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Abstract

Context. Low- and intermediate-mass stars on the asymptotic giant branch (AGB) are known to be prevalent dust providers to galaxies, replenishing the surrounding medium with molecules and dust grains. However, the mechanisms responsible for the formation and acceleration of dust in the cool extended atmospheres of AGB stars are still open to debate.

Aims. We present visible polarimetric imaging observations of the oxygen-rich AGB star IK Tau obtained with the high-resolution polarimetric imager VLT/SPHERE-ZIMPOL at post-maximum light (phase 0.27) as well as high-spectral resolution long-baseline interferometric observations with the AMBER instrument at the Very Large Telescope Interferometer (VLTI). We aim to spatially resolve the dust and molecule formation regions, and to investigate their physical and chemical properties within a few stellar radii of IK Tau.

Methods. IK Tau was observed with VLT/SPHERE-ZIMPOL at three wavelengths in the pseudo-continuum (645, 748, and 820 nm), in the Hα line at 656.3 nm, and in the TiO band at 717 nm. The VLTI/AMBER observations were carried out in the wavelength region of the CO first overtone lines near 2.3 μm with a spectral resolution of 12 000.

Results. The excellent polarimetric imaging capabilities of SPHERE-ZIMPOL have allowed us to spatially resolve clumpy dust clouds at 20–50 mas from the central star, which corresponds to 2–5 R⋆ when combined with a central star’s angular diameter of 20.7 ± 1.53 mas measured with VLTI/AMBER. The diffuse, asymmetric dust emission extends out to ~73 R⋆. We find that the TiO emission extends to 150 mas (15 R⋆). The AMBER data in the individual CO lines also suggest a molecular outer atmosphere extending to ~1.5 R⋆. The results of our 2D Monte Carlo radiative transfer modelling of dust clumps suggest that the polarized intensity and degree of linear polarization can be reasonably explained by small-sized (0.1 μm) grains of Al2O3, MgSiO3, or Mg2SiO4 in an optically thin shell (τ550 nm = 0.5 ± 0.1) with an inner and outer boundary radius of 3.5 R⋆ and ≳25 R⋆, respectively. The observed clumpy structures can be reproduced by a density enhancement of a factor of 3.0 ± 0.5. However, the model still predicts the total intensity profiles to be too narrow compared to the observed data, which may be due to the TiO emission and/or grains other than homogeneous, filled spheres.

Conclusions. IK Tau’s mass-loss rate is 20–50 times higher than the previously studied AGB stars W Hya, R Dor, and o Cet. Nevertheless, our observations of IK Tau revealed that clumpy dust formation occurs close to the star as seen in those low mass-rate AGB stars.
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★ The reduced images and visibilities are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/628/A132

★★ Based on SPHERE and AMBER observations made with the Very Large Telescope and Very Large Telescope Interferometer of the European Southern Observatory. Programme ID: 098.D-0523(A) and 098.D-0523(C).



1 Introduction
It is well known from observations that low- and intermediate-mass stars (0.8 M⊙ <M < 8 M⊙) experience extensive mass loss during the late stages of their evolution, particularly throughout the asymptotic giant branch (AGB) phase. During this stage, material is stripped away from the stellar surface by low-velocity stellar winds (v ~ 5–15 km s−1), at mass-loss rates between 10−8 and 10−4 M⊙ yr−1. It is considered that large-amplitude stellar pulsations lift material to heights where temperatures are sufficiently low to allow for dust grains to condense from the gas phase (Habing & Olofsson 2003; Höfner & Olofsson 2018).
It is thought that the wind acceleration is triggered by the radiation pressure on dust grains that they receive due to their absorption of stellar photons. And indeed, theoretical simulations based on this scenario are in good agreement with observations of carbon-rich AGB stars (e.g., Fleischer et al. 1991, 1992). However, the situation is different in the case of oxygen-rich AGB stars where hydrodynamical simulations (Woitke 2006; Höfner 2007) showed that the radiation pressure on the dust grains due to absorption is not sufficient to drive the mass loss at the rates observed. Observations of oxygen-rich AGB stars (Norris et al. 2012; Ohnaka et al. 2016; Wittkowski et al. 2007; Sacuto et al. 2013; Karovicova et al. 2013), on the other hand, point to the synthesis of dust grains, such as alumina and/or iron-free silicates, close to the star (~2–5 R⋆). Because alumina and iron-free silicate opacities are low in the wavelength range where most of the stellar flux is emitted, scattering on transparent, micron-sized(>0.1 μm) silicates grains was proposed as a viable mechanism to accelerate the wind in oxygen-rich AGBs at small radii (Höfner 2008; Bladh & Höfner 2012). High angular resolution observations in the visible are therefore crucial to investigate the distribution of these grains in the immediate surrounding of AGB stars and to constrain their influence on the dust formation and wind acceleration processes.
The Mira-type star IK Tau, also known as NML Tau, is one of the best studied oxygen-rich AGB-stars and often considered a reference of its class. IK Tau was discovered in 1965 by Neugebauer et al. (1965) and is an extremely red Mira-type variable with brightness variations of ΔV ~ 6 mag in the V -band over a period of ~460 days (Wong et al. 2018). Consequently, its spectral type varies from M8 to M11 (Kharchenko & Roeser 2009). Hale et al. (1997) deduced a distance of 265 pc from dust shell motions detected at 11 μm with the Infrared Spatial Interferometer (ISI), similar to the 266 pc estimated by Richards et al. (2012), based on the investigation of 22-GHz water maser clouds. The recently published second data release of the Gaia mission (Gaia DR2) locates IK Tau slightly farther away at a distance of D = 284[image: equation] pc (Gaia Collaboration 2018). We adopted an average distance of D = 280 ± 30 pc for our calculations taking the different distance measurements into account. IK Tau is also a high mass-loss rate AGB star with estimated mass-loss rates ranging from ~3.8 × 10−6 M⊙ yr−1 (Neri et al. 1998) up to ~4.5 × 10−6 M⊙ yr−1, or Ṁ ~4.7 × 10−6 M⊙ yr−1 as measured by Decin et al. (2010) and Kim et al. (2010), respectively. The systemic velocity of the star with respect to the local standard of rest is [image: equation] ~34 km s−1 (Kim et al. 2010, and references therein) and the terminal wind expansion velocity v∞ ranges from 17.7 to 18.5 km s−1 (Decin et al. 2018; Maercker et al. 2016; De Beck et al. 2013). The oxygen-rich circumstellar envelope (CSE) around IK Tau also displays maser emission of OH, H2 O, and SiO (Lane et al. 1987; Bowers et al. 1989; Kim et al. 2010) and so far over 34 different molecular species (including different isotopologues, Decin et al. 2018) have been identified in IK Tau including molecules such as SiO, AlO, AlOH, TiO, or TiO2, which are considered to be the gaseous precursors of dust grains like alumina (Al2 O3), or silicates such as enstatite (MgSiO3), or forsterite (Mg2 SiO4). Although Al2 O3 dust is stable at very high temperatures, gaseous Al2 O3 has a low abundance, calling into question its role as the first candidate to form condensates. For a long time, TiO and TiO2 were considered to be the best candidates as primary condensates. However, more recent ALMA observations of TiO and TiO2 transitions in IK Tau, R Dor, or Mira (Decin et al. 2018; Kamiński et al. 2017) show these two molecules are abundant in the gas phase well beyond the dust formation regions, indicating that titanium might not to be efficiently depleted from the gas phase around O-rich stars, which would imply that titanium oxides may not be important first condensates as previously thought (Kamiński et al. 2017).
In this paper, we aim to compare the first visible light polarimetric observations in high angular resolution of IK Tau with 2D radiative transfer modelling to probe the dust-formation and wind-driving processes and spatially resolve the wind-acceleration regions in the immediate vicinity of IK Tau. In Sect. 2, we describe the observations obtained with the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2008) instrument and with the Astronomical Multi-BEam combineR (AMBER; Petrov et al. 2007) instrument at the Very Large Telescope Interferometer (VLTI), followed by the observational results presented in Sect. 3. The determination of the effective temperature and luminosity is described in Sect. 4. Furthermore, we describe the radiative transfer modelling of the data, its results and interpretation in Sect. 5, followed by final conclusions presented in Sect. 6.
2 Observations and data reduction
2.1 SPHERE/ZIMPOL visible polarimetric imaging
The Zurich IMaging Polarimeter (ZIMPOL; Thalmann et al. 2008) is one of the focal plane subsystems within the SPHERE instrument. In combination with the extreme adaptive optics (AO) system SAXO (Fusco et al. 2006), SPHERE-ZIMPOL provides high contrast and high spatial resolution polarimetric observations in the wavelength range from 550 to 900 nm.
Our SPHERE-ZIMPOL observations of IK Tau took place on 2016 November 20 (UTC, Programme ID: 098.D-0523(A/B), PI: K. Ohnaka). We used thelight curve of IK Tau of the American Association of Variable Star Observers (AAVSO) in order to have an estimate of the V magnitude at the time of our observations. We find a V magnitude of 12.6 ± 0.2 mag that corresponds to phase 0.27 (post-maximum light). In addition to the science target IK Tau, we observed the K0 star HIP 20188 as a point spread function (PSF) reference star using the same instrumental set-up as for IK Tau. According to the CalVin database1 (Chelli et al. 2016), HIP 20188 has an angular diameter of 1.265 ± 0.111 mas and, thus should appear as a point source at the spatial resolution (20–30 mas) of the SPHERE-ZIMPOL instrument.
We used ZIMPOL in field tracking, polarimetric (P2) mode, employing five different filters: CntHa with a central wavelength λc = 644.9 nm and a full-width at half maximum (FWHM) Δλ = 4.1 nm; NHa with λc = 656.34 nm and Δλ = 0.97 nm; TiO717 with λc = 716.8 nm and Δλ = 19.7 nm; Cnt748 with λc = 747.4 nm and Δλ = 20.6 nm; as well as the Cnt820 filter with λc = 817.3 nm and Δλ = 19.8 nm. ZIMPOL is equipped with two camera arms, camera 1 and camera 2, each with a pixel scale of 3.628 mas, providing a field of view (FoV) of about 3.5′′ × 3.5′′. The data are always taken simultaneously in both arms, each equipped with its own filter wheel, which allows the simultaneous selection of two identical or different filters. We used the filter pairs (CntHa, NHa), and (TiO717, Cnt748) to probe Hα emission and TiO emission, as well as (Cnt820, Cnt820). For both targets and with each filter pair, we took Nexp exposures for each of the Stokes Q+, Q−, U+, and U− components, with NDIT (number of detector integrations) frames in each exposure. The polarization cycle of Q+, Q−, U+, and U− was then repeated Npol times. This procedure (Nexp ×Npol exposures) was carried out at three different dithering positions. The summary of our SPHERE-ZIMPOL observations is presented in Table 1.
We also list observing conditions at the time of observation, such as the average seeing, and airmass (AM) as well as the Strehl ratios in the H-band and the visible. The H-band Strehl ratios are recorded by SPHERE in separate FITS files2, the so-called GEN-SPARTA data. For IK Tau the median H-band Strehl ratios during the observations was 0.71–0.74, while the observed median H-band Strehl ratio for HIP 20188 is 0.77–0.82.
We measured the Strehl ratio in the visible for the PSF reference HIP 20188 directly from the total intensity maps. Due to its angular extension we cannot measure the Strehl ratio directly for IK Tau as opposed to HIP 20188, which appears as point source. However, we still can estimate the Strehl ratio in the visible from the H-band-Strehl ratio exploiting the fact that the Strehl ratio can be approximated using the Maréchal approximation (see e.g. Lawson 2000, Sect. 5.4.4):
Table 1

Summary of SPHERE-ZIMPOL observations for IK Tau and its PSF reference star HIP 20188.


[image: equation](1)
where [image: equation] is the phase variance in radian2. Since σϕ is proportional to 1∕λ, the Strehl ratio Sλ at any given wavelength can then be estimated via
[image: equation](2)
We tested this method on HIP 20188. The calculated Strehl ratios in the visible 0.18 (CntHa/NHa), 0.30 (TiO717/Cnt748), and 0.45 (Cnt820/Cnt820) are in good agreement with the directly measured Strehl ratios of the PSF reference HIP 20188, 0.22 (CntHa/NHa), 0.28 (TiO717/Cnt748), and 0.41 (Cnt820/Cnt820). Applying this method to IK Tau we derive Strehl ratios of about 0.14 (CntHa/NHa), 0.18 (TiO717/Cnt748), and 0.28 (Cnt820/Cnt820).
For the reduction of our data we used the SPHERE pipeline version 0.36.03. We processed each exposure with the pipeline, which as a result produces the de-rotated image of the Q+, Q−, U+, and U− component as well as the corresponding intensity component, namely [image: equation], [image: equation], [image: equation], and [image: equation], respectively, for each camera. The output images were combined and averaged to produce the final images of the polarization and there associated intensity. From this we calculated the final Stokes parameter Q and U via
[image: equation]
as well as the total intensity I employing
[image: equation](7)
We then computed the polarized intensity Ip, the degree of linear polarization pL and the position angle θ of the polarization vector from the Stokes parameter via
[image: equation](8)
The only spectrum of IK Tau in the wavelength range of our SPHERE observations available in the literature is the high-resolution echelle, long-slit spectrum taken by Sánchez Contreras et al. (2008). However, given the time difference between their observations and ours we did not use this spectra to flux-calibrate our data of IK Tau at the time of our observations.
We therefore flux-calibrated the intensity maps of IK Tau following the approach presented by Ohnaka et al. (2017), employing the PSF reference star to calibrate the flux of our SPHERE-ZIMPOL observations of IK Tau. We used the Library of Stellar Spectra (Pickles 1998) to approximate the spectrum of HIP 20188 with a template spectrum whose effective temperature and spectral classification are closest to that of the reference star. The K-type star HIP 20188 has an effective temperature of Teff = 4173 K (Gaia DR2, Gaia Collaboration 2018). Based on these data we adopted the spectrum of a K3–4II star available in the Library of Stellar Spectra. After that, and in order to account for the interstellar extinction AV at the wavelengths of our observations with ZIMPOL, we reddened the template spectrum, using the parametrization of the interstellar extinction by Arenou et al. (1992) and its wavelength-dependence published by Cardelli et al. (1989). For the PSF reference star HIP 20188 we find AV = 0.338 ± 0.206 mag, adopting a distance of D = 196.7 ± 3.5 pc (Gaia DR2, Gaia Collaboration 2016, 2018). The reddened spectrum could then be scaled so that the computed flux, within a circular aperture of radius 1.5′′, is equal to a V -band magnitude of 6.3 mag of HIP 20188 (Kharchenko & Roeser 2009). The aperture was chosen so that it contains as much flux from the star as possible, but also stays well within the detector. We then used the flux-calibrated template spectrum to compute the flux of PSF reference star with each ZIMPOL filter, in which we approximated the transmission curves of each filter with a top-hat function specified by the central wavelength and FWHM. With these fluxes we were finally able to flux-calibrate the images of IK Tau, taking into account the uncertainties in distance and interstellar extinction for the reference star and IK Tau. The derived fluxes and relative uncertainties with the five SPHERE-ZIMPOL filter are listed in Table 2. We find relative errors of about 3–8% in the different filter.
As mentioned above, IK Tau is relatively faint in the V-band, with about 12.6 mag, compared to the reference star HIP 20188, with a V -band magnitude of 6.3 mag. To test how far this difference influences the performance of the adaptive optics, we also estimate the brightness of IK Tau and the PSF reference star HIP 20188 as seen by the wavefront sensor (WFS) in the AO system of SPHERE. The WFS of SPHERE has a central wavelength of 800–850 nm (J. Milli, priv. comm.). We therefore use the fluxes derived for the Cnt820 filter (λc = 817.3 ± 19.8 nm) to get an estimate on the I-band magnitude of IK Tau. For a flux of about 1.4 × 10−10 W m−2 μm−1 from the Cnt820 filter, and applying the zero-point flux density derived by Bessell et al. (1998), we estimate an I-band magnitude of I ≊ 4.8 mag for IK Tau. For the PSF reference we find an I-band magnitude of 4.58 mag (Bourgés et al. 2014). The small magnitude difference therefore should not have affected the performance of the AO significantly.
Table 2

Flux of IK Tau derived for five filters of our SPHERE-ZIMPOL observations.

2.2 Long-baseline spectro-interferometric observation with VLTI/AMBER
We observed IK Tau with the near-infrared interferometric instrument AMBER (Petrov et al. 2007) at VLTI to measure its angular diameter, which is needed for the radiative transfer modelling presented below. Our VLTI/AMBER observation of IK Tau was carried out on 2016 December 19 (UTC), a month after the SPHERE-ZIMPOL observations (Programme ID: 098.D-0523(C), PI: K. Ohnaka). The Auxiliary Telescope (AT) configuration A0-B2-C1 resulted in projected baselines of 11.1, 15.2, and 16.6 m. We used the high spectral resolution of 12 000, covering from 2.26 to 2.31 μm, with the fringe tracker FINITO. We assumed that the time variation in the angular diameter between the SPHERE-ZIMPOL observations and the AMBER observations does not affect our modelling, given that the difference in the variability phase is just 0.078. We observed Rigel (β Ori, B8Iae, K = 0.18, uniform-disk diameter = 2.69 ± 0.36 mas, Bourges et al. 2017)as an interferometric and spectroscopic calibrator. A summary of our AMBER observations is given in Table 3.
The AMBER data were reduced using the amdlib ver 3.0.84, which is based on the P2VM algorithm (Tatulli et al. 2007; Chelli et al. 2009). The amdlib software derives the (uncalibrated) squared visibility amplitude, closure phase (CP), and differential phase (DP) from the recorded interferograms for the science target and the calibrator. Then we derived the calibrated interferometric observables by taking the best 20 and 80% of the frames in terms of the fringe signal-to-noise ratio (S/N). In the present paper, the visibility amplitude obtained with the best 20% of the frames is used, because the errors are smaller than with the best 80%. On the other hand, we present the CPs and DPs obtained with the best 80% because of their smaller errors. Details of the reduction are described in Ohnaka et al. (2009, 2011, and 2013). The wavelength calibration was carried out using the telluric lines with the method described in Ohnaka et al. (2013). The spectroscopic calibration of IK Tau was done by dividing the observed spectrum of IK Tau with that of Rigel, because the true spectrum of Rigel is not expected to show any spectral features in the observed wavelength range at the spectral resolution of 12 000. We confirmed this by using the high-resolution (λ∕Δλ ≈ 45 000) spectrum of HD 87737 (A0Ib) available in the IGRINS spectral library5 (Park et al. 2018). The star HD 87737 has the closest spectral type and luminosity class to Rigel in the IGRINS infrared stellar spectral library. Its spectrum convolved down to AMBER’s spectral resolution of 12 000 does not show stellar spectral features, which justifies the use of Rigel as a featureless spectroscopic standard star for the observed spectral window.
3 Observational results
3.1 Clumpy dust clouds and extended gas emission
Figure 1 shows the total intensity I, polarized intensity Ip, and the degree of polarization pL maps (columns one to three) observed with the five ZIMPOL filters. Also shown, in the last column, are the intensity maps of the PSF reference star HIP 20188.
The intensity profile of IK Tau appears noticeably more extended than that of the PSF reference, which is also demonstrated in the azimuthally averaged 1D intensity profiles presented in Fig. 2. Applying a 2D Gaussian fit to the images of HIP 20188 yields PSF FWHM of 26 × 24 mas at 645 and 656.3 nm, 27 × 26 mas at 717 and 748 nm, and 26 × 25 mas at 820 nm. We find the FWHM of the intensity map IK Tau with 55 × 55 mas at 645 nm, 56 × 56 mas at 656.3 nm, 57 × 53 mas at 717 nm, 54 × 51 mas at 748 nm, and 53 × 52 mas at 820 nm indicating that the CSE has been spatially resolved. As can be seen in Table 1, the Strehl ratio for IK Tau are slightly lower than for the PSF reference star. However, since they are comparable, therefore, it is unlikely that the extended emission of IK Tau is only due to the lower AO performance.
In general the total intensity appears to be spherical in all observed filters. The peak of the intensity, however, is slightly displaced towards the north-east (NE) with respect to the centre of the central low polarization region in the degree of polarization maps (third column of Fig. 1), which we assume to be the location of the central star. The reason for this displacement could be a bright dust clump or inhomogeneities in the atmosphere such as a bright spot, which can be interpreted as fluctuations in the density and/or molecular abundance and/or excitation (Khouri et al. 2016). The total intensity map, however, only shows the global extended structure of the circumstellar envelope.
The polarized intensity maps, shown in the second column of Fig. 1, reveal more detailed insight in the innermost regions of the CSE. The central region of the polarized intensity is slightly elongated with a radius of about 100–120 mas. Given an angular diameter of θD = 20.7 ± 1.5 mas derived from our VLTI/AMBER observations (see Sect. 3), this corresponds to about 10–12 R⋆.
We have estimated the errors per pixel in the polarized intensity using the output of the SPHERE pipeline, and here in particular the so-called RMS error maps. For the bright spot NE of the centre we find relative errors of 27, 34, 21, 18, and 13% at 645, 656.3, 717, 748, and 820 nm, respectively. The relative errors in the clump detected south of the central star are similar with 22, 40, 20, 19, and 16% at 645, 656.3, 717, 748, and 820 nm, respectively, while we find 27, 34, 21, 18, and 13% in the central region.
We detected two clumps that are visible in all five filters. One clump is located NE of the centre, with a peak at around 25 mas (2.5 R⋆) away from the centre. The second clump is located south of the central star at 30–50 mas (3–5 R⋆) and extending up to at least 120 mas (12 R⋆). A third clump covering the central regions and apparently extending to the west up to about 75 mas (7.5 R⋆) was detected at 820 nm. Marginal evidence of this clump-like structure can also be found in the other wavelengths observed, but without further observations we cannot rule out the possibility that this may be an artefact resulting from the reduction process.
The extension of dust formation region and the clumpy dust clouds in the CSE we observed are as well detected in other nearby AGB stars, such as images of the carbon-rich AGB star IRC+10216 (Weigelt et al. 1998; Haniff & Buscher 1998; Stewart et al. 2016) or CIT6 (Monnier et al. 2000). Moreover, the polarimetric observations of IK Tau have revealed for the first time clumpy dust clouds forming close to the star in a high mass-loss, oxygen-rich AGB star with mass-loss rates 20–50 times higher than that of the low mass-loss rate, oxygen-rich AGB stars R Dor, W Hya and o Cet (Khouri et al. 2016, 2018; Ohnaka et al. 2016, 2017), recently observed with SPHERE-ZIMPOL and studied in a similar way. 3D hydrodynamical simulations suggest the formation of clumps to be a direct consequence of convection and/or stellar pulsations (Freytag & Höfner 2008). This provides a natural explanation for the observation of these structures made in IK Tau, as well as in the CSE of other O-rich AGB stars.
The polarized intensity maps also reveal an extended structure in the outer regions of IK Tau as shown in Fig. 3. The inner region extends up to about 250 mas (25 R⋆), while the asymmetric diffuse emission reaches as far as about 700 mas (70 R⋆) to the south-east and about 400 mas (40 R⋆) to the north.
As mentioned earlier IK Tau shows strong SiO, H2 O, and OH masers emission. For example, Boboltz & Diamond (2005) observed 43 GHz SiO maser emission toward IK Tau using the Very Long Baseline Array (VLBA). Their results show a rotation axis in the north-east-south-west (NE-SW) direction. Our SPHERE-ZIMPOL data show no signature of an axis along NE-SW, with one dust clump towards NE, but the second clump clearly extends southwards. It therefore appears more likely that dust formation is governed by convection and/or pulsation, not directly by rotation.
The third column of Fig. 1 shows the degree of linear polarization overlaid with the vector map of the position angle of polarization. The shell-like (though elongated) structure seen in the polarized intensity is also seen in the degree of linear polarization, and additionally supported by the concentric vector maps of the position angle of the degree of polarization. We measure a maximum degree of linear polarization of 16, 18, 16, 16, and 12% at 645, 656.3, 717, 748, and 820 nm, respectively. For the absolute errors on average measured over the clumps we find 0.05% at 645 nm, that is 16 ± 0.05, 0.15, 0.1, 0.05, and 0.02% at 656.3, 717, 748, and 820 nm, respectively. Whereas in the centre the absolute errors are smaller with 0.004, 0.02, 0.02, 0.006, and 0.001% at 656.3, 717, 748, and 820 nm, respectively.
The central region of very low polarization measures about 20–25 mas in radius, which corresponds to 2–2.5 R⋆. Within this region, the polarization signal is so low that the features in the polarized intensity and degree of polarization maps are not reliable. Therefore, we cannot confirm the presence or absence of dust in the region within 2–2.5 R⋆.
Table 3

Summary of VLTI/AMBER observations of IK Tau and calibrator Rigel.

3.2 Hα and TiO emission
As mentioned in Sect. 2.1, it is possible to observe two different filters, such as (CntHa, NHa) and (TiO717, Cnt748), simultaneously with SPHERE-ZIMPOL having the same AO performance for both filters. This allows us to investigate the presence of Hα emission and a more detailed study of TiO emission.
We first subtracted the CntHa image from the Hα image using the intensity maps of IK Tau (see Fig. 1, left column), which we have flux-calibrated as described in Sect. 2.1. The results however are not conclusive for the following reasons. The 1D azimuthal average profiles of the PSF reference star in general, show the same behaviour as the profile of IK Tau, as can be seen in Fig. 2. It is therefore possible that the observed flux difference is due to an unidentified instrumental effect that causes the source to appear more extended in the NHa filter than in the CntHa filter. It is also possible that a substantial fraction of the flux in the NHa filter might be completely unrelated to the Hα line, caused by more dominant molecular bands such as the TiO band, as observed in the visible spectrum presented by Sánchez Contreras et al. (2008) for IK Tau. Only visible-light spectra obtained simultaneously to the observations will allow the proper determination of whether or not the observed flux difference between the NHa and CntHa images corresponds to Hα emission.
To study the extended TiO emission of IK Tau, we subtracted the TiO717 and Cnt748 images normalized with the intensity at the centre of the stellar disk, following the approach adopted in Ohnaka et al. (2017). This method allows us to recognize the extended emission in positive pixel values and ascertain its spatial extent, but on the cost of the absolute flux scale, meaning with this method we cannot ascertain the exact morphology of the TiO emission observed over the central region. The right panel of Fig. 4 shows the continuum-subtracted TiO717 image. As can be seen, the TiO emission is concentrated in an apparently elongated area with an extension of about 80 mas × 50 mas (8 × 5 R⋆), which is also visible in the polarized intensity map at 717 nm in Fig. 1. We note, however, that since the absolute flux scale is lost, we cannot address the morphology of the central region.
To examine whether or not the larger extension of the image at TiO717 can be explained solely by stronger dust-scattered light at Cnt717 than at Cnt748, we estimated the possible dust contribution using our best-fit model obtained from our 2D radiative transfer modelling, presented in Sect. 5. In particular, we used the ratio of the TiO717 and Cnt748 filter. Figure 5 shows the average 1D line profile of these ratios measured for the observation (solid line) and the best-fit dust model (dashed line), respectively. Since the models in each filter are convolved with the corresponding PSF, the model images not only include the effects of dust, but also the imprint of the AO performance in each filter. As can be seen in Fig. 5, the apparent extended emission cannot be solely explained with dust, present in the CSE of IK Tau.
The observed TiO emission extends in total to about 150 mas (~15 R⋆). At this distance from the central star, however, the gas temperatures are fairly low (≲ 400 K, e.g. Decin et al. 2010), which causes the thermal emission to be very weak at the observed wavelengths indicating that the detected emission originates from scattering on TiO gas in the extended atmosphere, instead of thermal emission from the gas.
The observations are consistent with speckle interferometric observations in the TiO bands of R Leo and R Cas obtained by Hofmann et al. (2001) and Weigelt et al. (1996), respectively, as well as in general agreement with results determined for IK Tau by Decin et al. (2018) in their ALMA spectral-line and imaging survey. Their data with a spatial resolution of 150 mas revealed that TiO and TiO2 gas, among many others, are traceable up to ~15 R⋆ and even up to about 28 R⋆, respectively. This indicates that some fraction of the detected TiO and TiO2 gas does not partake in dust nucleation and growth. The remaining gas is transported outwards into the CSE, which could partially explain the extremely broad intensity profile we observed (see Sect. 5). Their channel maps and total intensity maps show the presence of blobs in the inner wind region within 400 mas. This non-homogeneous density distribution can result in a more active photochemistry in the inner winds, since lower density regions will allow energetic interstellar UV photons to penetrate deeper into the envelope.
	[image: thumbnail]	Fig. 1
SPHERE-ZIMPOL polarimetric imaging observations of IK Tau. Left to right: each row shows the total intensity (first column), polarized intensity (second column), in units of W m−2 μm−1 arcsec−2 as described in Sect. 2.1, the degree of polarization superimposed with the polarization vector maps (third column), and the intensity of the PSF reference star HIP 20188 (last column), which are also presented in units of W m−2 μm−1 arcsec−2. Top to bottom: observed images at 645 nm (CntHa, continuum), 656.3 nm (NHa, Hα), 717 nm (TiO717, TiO band), 748 nm (Cnt748, continuum), as well as 820 nm (Cnt820, continuum, average combined image of cam1 and cam2). The position and angular diameter of the star are indicated by the circles in columns one to three, whereas the approximate extension of the low-polarization region (radius ~23 mas, column three) is shown in column two as a dashed circle. The colour scale of the intensity maps of IK Tau and HIP 20188 is cut off at 0.5% of the peak intensity. North is to the top and east to left in all panels.



	[image: thumbnail]	Fig. 2
Azimuthally averaged 1D intensity profiles of IK Tau (top, solid lines) and the PSF reference HIP 20188 (bottom, dashed lines) observed at at 645 nm (red), 656.3 nm (blue), 717 nm (green), 748 nm (magenta), and at 820 nm (black), respectively.



3.3 AMBER spectro-interferometric observations of the central star
Figure 6 shows the spectrum, visibilities, DPs, and CP measured with VLTI/AMBER. The visibilities show significant decreases in the first overtone lines of CO, which means that the star appears larger in the CO lines than in the continuum. While the CP and the DP measured at the 16.6 m baseline do not clearly show non-zero values within the errors, the deviation from zero is clearer in the DPs measured in the CO lines at the 11.1 and 15.2 baselines. This means asymmetry in the CO-line-forming outer atmosphere, as has often been detected in the individual CO lines in other AGB stars (e.g. Ohnaka et al. 2012, 2016).
To estimate the angular size of the star, we first fitted the observed visibilities with a power-law-type, limb-darkened disc (LDD; Hestroffer 1997). We only used the visibilities measured in the continuum wavelength points, avoiding the CO lines as well as the weak lines present shortwards of the CO band head at 2.294 μm. The derived LDD diameter and the limb-darkening parameter are 37.00 ± 0.79 mas and 5.5 ± 0.3, respectively. However, as Fig. 7a (dashed blue line) shows, the fit to the observed visibilities is poor (reduced χ2 = 6.1). Moreover, the derived LDD diameter of 37.00 mas results in an effective temperature as low as 1670 K when combined with the observed bolometric flux presented in Sect. 4.
Monnier et al. (2004) note that their aperture-masking data of IK Tau obtained at 2.2 μm can be better explained by the central star and a very extended component that accounts for 28% of the total flux at the observed wavelength. The extended component is likely a dust shell as modelled by the authors. Therefore, we fitted our AMBER data with an LDD and an extended component that is resolved out with our AMBER baselines. As Fig. 7a (solid red line) shows, the fit is better (reduced χ2 = 0.79), and the derived angular diameter of 20.70 ± 1.53 mas is consistent with the 20.2 mas derived by Monnier et al. (2004). The limb-darkening parameter is 1.2 ± 0.8, which is not well constrained because our AMBER baselines are all on the first visibility lobe. The fractional flux contribution of the extended, resolved-out component is 0.19 ± 0.0062. The difference in the fractional flux of the extended component between Monnier et al. (2004) and our work may be due to the time variation in the circumstellar envelope and/or the difference in the field of view of the observations.
To estimate the angular size of the star in the spectral lines, we assumed that the fractional flux contribution of the extended, resolved-out component does not change in the observed wavelength range. This is reasonable because the dust shell is likely responsible for the extended emission, and dust emission does not change significantly across the observed narrow spectral range from 2.26 to 2.31 μm. Then we fitted the visibilities observed at each wavelength with a uniform disc with the resolved-out component and the fractional flux contribution of 19%. Figure 7b shows that the angular diameter of IK Tau increases up to 25–30 mas in the CO lines (30–50% larger than in the continuum). The extended CO atmosphere has been detected in W Hya as well (Fig. 5 of Ohnaka et al. 2016), although it is much more pronounced in W Hya than in IK Tau.
The mass-loss rate of IK Tau is about 20–35 times higher than that of W Hya (Ṁ ~1.3–2.3 × 10−7 M⊙ yr−1, Khouri et al. 2014; Richards et al. 2012). Also, the variability amplitude and pulsation period of IK Tau (up to 6 mag over 460 days) are higher and longer than those of W Hya (3 mag over 389 days). The effective temperatures of both stars are approximately the same (see Sect. 4). The luminosity of IK Tau is approximately twice as high as that of W Hya while the mass is estimated to be 1–1.5 M⊙ for both stars (Danilovich et al. 2017). Therefore, the surface gravity of IK Tau is nearly half that of W Hya. All of it suggests that IK Tau should show a CO atmosphere more pronounced than W Hya. Nevertheless, the AMBER observations show that it is not the case. It may be related to non-equilibrium chemistry affected by shocks, which may be stronger in IK Tau given its larger pulsation amplitude. However, the reason for the less pronounced CO atmosphere of IK Tau remains unclear at the moment.
	[image: thumbnail]	Fig. 3
Extended structure in polarized intensity maps of IK Tau observed at 820 nm (Cnt820),748 nm (Cnt748), and 645 nm (CntHa). The approximate size AO correction ring (radius ~ 480 mas) is indicated by the (dashed) circle in each panel.



	[image: thumbnail]	Fig. 4
Continuum-subtracted TiO717 (716.8 nm) image of IK Tau obtained form our SPHERE-ZIMPOL observations at post-maximum light (phase 0.27). The assumed angular diameter of the star (θD ≈ 21 mas) as well as its approximate position are indicated by the white circle. Regions with negative pixel values are shown in black. North is to the top and east to left.



4 Determination of stellar parameter
The effective temperature (Teff) and bolometric luminosity (Lbol) corresponding to the variability phase of our SPHERE-ZIMPOL observations are needed for our radiative transfer modelling. We use our flux-calibrated SPHERE-ZIMPOL observations as well as spectro-photometric data available in the literature to estimate the bolometric flux (Fbol) at the time of observation (phase = 0.27 post-maximum light). In the visible wavelength range (645–820 nm) we used the fluxes derived with the five SPHERE-ZIMPOL filters (Table 2). In the near-infrared, between 0.8 and 5.1 μm, we used data from the Cassini Atlas of Stellar Spectra (CAOSS, Stewart et al. 2015) observed on 2002 July 19. This date corresponds to phase 0.26 at pre-maximum light applying the phase relation derived by Wong et al. (2018). For the mid- and far-infrared regions we obtained low resolution spectra (LRS) from the Infrared Astronomical Satellite (IRAS-LRS, Olnon et al. 1986) from 8 to 25 μm, and the Infrared Space Observatory (ISO, Kessler et al. 1996) Long-Wavelength Spectrometer (LWS) covering 43 to 196 μm. The resulting spectral energy distribution is shown in Fig. 8. We then de-reddened all spectro-photometric data using the wavelength-dependence derived by Cardelli et al. (1989) and AV = 0.351 ± 0.172 mag, which we derived from the parametrization of the interstellar extinction (Arenou et al. 1992). The integration of the resulting de-reddened fluxes over the available wavelength range yields Fbol = (3.56 ± 0.18) × 10−9 W m−2. This error estimate only accounts for the variation of the interstellar extinction, due to the uncertainty in the distanceof IK Tau. The result, however, is in broad agreement with other flux estimates such as Fbol = (3.31 ± 1.10) × 10−9 W m−2 by van Belle et al. (2016), who performed spectral energy distribution (SED) fitting on photometricdata of IK Tau obtained by Dyck et al. (1974) on 1971 November 21, which corresponds to phase ~0.9 (pre-maximum light). From the distance of D = 280 ± 30 pc, the angular diameter θD = 20.7 ± 1.5 mas derived from our VLTI/AMBER observations and our flux estimate, we compute a bolometric luminosity of Lbol = 8724 ± 1921 L⊙ and an effective temperature Teff = 2234 ± 86 K for IK Tau at the date of our observation, which we applied to our model. The derived stellar parameters are summarized in Table 4.
	[image: thumbnail]	Fig. 5
Average 1D line profile of observations (solid blue line) and the best-fit model (dashed red line) measured from the ratio of the intensity maps taken at 717 nm (TiO717) and 748 nm (Cnt748).



	[image: thumbnail]	Fig. 6
VLTI/AMBER observation of IK Tau with spectral resolution of 12 000. a: observed spectrum. b–d: visibilities. e: closure phase. f–h: differential phases.



	[image: thumbnail]	Fig. 7
Panel a: visibilities observed at continuum wavelengths are plotted with the black dots. The dashed blue line represents the power-law-type, limb-darkened disc fit. The solid red line shows the best-fit with a power-law-type, limb-darkened disc with an extended, resolved-out component. Panel b: uniform-disc diameter across the observed wavelength range (solid red line). The observed, scaled spectrum is shown with the thin black line.



	[image: thumbnail]	Fig. 8
Photometric and spectrophotometric data of IK Tau obtained from our SPHERE-ZIMPOL observations (red), the Cassini Atlas of Stellar Spectra (CAOSS, blue), the Infrared Astronomical Satellite (IRAS-LRS, green) and Long Wavelength Spectrometer (LWS) spectrum from the Infrared Space Observatory (ISO-LWS, black).



Table 4

Stellar parameter of IK Tau.

5 Monte Carlo radiative transfer modelling
For the interpretation of our SPHERE-ZIMPOL observations of IK Tau and in order to constrain the physical properties of the dust-forming regions close to the star, we used the 2D Monte Carlo radiative transfer code mcsim_mpi (Ohnaka et al. 2006), which has already been applied to polarimetric images of the AGB star W Hya (Ohnaka et al. 2016, 2017).
As described in Sect. 3, we detected two distinct dust clumps extending towards the NE and the south, both very similar in regards to their polarization properties, for example in their extent or their degree of linear polarization. We therefore primarily focused on the reproduction of one clump, namely the main clump NE, instead of reproducing the entire image. As a result, the model set-up is almost the same used to model the dust clumps detected in W Hya by Ohnaka et al. (2016, 2017).
To model our observations, we adopt a simple single-shell model with a cone-shaped density enhancement which is described by the density ratio within and outside the cone. The cone, shown in Fig. 9, is characterized by the half-opening angle θ = 40°. We estimated this angle from the north-eastern dust clump in the polarized intensity images as well as from the RMS maps where we measured the angle from the boundary of the area where ΔIp ∕Ip ≤ 10%.
The free parameters of our model are the optical depth in the visible (550 nm) of the dust shell in radial direction, its inner and outer boundary radius, the exponent of the radial density distribution (∝ r−p), and the density ratio between the cone and the remaining shell. The dust opacities are treated with the code developed by Bohren & Huffman (1983), which we used to compute the scattering and absorption coefficients, as well as the scattering matrix elements from complex refractive indices of Al2 O3 measured by Koike et al. (1995, their “Alumina” sample), MgSiO3, and Mg2 SiO4 measured by Jäger et al. (2003). To compare the output of the simulation with our observations, the model Q and U images, as well as the total intensity I were convolved with the observed PSF of the PSF reference star HIP 20188 before computing the maps of the polarized intensity and the degree of linear polarization as described in Sect. 2. We used this approach rather than convolving the model Ip and pL because it corresponds to how the Ip and pL maps were obtained from the observational data. We did not consider the images taken at 656.3 and 717 nm due to the possible effects of the Hα and TiO emission (see Sect. 3.2).
We first approximated the radiation of the central star with a black body with an effective temperature of Teff = 2234 K. Figure 10 shows the total intensity, polarized intensity, and degree of linear polarization maps at 645, 748, and 820 nm obtained from our best-fit model. The best-fit model is characterized by Al2 O3 grains with a size of 0.1 μm, a density enhancement in a single shell with half-opening angle 40° ± 10°, a density distribution power-law exponent of 2.7, and a density ratio of 3.0 ± 0.5 within and outside the cone. The inner boundary radius is 3.5 ± 0.5 R⋆, while the outer radius is ≥25 R⋆. The optical depth at 550 nm is 0.5 ± 0.1 and the viewing angle measured from the symmetry axis (see Fig. 9) is 60°. The dust mass of this model is 4.8 × 10−8 M⊙ adopting a bulk density of 4 g cm−3 for Al2 O3. We note that the grainy structure visible in the degree of linear polarization is a result of the convolution of the model with the observed PSF. In Fig. 11, we show the 1D profiles of the observed and model images measured at eight different position angles (0°, 45°, 90°,..., 315°). The centre of the images was assumed to be the centroid of the low-polarization region in the centre of the degree of polarization maps.
We found that for all sampled wavelengths, the grain sizes both smaller and larger than 0.1 μm in general predict the degree of polarization to be too low compared to what we have observed. The size of grains smaller than 0.1 μm is due to the much smaller albedo of these grains, which significantly reduces the proportion of scattered light and increases the fraction of un-polarized direct starlight. We obtain very similar parameters for the models with Mg2 SiO4 and MgSiO3. Thus, we cannot distinguish between those three dust species from our SPHERE-ZIMPOL data alone.
The shape of polarized intensity and absolute values of the degree of polarization reasonably agree with the observed data, given the simplistic assumptions of the model and the fact that we considered a density enhancement only in one direction. As can be seen in the first column of Fig. 11, however, the observed total intensity maps at the modelled wavelengths are significantly wider than those predicted by the model.
We also considered models with multiple dust grain sizes. However, to keep the model simple we set the inner and outer boundary radii, as well as the density exponent and density enhancement to be the same for the two-grain species, meaning a combination of 0.1 and 0.3 μm Al2O3 grains, while exploring different values for the optical depth at 550 nm. We found that the normalized polarized intensity as well as the degree of polarization could also be explained to a fairly reasonable level with models computed for Al2 O3 with grain sizes of 0.1 μm and 0.3 μm, and τ550 nm = 0.7 (0.1 μm grains) and τ550 nm ~ 0.1 (0.3 μm grains). These optical depths correspond to a dust mass of 4.7 × 10−8 M⊙ for 0.1 μm grains and 3.7 × 10−9 M⊙ for 0.3 μm grains. The two-grain models, however, cannot simultaneously explain the observed total intensity, polarized intensity, and degree of linear polarization, either. The changes in the fit to the observed data are marginal compared to our best single-grain model. Therefore, we can neither confirm nor reject the presence of grains larger than 0.1 μm, although, if present, these larger grains must account for a small fraction of the dust mass.
As mentioned above, we approximated the effective temperature of the model star employing the stellar diameter measured with AMBER in the infrared. Given, however, that the spectra of oxygen-rich AGB stars in the visible wavelengths are often dominated by molecular bands, the actual spectrum of the real star might vary significantly from the black body spectrum, also causing the radius of the layer (whose radiation the dust grains can see) to vary significantly from wavelength to wavelength. To get an estimate of the effects of molecular bands we repeated our radiative transfer modelling, considering a larger and thus cooler model star. For simplicity we focus on our observations at 820 nm, since we expect the brightness temperature ([image: equation]) to vary between the different wavelengths of observation. We first attempted to fit the observed total intensity and the observed flux at 820 nm treating the model star radius ([image: equation]) and the temperature as free parameters. We note that in this case the model star radius ([image: equation]) refers to the radius of the layer from which the radiation seen by the dust grains seems to originate, while the temperature refers to the brightness temperature([image: equation]) of this layer, respectively. The observed total intensity is best reproduced assuming a model star radius of about 28 mas whereas, on the otherhand, the observed flux at 820 nm (see Table 2) is best reproduced by a brightness temperature ([image: equation]) of about 1500 K. We then re-adjusted the remaining model parameters to also fit the polarized intensity and the degree of linear polarization.
Figure 12 shows the best fit to the total intensity, polarized intensity, and degree of linear polarization maps at 820 nm, as well as the 1D profiles of the observed and model images measured at eight different position angles (0°, 45°, 90°,..., 315°) obtained from our new model. As mentioned, we find that the shape of the total and the polarized intensity, as well as the degree of polarization being reasonably reproduced by a model star with an inner boundary radius of about 28 mas (1 [image: equation]), an outer radius of 250 mas (≥9 [image: equation]), as well as anoptical depth at 550 nm of about 0.8, and a density distribution exponent of 2.8, respectively. The dust mass of this model is about 5.2 × 10−8 M⊙ adopting a bulk density of 4 g cm−3 for Al2 O3.
A thorough modelling with the effects of the molecular bands fully taken into account remains difficult, however, as the comparison of both models also shows that the effects of molecular bands alone only allow to partially explain the observed total intensity. A more realistic atmospheric model is required in order to fully understand the effects of the molecular bands on the dust formation at different wavelengths.
Another reason for the observed differences in the total intensity in the investigated parameter space, therefore, might be the difference in the Strehl ratio seen in the observations of IK Tau and the PSF reference star. Given the higher Strehl ratio observed for the PSF reference, its profile is narrower than that of IK Tau. This could partially explain the narrower intensity profile of the model, since we used the PSF image to convolve the model images. However, while the Strehl ratios for IK Tau are comparable to those for the PSF reference, it is unlikely that the discrepancy between the data and the models can be explained by the differences in the Strehl ratios alone. The discrepancy might also be attributed to the extended TiO emission described in Sect. 3.2. Because the visible light is dominated by the TiO bands, which in turn can broaden the intensity profile as well. Another possibility is the applied grain model. Since our model only includes spherical dust grains we cannot estimate the influence on the results if instead hollow spheres were used, as employed in the modelling of R Dor by Khouri et al. (2016).
Gobrecht et al. (2016, and references therein) have presented comprehensive models for non-equilibrium chemical processes of gas and dust in the inner wind of IK Tau, incorporating the nucleation of dust grains from the gas phase. Their models predict the formation of Al2 O3 close to the star (≤2 R⋆), as well as the formation of silicate dust at radii larger than 3.5 R⋆ This suggests that the passage of shocks destroys the grains completely, and small grains start to form only half a period after the passage of the shocks, followed by efficient grain growth. Our model suggests the inner radius of the dust shell of ~3.5 R⋆. Therefore, the grain responsible for the scattered light may be iron-free silicates. Alternatively, as suggested by Kozasa & Sogawa (1997a,b) and Höfner et al. (2016), the responsible grain may be Al2 O3 with iron-free silicate mantles, although our data and modelling do not allow us to distinguish Al2 O3 and iron-free silicates Mg2 SiO4 and MgSiO3 as already mentioned.
	[image: thumbnail]	Fig. 9
Schematic view of our 2D dust clump model (reproduced from Ohnaka et al. 2016). The hatched region represents the spherical dust shell, while the cross-hatched region shows the cone-shaped density enhancement, which is characterized by the half-opening angle θ. A viewing angle of 60° is shown as anexample.



	[image: thumbnail]	Fig. 10
Best-fit dust clump model for IK Tau. From left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predicted by the model after convolution with the observed PSF. The model images predicted at 645, 748, and 820 nm are presented in the columns from top to bottom, respectively. North is to the top, east to the left.



	[image: thumbnail]	Fig. 11
Comparison of dust clump model and observed SPHERE-ZIMPOL data. First, second, and third columns: 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and the degree of polarization pL maps, respectively. Top, middle, and bottom rows: comparison at 645, 748, and 820 nm, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.



	[image: thumbnail]	Fig. 12
Best-fit dust clump model for IK Tau simulated at 820 nm for a larger model star with radius [image: equation]. Top row, from left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predictedby the model after convolution with the observed PSF. North is to the top, east to the left. Second row: comparison of the dust clump model and the observed SPHERE-ZIMPOL data showing the 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and degree of polarization pL maps, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.



6 Conclusion
We have presented visible polarimetric imaging observations of the oxygen-rich AGB star IK Tau obtained with SPHERE-ZIMPOL at post-maximum light (phase 0.27). The polarized intensity maps taken with SPHERE-ZIMPOL at five wavelengths from 645 to 820 nm and a spatial resolutions of 20–30 mas show two distinct clumpy dust clouds within 50 mas (5 R⋆) of the central star. The observed images furthermore reveal diffuse clouds extending towards the north and west up to about 500 mas (~50 R⋆), as well as a dust cloud extending towards the south-east reaching as far as 73 R⋆.
The polarimetric imaging observations of IK Tau have revealed for the first time dust clouds forming close to the star in a high mass-loss AGB star with mass-loss rates 20 to 50 times higher than that of objects, such as W Hya, R Dor, and o Cet, previously studied in a similar way. Moreover, the dust formation appears to be clumpy, which is also very similar to observations of AGB stars with lower mass-loss rates.
Our 2D Monte Carlo radiative transfer modelling shows that the observed degree of polarizationand the normalized polarized intensity can be explained by an optically thin (τ550 nm = 0.5 ± 0.1) shell with ~0.1 μm grains of Al2 O3, Mg2 SiO4, or MgSiO3, and an inner and outer radius of 3.5 ± 0.5 R⋆ and ≳25 R⋆. Our model, however, cannot explain the observed total intensity of IK Tau.
Given the periodic variations in brightness seen in the light curve of IK Tau and the fact that our observations took place at post-maximum light, monitoring observations of the variations in the clumpy dust clouds and of the extended Hα and TiO emissions following the variability phase of IK Tau are needed to understand the role of pulsation-induced shocks in dust and molecule formation and, consequently mass loss. Polarimetric imaging in the near-infrared, where the effects of the TiO bands are negligible, will help to further constrain the dust properties of the innermost regions of IK Tau.
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All Figures
	[image: thumbnail]	Fig. 1
SPHERE-ZIMPOL polarimetric imaging observations of IK Tau. Left to right: each row shows the total intensity (first column), polarized intensity (second column), in units of W m−2 μm−1 arcsec−2 as described in Sect. 2.1, the degree of polarization superimposed with the polarization vector maps (third column), and the intensity of the PSF reference star HIP 20188 (last column), which are also presented in units of W m−2 μm−1 arcsec−2. Top to bottom: observed images at 645 nm (CntHa, continuum), 656.3 nm (NHa, Hα), 717 nm (TiO717, TiO band), 748 nm (Cnt748, continuum), as well as 820 nm (Cnt820, continuum, average combined image of cam1 and cam2). The position and angular diameter of the star are indicated by the circles in columns one to three, whereas the approximate extension of the low-polarization region (radius ~23 mas, column three) is shown in column two as a dashed circle. The colour scale of the intensity maps of IK Tau and HIP 20188 is cut off at 0.5% of the peak intensity. North is to the top and east to left in all panels.
In the text
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Azimuthally averaged 1D intensity profiles of IK Tau (top, solid lines) and the PSF reference HIP 20188 (bottom, dashed lines) observed at at 645 nm (red), 656.3 nm (blue), 717 nm (green), 748 nm (magenta), and at 820 nm (black), respectively.
In the text
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Extended structure in polarized intensity maps of IK Tau observed at 820 nm (Cnt820),748 nm (Cnt748), and 645 nm (CntHa). The approximate size AO correction ring (radius ~ 480 mas) is indicated by the (dashed) circle in each panel.
In the text
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Continuum-subtracted TiO717 (716.8 nm) image of IK Tau obtained form our SPHERE-ZIMPOL observations at post-maximum light (phase 0.27). The assumed angular diameter of the star (θD ≈ 21 mas) as well as its approximate position are indicated by the white circle. Regions with negative pixel values are shown in black. North is to the top and east to left.
In the text



	[image: thumbnail]	Fig. 5
Average 1D line profile of observations (solid blue line) and the best-fit model (dashed red line) measured from the ratio of the intensity maps taken at 717 nm (TiO717) and 748 nm (Cnt748).
In the text



	[image: thumbnail]	Fig. 6
VLTI/AMBER observation of IK Tau with spectral resolution of 12 000. a: observed spectrum. b–d: visibilities. e: closure phase. f–h: differential phases.
In the text



	[image: thumbnail]	Fig. 7
Panel a: visibilities observed at continuum wavelengths are plotted with the black dots. The dashed blue line represents the power-law-type, limb-darkened disc fit. The solid red line shows the best-fit with a power-law-type, limb-darkened disc with an extended, resolved-out component. Panel b: uniform-disc diameter across the observed wavelength range (solid red line). The observed, scaled spectrum is shown with the thin black line.
In the text



	[image: thumbnail]	Fig. 8
Photometric and spectrophotometric data of IK Tau obtained from our SPHERE-ZIMPOL observations (red), the Cassini Atlas of Stellar Spectra (CAOSS, blue), the Infrared Astronomical Satellite (IRAS-LRS, green) and Long Wavelength Spectrometer (LWS) spectrum from the Infrared Space Observatory (ISO-LWS, black).
In the text



	[image: thumbnail]	Fig. 9
Schematic view of our 2D dust clump model (reproduced from Ohnaka et al. 2016). The hatched region represents the spherical dust shell, while the cross-hatched region shows the cone-shaped density enhancement, which is characterized by the half-opening angle θ. A viewing angle of 60° is shown as anexample.
In the text



	[image: thumbnail]	Fig. 10
Best-fit dust clump model for IK Tau. From left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predicted by the model after convolution with the observed PSF. The model images predicted at 645, 748, and 820 nm are presented in the columns from top to bottom, respectively. North is to the top, east to the left.
In the text



	[image: thumbnail]	Fig. 11
Comparison of dust clump model and observed SPHERE-ZIMPOL data. First, second, and third columns: 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and the degree of polarization pL maps, respectively. Top, middle, and bottom rows: comparison at 645, 748, and 820 nm, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.
In the text



	[image: thumbnail]	Fig. 12
Best-fit dust clump model for IK Tau simulated at 820 nm for a larger model star with radius [image: equation]. Top row, from left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predictedby the model after convolution with the observed PSF. North is to the top, east to the left. Second row: comparison of the dust clump model and the observed SPHERE-ZIMPOL data showing the 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and degree of polarization pL maps, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.
In the text





    Table 1 

Summary of SPHERE-ZIMPOL observations for IK Tau and its PSF reference star HIP 20188.



	#
	tobs
	DIT
	NDIT
	Nexp
	Npol
	Ndither
	Filter
	Seeing
	AM
	Strehl
	Strehl



		(UTC)
	(s)
					(cam1/cam2)
	(′′)
		(H)
	(visible)





	IK Tau: 2016 Nov 20 (UTC)



	1
	02:40:58
	80.0
	2
	1
	2
	3
	CntHa/NHa
	0.62
	1.38
	0.74
	0.14



	2
	03:21:54
	10.0
	2
	1
	7
	3
	TiO717/Cnt748
	0.91
	1.25
	0.71
	0.18



	3
	06:57:36
	5.0
	4
	1
	3
	3
	Cnt820/Cnt820
	0.68
	1.6
	0.73
	0.28



	




	HIP 20188: 2016 Nov 20 (UTC)



	C1
	05:21:49
	4.0
	40
	1
	1
	3
	CntHa/NHa
	0.75
	1.23
	0.77
	0.22



	C2
	05:59:43
	2.0
	6
	1
	7
	3
	TiO717/Cnt748
	1.16
	1.28
	0.79
	0.28



	C3
	06:30:04
	2.0
	8
	1
	3
	3
	Cnt820/Cnt820
	0.76
	1.34
	0.82
	0.41






Notes. DIT: detector integration time. NDIT:number of frames. Nexp: number of exposures of each polarization component in each polarization cycle at each dithering position. Npol: number of polarization cycles at each dithering position. Ndither: number of dithering positions. The seeing was measured in the visible. AM: airmass. The Strehl ratios in the visible were calculated from the H-band Strehl ratiosfor IK Tau, while they were measured from the observed ZIMPOL images for HIP 20188.





  
    Table 2 

Flux of IK Tau derived for five filters of our SPHERE-ZIMPOL observations.



	Filter
	λc
	FWHM
	Flux
	Relative



				(phase 0.27)
	flux error



		(nm)
	(nm)
	(W m−2 μm−1)
	(%)





	CntHa
	644.9
	4.1
	4.58 × 10−12
	2.9



	NHa
	656.34
	0.97
	7.03 × 10−12
	3.3



	TiO717
	716.8
	19.7
	1.07 × 10−11
	5.0



	Cnt748
	747.4
	20.6
	2.91 × 10−11
	5.9



	Cnt820
	817.3
	19.8
	1.38 × 10−10
	7.9






  
    Table 3 

Summary of VLTI/AMBER observations of IK Tau and calibrator Rigel.



	#
	tobs
	Bp
	PA
	Seeing
	τ0
	DIT × Nf ×Nexp



		(UTC)
	(m)
	(°)
	(′′)
	(ms)
	(s)





	IK Tau: 2016 December 19 (UTC)



	1
	05:02:35
	11.1/15.2/16.6
	36/ − 67/ − 27
	0.48
	8.6
	1 × 70 × 5



	




	Rigel: 2016 December 19 (UTC)



	C1
	04:36:34
	11.1/21.8/24.0
	31/ − 63/ − 35
	0.93
	6.0
	1 × 70 × 5



	C2
	05:22:52
	11.3/20.4/23.0
	33/ − 59/ − 30
	0.47
	9.5
	1 × 70 × 5






Notes. Bp: projected baseline length. PA: position angle of the baseline vector projected onto the sky. DIT: detector integration time. Nf: number of frames in each exposure. Nexp: number of exposures. The seeing and the coherence time (τ0) were measured in the visible.





  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
SPHERE-ZIMPOL polarimetric imaging observations of IK Tau. Left to right: each row shows the total intensity (first column), polarized intensity (second column), in units of W m−2 μm−1 arcsec−2 as described in Sect. 2.1, the degree of polarization superimposed with the polarization vector maps (third column), and the intensity of the PSF reference star HIP 20188 (last column), which are also presented in units of W m−2 μm−1 arcsec−2. Top to bottom: observed images at 645 nm (CntHa, continuum), 656.3 nm (NHa, Hα), 717 nm (TiO717, TiO band), 748 nm (Cnt748, continuum), as well as 820 nm (Cnt820, continuum, average combined image of cam1 and cam2). The position and angular diameter of the star are indicated by the circles in columns one to three, whereas the approximate extension of the low-polarization region (radius ~23 mas, column three) is shown in column two as a dashed circle. The colour scale of the intensity maps of IK Tau and HIP 20188 is cut off at 0.5% of the peak intensity. North is to the top and east to left in all panels.


    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
Azimuthally averaged 1D intensity profiles of IK Tau (top, solid lines) and the PSF reference HIP 20188 (bottom, dashed lines) observed at at 645 nm (red), 656.3 nm (blue), 717 nm (green), 748 nm (magenta), and at 820 nm (black), respectively.


    

  
    
      Fig. 3 
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Extended structure in polarized intensity maps of IK Tau observed at 820 nm (Cnt820),748 nm (Cnt748), and 645 nm (CntHa). The approximate size AO correction ring (radius ~ 480 mas) is indicated by the (dashed) circle in each panel.


    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
Continuum-subtracted TiO717 (716.8 nm) image of IK Tau obtained form our SPHERE-ZIMPOL observations at post-maximum light (phase 0.27). The assumed angular diameter of the star (θD ≈ 21 mas) as well as its approximate position are indicated by the white circle. Regions with negative pixel values are shown in black. North is to the top and east to left.


    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Average 1D line profile of observations (solid blue line) and the best-fit model (dashed red line) measured from the ratio of the intensity maps taken at 717 nm (TiO717) and 748 nm (Cnt748).


    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
VLTI/AMBER observation of IK Tau with spectral resolution of 12 000. a: observed spectrum. b–d: visibilities. e: closure phase. f–h: differential phases.


    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Panel a: visibilities observed at continuum wavelengths are plotted with the black dots. The dashed blue line represents the power-law-type, limb-darkened disc fit. The solid red line shows the best-fit with a power-law-type, limb-darkened disc with an extended, resolved-out component. Panel b: uniform-disc diameter across the observed wavelength range (solid red line). The observed, scaled spectrum is shown with the thin black line.


    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
Photometric and spectrophotometric data of IK Tau obtained from our SPHERE-ZIMPOL observations (red), the Cassini Atlas of Stellar Spectra (CAOSS, blue), the Infrared Astronomical Satellite (IRAS-LRS, green) and Long Wavelength Spectrometer (LWS) spectrum from the Infrared Space Observatory (ISO-LWS, black).


    

  
    Table 4 

Stellar parameter of IK Tau.



	Parameter
	Value
	References





	D (pc)
	280 ± 30
	a, b, c



	AV (mag)
	0.351 ± 0.172
	–



	R⋆ (cm)
	(4.23 ± 0.46) × 1013
	–



	Fbol (W m−2)
	(3.56 ± 0.18) × 10−9
	–



	Lbol (L⊙)
	8724 ± 1921
	–



	Teff (K)
	2234 ± 86
	–



	[image: equation] (M⊙)
	1–1.5
	d



	log g
	−0.95
	–





Notes. D: distance to the Sun. AV: interstellar extinction in the V-band. θD: angular diameter. R⋆: stellar radius. Fbol: bolometric flux. Lbol: bolometric luminosity. Teff: effective temperature. [image: equation]: stellar mass at the zero age main sequence (ZAMS). log g: logarithm of the stellar surface acceleration.


References. (a) Hale et al. (1997); (b) Richards et al. (2012); (c) Gaia Collaboration (Gaia DR2, 2018); (d) Danilovich et al. (2017); (–) this work.





  
    
      Fig. 9 
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Schematic view of our 2D dust clump model (reproduced from Ohnaka et al. 2016). The hatched region represents the spherical dust shell, while the cross-hatched region shows the cone-shaped density enhancement, which is characterized by the half-opening angle θ. A viewing angle of 60° is shown as anexample.


    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
Best-fit dust clump model for IK Tau. From left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predicted by the model after convolution with the observed PSF. The model images predicted at 645, 748, and 820 nm are presented in the columns from top to bottom, respectively. North is to the top, east to the left.


    

  
    
      Fig. 11 
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Comparison of dust clump model and observed SPHERE-ZIMPOL data. First, second, and third columns: 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and the degree of polarization pL maps, respectively. Top, middle, and bottom rows: comparison at 645, 748, and 820 nm, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.


    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
Best-fit dust clump model for IK Tau simulated at 820 nm for a larger model star with radius [image: equation]. Top row, from left to right: maps of the intensity I, polarized intensity Ip, and degree of linear polarization pL predictedby the model after convolution with the observed PSF. North is to the top, east to the left. Second row: comparison of the dust clump model and the observed SPHERE-ZIMPOL data showing the 1D cuts at eight different position angles (0°, 45°, 90°,..., 315°) of the intensity I, the normalized polarized intensity Ip, and degree of polarization pL maps, respectively. In each panel, the observed data are plotted with blue lines, while the model is plotted with red lines.
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