit. 

            



        
      Appendix F:  Benchmark dusty L dwarfs

          Table F.1

              Properties of dusty, peculiar, and possibly young dwarfs later than L4 considered in our study.
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All Figures
	[image: thumbnail]	Fig. 1
              Comparison of rotation period, chromospheric emission log RHK, coronal emission log LX/Lbol, and Li EW of HD 206893 to those of the Hyades (red symbols) and Pleiades (blue symbols) open clusters. In the first panel (rotation period), the filled circle shows the photometric period and the triangle the upper limit derived from the projected rotational velocity. In the same panel the continuous and dashed lines are the sequences of slow rotators for Pleiades and Praesepe, respectively (Stauffer et al. 2016). They overlap at the colour of HD 206893. The last two panels show the kinematic parameters of HD 206893 and those of several young moving groups. In these panels, the dashed box represent the locus of the Nearby Young Population as defined in Zuckerman et al. (2004). The dotted contours in the U vs. V plot mark the locus of kinematically young stars, as proposed by Montes et al. (2001). 
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	[image: thumbnail]	Fig. 2
              Results of photometric analysis of HD 206893 for B (top) and V filter (bottom) data. We plot the differential magnitude time series, the Lomb-Scargle periodogram (red line is the window function, dotted line the power at 99% confidence level), the Clean periodogram, and the light curve with the sinusoid fit overplotted.
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	[image: thumbnail]	Fig. 3
              Residual images of HD 206893B in Y, J, H, and K bands in linear scale. The scale is identical in Y, J, and H, but is 4 times wider in K to accommodate the brighter speckle residuals and brighter companion in the IRDIS K-band image.
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	[image: thumbnail]	Fig. 4
              Extracted spectrum of HD 206893B through TLOCI-ADI.
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	[image: thumbnail]	Fig. 5
              Five σ detection limits combining IFS and IRDIS information. Left of the dashed line, IFS sensitivity is best and we show IFS TLOCI-ASDI sensitivity using the mean of the channels covering Y, J, and H band. Right of the dashed line, we show IRDIS sensitivity after TLOCI-ADI reduction, using the mean of the K1 and K2 images. The red dot indicates HD 206893B. 
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	[image: thumbnail]	Fig. 6
              BT-NEXTGEN synthetic spectrum (red curve) adjusted onto the star photometry (blue dots).
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	[image: thumbnail]	Fig. 7
              Placement of the IRDIS photometry of HD 206893B (HIP 107412B) in colour–magnitude diagrams. The dash-dotted line corresponds to the reddening vector caused by forsterite grains with mean size 0.5 μm. The dashed line correspond to the interstellar reddening (reddening parameter R = 3.1).
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	[image: thumbnail]	Fig. 8
              Comparison of the NIR spectrum and photometry of HD 206893b to those of reference spectra. On the left the fit does not account for the correlation noise of the IFS spectrum; on the right, it does.
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	[image: thumbnail]	Fig. 9
              Comparison of the spectrum and photometry of HD 206893b (pink dots) to those of L-type companions (blue).
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	[image: thumbnail]	Fig. 10
              Evolution of the spectral indices H2OS-A and H2OS-B. We overlaid the value of the indices (thick line) and the associated error (dotted line) computed on the HD 206893b spectrum.
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	[image: thumbnail]	Fig. 11
              Comparison of the spectrum and photometry of HD 206893b (pink dots) to that of the L7 red dwarf PSO_J057.2893+15.2433 (bottom, Liu et al. 2013) and the L0 optical standard dwarf 2MASP J0345432+254023 (top, Kirkpatrick et al. 1997) reddened by a layer of forsterite grains with mean sizes of 0.50 and 0.40 μm, respectively. The mean flux of the reddened template spectrum is re-normalised to fit that of the companion. The G map is overlaid in the lower right portion of the plots.
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	[image: thumbnail]	Fig. 12
              Best fit parameters for each dwarf spectra considered in Fig. 8 reddened by a layer of forsterite grains.
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	[image: thumbnail]	Fig. 13
              Comparison of spectral energy distribution of HD 206893b to those of flux-calibrated spectra of benchmark objects re-scaled to the distance of HD 206893b. On the left, the template spectra are re-normalised by an additional factor to match the flux of HD 206893. On the right, they are reddened by forsterite grains, but an additional normalisation factor is not applied.
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	[image: thumbnail]	Fig. 14
               Radius and gravity associated with atmosphere models (full line) and evolutionary models (dashed line). The shaded area corresponds to the uncertainty on the radius of the atmosphere models to match the absolute flux of HD 206893B. We used the ExoREM atmosphere models, which provide the best fit to HD 206893B (see Sect. 5.3), and the Baraffe et al. (2003) evolutionary models.
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	[image: thumbnail]	Fig. 15
              Left: BT-Settl model atmosphere best fit (black) for the spectra of HD 206893b (red). Right: Dusty model atmosphere best fit (black) for the spectra of HD 206893b (red). 
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	[image: thumbnail]	Fig. 16
              Upper panel: best fit ExoREM atmosphere model (1300 K, [M/H] = 0.0, log g = 4.4, in red), compared to the HD 206893B spectrum (in black). Lower panel: best fit ExoREM atmosphere model when super-solar metallicity is forced (1500 K, [M/H] = 0.5, log g = 4.5, in red), compared to the HD 206893B spectrum (in black). 
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	[image: thumbnail]	Fig. 17
                χ2 contour map of ExoREM atmosphere model fits at solar metallicity. Deep blue is the 1σ contour, blue is 2σ, and light blue is 3σ. 

              In the text



	[image: thumbnail]	Fig. 18
                Left: observed spectra of HD 206893B (red) compared with the lowest gravity atmosphere model compatible with evolutionary models, Teff = 1200 K, log g = 4.2. The associated χ2 is 1.58. Right: observed spectra of HD 206893B (red) compared with the highest gravity atmosphere model compatible with evolutionary models, Teff = 1400 K, log g = 5.0. The associated χ2 is 1.27.
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	[image: thumbnail]	Fig. 19
              Left: best fit of observation (in black) with reddened BT-Settl atmosphere (in orange). Right: best fit (χ2) with reddened BT-Settl atmosphere when forcing higher gravity.
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	[image: thumbnail]	Fig. 20
               Results of our LSMC orbit fit for all fitting parameters. On the diagonal we show the distributions of each individual parameter (normalised to the distribution peak), while the other tiles show correlation plots between pairs of orbital parameters. In the upper right corner in blue hues (solid blue lines on the diagonal), we show all orbits that fit the available astrometry with an [image: equation]. In the lower left corner in red hues (red dashed lines on the diagonal), we show all the well fitting orbit solutions that are co-planar with the disk.  
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	[image: thumbnail]	Fig. 21
              Distribution of the outer extent of the chaotic zone for each orbit.
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	[image: thumbnail]	Fig. 22
              Representation of an N-body simulation of 10 000 test particles initially ranging from 1 to 200 AU after a) 10 million years; b) 100 million years. A companion has been injected at t = 0 with semi-major axis 14.2 AU and eccentricity 0.31. Its orbit is depicted in blue, while the gap outer extent given by Eq. (4) is in green.
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	[image: thumbnail]	Fig. B.1
              Extracted spectrum of HD 206893B through TLOCI-ADI (black), VIP Optimal-PCA (red), and ANDROMEDA (green).
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	[image: thumbnail]	Fig. C.1
               Correlation matrix of the noise in the residual image TLOCI-ADI analysis. The x- and y-axes have 39 values associated with the 39 IFS channel. The pixel i,j therefore identifies the correlation of noise between channels i and j. We use a linear scale for which a perfect correlation of 1 is white and a slight anticorrelation of –0.1 is black. 
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	[image: thumbnail]	Fig. E.1
              Mass limit for the observed Δμ adopting R0 = 1 in the Makarov & Kaplan (2005) equation. (Corresponding to pole-on circular orbit.) The solid blue line represents the observed Δμ value, the dashed line the 1σ limit. 
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      Fig. 5 
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              Five σ detection limits combining IFS and IRDIS information. Left of the dashed line, IFS sensitivity is best and we show IFS TLOCI-ASDI sensitivity using the mean of the channels covering Y, J, and H band. Right of the dashed line, we show IRDIS sensitivity after TLOCI-ADI reduction, using the mean of the K1 and K2 images. The red dot indicates HD 206893B. 

            

    

  
    
      Fig. 7 
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              Placement of the IRDIS photometry of HD 206893B (HIP 107412B) in colour–magnitude diagrams. The dash-dotted line corresponds to the reddening vector caused by forsterite grains with mean size 0.5 μm. The dashed line correspond to the interstellar reddening (reddening parameter R = 3.1).

            

    

  
    
      Fig. 10 
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              Evolution of the spectral indices H2OS-A and H2OS-B. We overlaid the value of the indices (thick line) and the associated error (dotted line) computed on the HD 206893b spectrum.

            

    

  
    
      Fig. 11 
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              Comparison of the spectrum and photometry of HD 206893b (pink dots) to that of the L7 red dwarf PSO_J057.2893+15.2433 (bottom, Liu et al. 2013) and the L0 optical standard dwarf 2MASP J0345432+254023 (top, Kirkpatrick et al. 1997) reddened by a layer of forsterite grains with mean sizes of 0.50 and 0.40 μm, respectively. The mean flux of the reddened template spectrum is re-normalised to fit that of the companion. The G map is overlaid in the lower right portion of the plots.

            

    

  
    
      Fig. 13 
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              Comparison of spectral energy distribution of HD 206893b to those of flux-calibrated spectra of benchmark objects re-scaled to the distance of HD 206893b. On the left, the template spectra are re-normalised by an additional factor to match the flux of HD 206893. On the right, they are reddened by forsterite grains, but an additional normalisation factor is not applied.

            

    

  
    
      Fig. 14 
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               Radius and gravity associated with atmosphere models (full line) and evolutionary models (dashed line). The shaded area corresponds to the uncertainty on the radius of the atmosphere models to match the absolute flux of HD 206893B. We used the ExoREM atmosphere models, which provide the best fit to HD 206893B (see Sect. 5.3), and the Baraffe et al. (2003) evolutionary models.

            

    

  
    
      Fig. 15 
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              Left: BT-Settl model atmosphere best fit (black) for the spectra of HD 206893b (red). Right: Dusty model atmosphere best fit (black) for the spectra of HD 206893b (red). 

            

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
              Upper panel: best fit ExoREM atmosphere model (1300 K, [M/H] = 0.0, log g = 4.4, in red), compared to the HD 206893B spectrum (in black). Lower panel: best fit ExoREM atmosphere model when super-solar metallicity is forced (1500 K, [M/H] = 0.5, log g = 4.5, in red), compared to the HD 206893B spectrum (in black). 

            

    

  
    
      Fig. B.1 
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              Extracted spectrum of HD 206893B through TLOCI-ADI (black), VIP Optimal-PCA (red), and ANDROMEDA (green).
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