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Abstract

Context. Stars on the asymptotic giant branch lose considerable amounts of matter through their dust-driven stellar winds. A number of such sources have been imaged by Herschel/PACS, revealing a diverse sample of different morphological types. Among them are a few examples which show geometrically thin, spherically symmetric shells which can be used to probe the mass loss history of their host stars.

Aims. We aim to determine the physical properties of the dust envelope around the two carbon stars U Hya and W Ori. With the much-improved spatial constraints from the new far-infrared maps, our primary goal is to measure the dust masses contained in the shells and see how they fit the proposed scenarios of shell formation.

Methods. We calculated the radiative transfer of the circumstellar dust envelope using the 1D code More of DUSTY (MoD). Adopting a parametrised density profile, we obtained a best-fit model in terms of the photometric and spectroscopic data, as well as a radial intensity profile based on Herschel/PACS data. For the case of U Hya, we also computed a grid of circumstellar envelopes by means of a stationary wind code and compare the results of the two modelling approaches.

Results. The Herschel/PACS maps show U Hya surrounded by a detached shell of 114′′ (0.12 pc) in radius, confirming the observations from previous space missions. The dust masses calculated for the shell by the two approaches are consistent with respect to the adopted dust grain properties. In addition, around W Ori, we detect for the first time a weak spherically symmetric structure with a radius of 92′′ (0.17 pc) and a dust mass of (3.5 ± 0.3) × 10−6 M⊙.
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1 Introduction
In the Milky Way, low- to intermediate-mass stars (0.8–8 M⊙) represent a significant fraction of the stellar population (e.g. Chabrier 2003). While the impact on the immediate surroundings may be comparatively small on the individual level, their sheer number motivates studies of their role in the cosmic cycle of matter.
When these stars ascend the asymptotic giant branch (AGB), producing energy via hydrogen and helium shell burning, they develop a pronounced convective envelope. Following thermal pulses of the He-burning shell, which appear during the later phases of the AGB evolution (TP-AGB, Herwig 2005), the products of nucleosynthesis (4He, 12C, 22Ne, 25Mg, and heavy isotopes produced by the s-process) are dredged up to the stellar atmosphere (Karakas & Lattanzio 2014). Consequently, the surface chemistry and the composition of the stellar envelope may change from an initially oxygen-rich to a carbon-rich mixture.
For solar metallicity, this transition from C/O < 1 (M type stars) to C/O > 1 (carbon stars or C-type stars) is limited to objects with initial masses between ≈1.5 and 4 M⊙ (Höfner & Olofsson 2018). Stars with masses below that range do not dredge up processed elements efficiently enough for the abundance ratio to reach C/O > 1. For higher mass objects, hot bottom burning destroys the produced carbon via the CNO cycle, which also leads to an overabundance of nitrogen. In an environment, however, where enough carbon (C/O > 1) reaches the upper layers of the atmosphere, carbon-bearing species, such as C2, C2H2, C3, CN, HCN, etc., dominate the gas phase (besides H2 and CO) and partially condense into solid particles, that is – dust. This dust primarily consists of amorphous carbon grains (amC), however, depending on the exact conditions in the formation zone, the particles could, in principle, also exhibit a different type of structure. Another quite commonly found dust species after pure carbon is SiC, a highly refractory material, detectable by its pronounced spectral feature at 11.2 μm. It may serve as a seed particle, upon which other species, such as amC, can condense to effectively form larger grains. Observations indicate that MgS is also present in solid form around AGB stars, identified by a broad, loosely defined feature around 30 μm (Lombaert et al. 2012). In principle, the fundamental processes of dust formation are known, but the critical steps in the transition from the microscopic to the macroscopic regime are not yet entirely understood, and the search for the prevailing nucleation paths makes up the focus of theoretical studies (Cherchneff 2006, 2012; Gobrecht et al. 2016, 2017).
In cooler AGB stars of type M and C, the combination of pulsation and radiation pressure on dust grains is the main driver of mass loss, through which a major fraction of the initial stellar mass is expelled into the interstellar medium (ISM), including the gas component, which typically constitutes more than 99% of the total outflow mass. Identifying the dust species involved in this process is essential, as they show very different behaviour in their interaction with the stellar radiation field. In the case of C-rich atmospheres and, more recently, the rather intricate case of M stars, models of dust-driven winds and pulsation have been able to reproduce observed mass-loss rates and expansion velocities (Eriksson et al. 2014; Bladh et al. 2019a,b). As a consequence of their large share of the stellar population, AGB stars are believed to greatly contribute to the dust budget in the Local Universe (Zhukovska et al. 2008; Schneider et al. 2014; Nanni et al. 2018, 2019). However, as another potential contributor, the role of supernovae (SNe) in the dust production cycle is still debated (Matsuura et al. 2015). It is not clear how much of the apparently formed dust endures; moreover, grain growth in the ISM is argued to be of importance for the dust budget as well (e.g. De Vis et al. 2017, 2019; Zhukovska 2014).
The mass-loss rate of AGB stars is not constant and, on average, it increases as the star evolves until the AGB phase is terminated. Typical values for the stellar wind range from 10−8 up to 10−4 M⊙ yr−1 (Abia et al. 2001). This long-term change may be modulated by reoccurring, relatively short (≈100 yr) periods of significantly increased mass loss, which are believed to be connected to thermal pulses (Steffen & Schönberner 2000). These variations are imprinted in the circumstellar envelope and can be detected over the whole spectral range, depending on the distance from the stellar surface and, hence, on the temperature (see, e.g. Olofsson et al. 1990; González Delgado et al. 2001; Maercker et al. 2010; Kerschbaum et al. 2010).
In the simplest case, we can expect a radially variable, spherically symmetric density distribution. Indeed, several geometrically thin shells (also referred to as “detached shells”) have been observed. For example, Olofsson et al. (2000) detected such a structure around TT Cyg in CO line emission, clearly indicating a (rather recent) temporal increase in the mass-loss rate. Additional targets showed similar matter distributions in their environment when they were studied in scattered optical light (e.g. González Delgado et al. 2003; Olofsson et al. 2010; Maercker et al. 2014). The sample was further extended and complemented by Herschel/PACS observations of far-infrared (FIR) thermal dust emission (for an overview, see the “ring” class in Cox et al. 2012), suggesting that gas and dust seem to be mostly spatially aligned. Ultimately, when observed at higher spatial resolution and sensitivity with ALMA, one of the known detached shell targets, R Scl, revealed a spiral pattern inside the spherically symmetric envelope (Maercker et al. 2012, 2016); caused by a binary companion, the spiral windings allowed for an approximate continuous back tracing of the recent gas mass-loss evolution.
Despite the compelling observational evidence of a variable mass loss, even strong changes in mass-loss rate alone, however, are not expected to be sufficient to produce the geometrically thin and well-confined gas and dust structures, as presented in, for example, Kerschbaum et al. (2017), Mečina et al. (2014a), and the literature referenced above. It is likely that a wind-wind interaction between outflows of differing velocities amplifies the initial enhancement in the radial density distribution (Mattsson et al. 2007). Nevertheless, in such a scenario, the mass-loss history of an AGB star can, in principle, be traced back a few thousand years for objects nearby (a few 100 pc, that is), and provide constraints for stellar evolution models.
As an alternative to the wind-wind explanation, the interaction of the stellar outflow with the surrounding interstellar medium can, in principle, also explain the occurrence of detached shells (Young et al. 1993; Libert et al. 2007). In this case, the shell forms when an increasing amount of matter is piled up as the wind progresses into the ISM.
In this paper, we present FIR Herschel/PACS observations and radiative transfer modelling of the circumstellar dust environment for two examples of detached shell objects, namely, U Hya and W Ori. This is done in a similar fashion as in a previous paper (Mečina et al. 2014a), where the carbon stars S Sct and RT Cap were investigated. Besides a straightforward radiative transfer model with a parametrised density distribution, here, we also try to establish a more elaborate picture by means of stationary wind models for one of the targets.
Table 1

Source parameters.

2 Observations
The two targets presented in this paper are part of a much larger sample of objects that were observed in the course of the Mass loss of Evolved StarS survey (MESS, Groenewegen et al. 2011). Both stars had been previously studied, but only for U Hya data showing extended circumstellar structures existed.
2.1 Sources
2.1.1 U Hya
The carbon star U Hya is a semi-regular pulsator of type SRb with a main pulsation period of 450 days (Samus et al. 2017). It is one of the apparently brightest carbon stars in the sky (V = 4.82, Ducati 2002) at an estimated distance of 208 ± 10 pc (van Leeuwen 2007). Recent Gaiadata put it even closer at [image: equation]pc (Gaia Collaboration 2018). However, the nature of a typical AGB star – namely, its large apparent diameter (up to the scale of the parallax itself), variability, and time-dependent surface features shifting the photocentre – systematically hamper a more precise distance estimate via the parallax method (Chiavassa et al. 2018).
For the atmospheric C/O ratio, Lambert et al. (1986) found a low value of 1.04, suggesting that a few thermal pulses and subsequent dredge-ups have taken place. Evidence that this last such event may have occurred more recently (i.e. not more than a few 104 yr ago) is indicated by the detection of the unstable technetium isotope 99Tc (Peery 1971). An overview of additional stellar parameters is given in Table 1. It has been known for some time that U Hya is surrounded by an extended shell of cold dust – following the initial observational evidence, in the form of FIR excess, which can be seen, for example, in the IRAS colour–colour diagram (van der Veen & Habing 1988). Also, Waters et al. (1994) were able to confirm just resolved dust structures in highly processed IRAS imaging data. With the AKARI satellite, an improved view was later presented by Izumiura et al. (2011). In that study, maps taken at 65, 90, 140, and 160 μm show a rather spherically symmetric structure that is detached from the central source.
Recently, using SCUBA-2 on the James Clerk Maxwell Telescope, Dharmawardena et al. (2018) detected extended sub-mm continuum emission at 850 μm around U Hya, which can be ascribed to a detached dust shell. There has been no detection thus far of a counterpart in molecular line emission, although observations in sub-mm CO transitions have been conducted by Olofsson et al. (1993).
2.1.2 W Ori
W Ori is a variable carbon star of type SRb with a pulsation period of 212 days (Samus et al. 2017) and Lambert et al. (1986) found an atmospheric C/O of 1.16. The distance for this object is quite uncertain, even in the realm of AGB stars. From reprocessed HIPPARCOS parallax measurements, van Leeuwen (2007) derived a value of [image: equation] pc, whereas recent data from the Gaia DR2 yield a much larger distance of [image: equation] pc (Gaia Collaboration 2018). In view of the already high luminosity derived for the HIPPARCOS distance (see Sect. 4), the almost three times larger Gaia value requires a luminosity that is not consistent with a star in the AGB mass range. Moreover, an estimate following the P-L relation derived for SRb variables by Knapp et al. (2003), gives a value of [image: equation]pc, which is more in agreement with the HIPPARCOS parallax. Throughout this paper, we adopt the value from van Leeuwen in our calculations.
Before Herschel, there was no observational evidence of extended circumstellar structures around W Ori. Schöier & Olofsson (2001) only detected unresolved CO line emission, which they ascribed to a mass outflow at a rate of 7 × 10−8 M⊙ yr−1 with an expansion velocity of 11.0 km s−1.
2.2 Herschel/PACS observations
The target stars were observed using Herschel/PACS (Poglitsch et al. 2010), which provides FIR imaging in three wavelength bands and spectroscopy. We used the70 and 160 μm filters of the photometer array. The pixel scale of the detectors consisting of multiplexed bolometers is 3′′.2 and 6′′.4 for the short and long wavelength band, respectively. That sufficiently samples the typical telescopes’ PSFs with a FWHM of 5′′.6 and 11′′.4, respectively.
U Hya was observed on operation day (OD) 581 with observation IDs 1342212001 and 1342212002. W Ori was observed on two occasions, the first time on OD 284, and again in a follow up campaign on OD 871 (observation IDs 1342190965 and 1342190966 and 1342229983 and 1342229984, respectively). All data were collected within the guaranteed time key programme MESS (Groenewegen et al. 2011).
The observations were conducted in scan map mode with medium scanning speed (20′′ s−1) and a raw detector sampling rate of 10 Hz (an averaging of four frames each had already been done on-board), where two scans with orthogonal scanning directions complement each other. This yields a highly noise-dominated stream of data, requiring rather extensive preprocessing of the individual bolometer pixel time lines, which was facilitated by using HIPE1. The processed time series were projected onto a grid with a spatial resolution of 1′′ for the 70 μm map and 2′′ for 160 μm map, respectively.Such an oversampling of the physical detector resolution by about a factor of 3 improves the rendering of the finest spatial structures. We considered a number of different mapping approaches and arrived at using JScanam, the HIPE implementation of Scanamorphos (Roussel 2013), which, in our case, proved to offer the best compromise between smooth background rendering, good extraction of faint extended structures, and absence of (pre-)processing artefacts. An in-depth analysis of PACS bolometer array image data reconstruction techniques, including various mapping algorithms was conducted by Ottensamer et al. (2011) and Mečina et al. (2014b).
3 Modelling
We first model the circumstellar dust envelope of both targets presented in this paper by means of radiative transfer, using More of DUSTY (MoD, Groenewegen 2012a), a minimisation wrapper for the 1D dust radiative transfer code DUSTY (Ivezic et al. 1999). This approach was already taken for modelling other sources of the MESS sample (Mečina et al. 2014a). In addition to this method, which is simply based on a parametrised dust density distribution, we also try to establish a more physical representation for the example of U Hya with stationary wind models. In both cases, the spherical symmetry of the outflow justifies a 1D approximation of the envelope. In the following sections, the mass and the mass-loss rate quantities refer to the dust component only, except where explicitly stated otherwise.
3.1 MoD dust radiative transfer
For the MoD approach, we follow the same procedure as described in Mečina et al. (2014a), that is, for the dust density, ρ, we adopt a piecewise power law distribution. The innermost part describes the present-day wind, assuming a continuous smooth outflow starting at the condensation radius, where the fixed dust temperature, Tc, is reached. In the case of constant mass loss, ρ, simply drops proportionally to r−2 due to geometrical rarefaction with radius, r, but we allow for deviating density profiles in the sense of a variable exponent of the power law. At a certain (free) radius, the inner wind region is followed by a shell of variable thickness δr and density scaled by a variable factor of s1. Within this shell, ρ is kept proportional to r−2. Outside the shell, the density is then fixed to negligibly low values (typically 0.1% of the detached shell density at the outer border). This is representative of the ISM and pre-high-mass-loss conditions and has no influence on our results. The radiation source in the centre is selected from the grid of COMARCS model atmospheres from Aringer et al. (2009), based on the stellar parameters given in Table 1 and reasonable assumptions concerning stellar mass and surface gravity. Since all computed DUSTY models are scale-free, initially we only need the relative shape of the input spectrum, that is, we are not interested in the actual luminosity of the COMARCS model. Instead, it serves as a free parameter that is determined within MoD by fitting the SED to photometric data shorter than 12 μm, thus neglecting the FIR detached shell emission and only taking the warm dust in the present-day mass loss into account. The obtained luminosity value is then adopted and kept fixed for the full modelling of the envelope. All photometric data points are de-reddenedfor interstellar extinction according to the target’s galactic position. For this we use the same method as Mečina et al. (2014a) that is described in Groenewegen (2008).
A key ingredient in the radiative transfer models is the dust opacities. We calculate these using Mie theory (BHCOAT, Bohren & Huffman 1983), using optical constants from Rouleau & Martin (1991) for amC and Pegourie (1988) for SiC. The two species are not treated separately in the radiative transfer but, rather, approximated by a single opacity table with weighted contributions from the respective substances. This is justified in view of the similar overall opacity distributions and condensation temperatures. Instead of solid spherical grains, we adopt a distribution of hollow spheres (DHS, Min et al. 2003) with a size of 0.15 μm and a varying vacuum fraction of up to 0.7, following the approach of Groenewegen (2012a). These are values typically used for modelling porous circumstellar dust. Changing either the optical constants by choosing another source of laboratory measurements or adopting different grain shapes and size distributions can alter the resulting models significantly, as seen in a recent studyby Brunner et al. (2018). The findings therein, exemplarily given for the carbon star R Scl, are also applicable to the calculations in this paper. In a statistical study of carbon stars in the Small Magellanic Cloud, Nanni et al. (2016) have tried to identify the most suitable optical constants for amorphous carbon and the typical grain size to which dust particles grow in that environment. Their findings, however, have to be taken with caution with regard to the sources in this paper since different stellar populations are considered and another grain geometry (solid spheres) was adopted.
The model output consists of photometric fluxes, a spectrum, and radial intensity profiles, which can strongly constrain the spatial scales. We find the model with the best representation of the observations by comparing the output to photometric data from the literature (Table 2) and the FIR fluxes obtained in this paper (Table 3), along with mid IR spectra and averaged brightness profiles from the PACS maps. The goodness of the fit of a model is evaluated by calculating the χ2, where
[image: equation](1)
Further details about the model fitting can be found in Groenewegen (2012a).
3.2 Stationary wind models
We want to compare the results of our radiative transfer calculations (based on a parametrised density profile) with another modelling approach, where the dust distribution is predicted by the model. For this, we use the code from Ferrarotti & Gail (2006), which describes dust formation in a stationary stellar outflow and the subsequent dust-driven wind. This method has the advantage that, for given elemental abundances and dust opacity data, only realistic combinations of the inner radiation source, mass-loss rate, and dust distribution are possible. In addition, the gas-to-dust ratio can be obtained from the calculations. A similar model approach was already used for carbon stars by Nanni et al. (2016, 2019).
For the modelling presented here, we applied an enhanced version of the wind code2. The main features were already described in Ferrarotti & Gail (2006). On top of these, a few improvements were implemented (e.g. additional dust species were included, the effect of particle drift was considered, etc.). The most important change was the additional implementation of a radiative transfer module which self-consistently calculates temperatures for each dust species by solving the radiative transfer problem in the dust shell and iterating to flux constancy. In this way, the coupling between the dust condensation in the outflow and the radiation field is treated in a more consistent way. This enhanced version of the wind code was already applied in Mayer et al. (2013) and Nowotny et al. (2015).
The main free parameters of the stationary wind models are the present-day total mass-loss rate (pdMLR) and the initial outflow velocity (uini). We made a small grid covering twotypical values of uini (0.5 and 1.5 km s−1) and total mass-loss rates between 3 × 10−8 and 10−4 M⊙ yr−1 (see Table 4). An overview of the resulting dust density distributions is given in Fig. 1.
Concerning the selection of the central star, we follow the approach of our MoD fits, adopting a hydrostatic atmosphere model with fixed parameters. This was taken from the grid of Aringer et al. (2016, 2019). Based on the data given in Table 1, the effective temperature was set to 3000 K, which is consistent with the choice for the MoD fits. The log (g [cm s−2]) value of − 0.14 and the mass of 2 M⊙ were selected to be in agreement with the derived luminosity of the star. It should be noted that the choice of these two parameters has no significant impact on the overall energy distribution of the central source. In contrast to the DUSTY models used for the MoD fits, the luminosity is a crucial quantity in the wind models. For the abundances we assumed a solar mixture (Caffau et al. 2009a,b), except for carbon, which was increased to obtain a C/O of 2. Such a high value is in contradiction with the low C/O values in Table 1 and in the central sources of the MoD fits. Nevertheless, it is a necessary condition for an effective dust production in the wind. This discrepancy will be discussed in Sect. 5.1 in more detail. Finally, we want to note that the elemental abundances adopted for the central atmosphere and the dust formation in the stellar wind are identical.
Of course, in such an outflow, structures like the observed detached shells, which have been claimed to be the consequence of highly variable mass loss, cannot occur as per the relevant definition. Therefore, we need to artificially introduce a non-stationary behaviour by increasing the densities in the respective regions of the model structure of the wind. In our case, we simply multiplied the density profile by a constant factor at the radial points that were derived in the MoD fitting and which are well-constrained by the PACS maps. The density contrast between the inner wind structure and the detached shell is treated as a free parameter. We test values between 10 and 10 000 for each of the models in the grid, except for baseline models with a present-day gas MLR of 10−5 M⊙ yr−1 or higher. In these cases, the resulting mass-loss rates corresponding to the detached shells would have unrealistically large values (see the overview in Table 4).
Based on the model structures, we computed synthetic opacity sampling (OS) spectra with a resolution of R = 10 000 and the corresponding frequency-dependent radial intensity profiles using the COMA code (Aringer et al. 2009, 2016). Based on the results of these calculations, which cover the range between 0.335 and 200 μm, we could determine the photometric magnitudes, low-resolution spectra, and flux distributions in the Herschel/PACS images. The COMA results were obtained with the same elemental abundances and opacity data for atoms, molecules, and dust as the central atmospheric and the circumstellar structures. However, we neglected the line absorption due to gas in the wind regions because it has only a minor impact on the overall energy distributions and the assumption of LTE and chemical equilibrium in the COMA computations may become quite problematic in such dynamic and low-density environments.
The stationary wind models include amC and SiC. However, in contrast to the MoD approach, these two species are always treated as two separate components with their own radial temperature, density, and grain size distribution. In addition, their growth along the outflows is considered. Instead of a fixed DHS, as used in the MoD fits, the geometric shapes are assumed to be spheres.
With the above-described method, we computed a relatively coarse grid of models. In addition to the initial and present-day total mass-loss rate (pdMLR) we vary the amplitude Δρ and width Δrρ of the enhancement in the density structure representing the detached shell. The covered parameter range is given in Table 4 and an example of a resulting gas and dust density profile is shown in Fig. 2. Due to the substantial effort of computing such a grid and the very uncertain distance and luminosity of W Ori, here, we only apply the models to the example of U Hya.
Table 2

Photometric data used in the SED fitting.

Table 3

Aperture photometry from PACS maps.

Table 4

Overview of the stationary wind model grid.

	[image: thumbnail]	Fig. 1
Dust-density profiles of the baseline stationary wind models with varying MLRs. Blue and orange indicate low (0.5 km s−1) and high (1.5 km s−1) initial outflow velocity, respectively. The dotted line is a model with detached shell, where the density is scaled by a factor of 500.



4 Results
We find morphologically very similar structures around the two target stars. While the one around U Hya was already known, the detached shell around W Ori is a new discovery. In the following we present the derived properties of the respective dust envelopes.
	[image: thumbnail]	Fig. 2
Comparison of the gas and amC dust-density distribution for a model with a total MLR of 10−7 M⊙ yr−1 and the detached shell density enhanced 500-fold.



4.1 Morphology
4.1.1 U Hya
In both the blue and red Herschel/PACS filters, we observe thermal dust emission from a spherically symmetric shell detached from the central star (shown in Fig. 3), giving the impression of a ring-like structure. The intensity peaks at a radius of 114′′, which, adopting a distance of 208 pc, is equivalent to an absolute scale of 0.12 pc. The emission is not evenly distributed along the circumference, but is stronger in the northern and south-western parts, congruent in the 70 and 160 μm maps. While we see patchy features in the shell, most likely we do not resolve its width, which puts an upper limit of roughly 1200 AU on the radial thickness. Inside the detached shell in the south-east direction, we further detect diffuse, arc-shaped emission in both bands. The asymmetries and the clumped distribution of the emission become even more apparent when the PACS map is projected to polar coordinates, as can be seen in Fig. 4.
In order to determine the geometric centre of the shell, we fit the (higher resolved) 70 μm emission with a Gaussian ring, that is, a ring with a radially Gaussian brightness distribution with the maximum at the shell radius. We find that the calculated position is offset relative to the stellar centroid by about −5′′ in right ascension and 2′′ in declination. The results are displayed in Fig. 5, where we mark the coordinates of the stellar source and the centre of the shell in the 70 μm PACS image. The shift is also optimally visible in polar coordinates (Fig. 4), where the shell emission clearly deviates from a straight horizontal line, which would be expected for a perfectly symmetric geometry. The displacement can, in principle, be explained by the star’s relatively high space velocity (71 km s−1) when the shell is influenced by the ISM headwind. That scenario is supported by the good alignment of the space motion vector (PA = 118°) with the orientation of the star-shell offset (PA ≈ 110°). The slight deformation, or flattening, of the shell in the same direction would also support this interpretation. In Table 5, we give a summary of the target’s kinematic data, which we calculated following the method presented in Johnson & Soderblom (1987).
4.1.2 W Ori
Both PACS maps, displayed in Fig. 6, show a weak, spherically symmetric detached circumstellar shell. The dust emission peaks at ~ 92′′ from the central source, corresponding to a linear extent of 0.17 pc. Keeping in mind the large uncertainty of the distanceestimate, this value could be scaled up by a factor of almost 3. Just as for U Hya, the shell width in the images is essentially determined by the instrument PSF. We can thus only give an upper limit of 2100 AU for the thickness, however, this value could be higher as well, given the potentially larger distance. The 70 μm emission appears to be rather homogeneously distributed azimuthally in the detached shell, however, the low flux levels hamper the identification of potential clumpy structures, as they appear around U Hya. Moreover, the shell is contaminated by several background sources. The situation is even worse in the 160 μm band, where the shell is barely distinguishable from the diffuse galactic background emission and bright extragalactic sources significantly contribute to the flux measured within the circumstellar envelope. The latter considerably increases the uncertainty of the aperture photometry at that wavelength. The obtained values are given in Table 3.
Furthermore, we find the shell’s centre to be well-aligned with the stellar position within the margins of error. Considering the low space velocity of the star (11.8 km s−1, see Table 5), a substantial displacement of the shell due to ISM interaction is not expected.
Table 5

Summary of the space motion parameters for the two target stars, given in the heliocentric reference system (H) and corrected for solar motion in the local standard of rest (G).

4.2 MoDmodels
4.2.1 U Hya
As discussed in Sect. 3.1, we adopt an atmosphere model with Teff = 3000 K and a C/O of 1.05 as the central source. For the dust a mixture of 90% amorphous carbon and 10% SiC is used because the IRAS LRS spectrum (Volk & Cohen 1989) shows the corresponding emission feature at 11.2 μm. This practice is in agreement with previous works, for example, by Groenewegen (2012b). The condensation temperature is fixed at 1000 K, a reasonable value for both carbon and SiC. As can be seen in Fig. 7, the best-fit model SED is able to reproduce the photometric observations across all wavelengths. The modelled SiC spectral feature, however, is not as strong as in the LRS. Because a further increase of the emission in this feature would require an unreasonably high abundance of SiC in the dust mixture, it is probable that other factors such as molecular bands contribute to the observed shape. Also, a higher condensation temperature of SiC would result in a more prominent feature, but due to the limitation to a single dust opacity table, this cannot be accounted for in the MoD models.
The detached shell, which causes the FIR excess emission, has its inner boundary at a distance of 0.11 pc from the star and a width of 0.02 pc. Statistical errors on these values are small since the radial intensity profiles fit the respective data from PACS observations well. A comparison for the two PACS bands is shown in Fig. 8. We ought to keep in mind that the shell width is most likely not resolved in the observations and the shape of the profile is additionally broadened by deviations from symmetry. Hence, the derived value must be considered an upper limit. In any case, the dust temperature at the inner shell border is 51 K. Again, this value has a negligible internal errorbar (< 1 K), but adopting other grain properties (such as changing the provider of the optical constants) will yield different results (cf. Brunner et al. 2018). In Table 6, we give an overview of the most relevant model parameters, including their statistical errors, which are internally evaluated by MoD (see Groenewegen 2012a).
For the dust mass contained in the detached shell, we derive (2.2 ± 0.4) × 10−5 M⊙. We assume the MLR does not change within the corresponding time frame, that is, the density follows an r−2 distribution. If we adopt the wind velocity of 6.9 km s−1 measured in Olofsson et al. (1993), the shell width given above translates into a 2800 yr period of enhanced mass loss in the case of free expansion (i.e. no wind-wind or wind-ISM interaction). The average dust MLR is then (7.6 ± 1.4) × 10−9 M⊙ yr−1. It is, however, not very likely that expansion velocities remain constant during high mass loss events (Mattsson et al. 2007). Examples where kinematic information is available for both present-day mass loss and the expanding detached shell typically show larger velocities of the latter (e.g. Kerschbaum et al. 2017). In general, there is an apparent trend for increasing expansion velocity with higher mass-loss rates, as is, for example, shown in Bladh et al. (2019a). Thus, if we adopt a higher canonical expansion velocity of 15 km s−1, the time frame and MLR change accordingly to 1300 yr and (1.7 ± 0.3) × 10−8 M⊙ yr−1, respectively.In this free expansion scenario, the rough dynamical age for the shell turns out to be 7500 and 16 000 yr for wind velocities of 15 and 6.9 km s−1, respectively.The best-fit radial density distribution inside the detached shell is ∝ r−1.9, which is close to what is expected for a constant MLR. This indicates a quick drop of the MLR after the period of elevated mass loss. The minor deviation might even simply be caused by the arc-shaped emission inside the shell. Based on the density profile and wind velocity from the literature, a present-day MLR of 1.4 × 10−11 M⊙ yr−1 for the dust and 3.4 × 10−9 M⊙ yr−1 for the gas (adopting a canonical gas-to-dust ratio of 200) can be estimated as well. The gas/dust ratio might, however, be higher, as stationary wind models show (see Sect. 5.1).
	[image: thumbnail]	Fig. 3
PACS maps of U Hya at 70 μm (left) and 160 μm (right). The spatial resolution (FWHM) is 5′′.8 and 11′′.5, respectively.



	[image: thumbnail]	Fig. 4
Representation of U Hya 70 μm data in polar coordinates, centred on the star, with an azimuthally averaged radial profile (right). The radial average of the shell (bottom profile) was taken between 100′′ and 135′′ (dashed lines). Mean flux is given in Jy arcsec−2.



	[image: thumbnail]	Fig. 5
Stellar position of U Hya (derived from the 70 μm PACS map) is offset from the shell centre (indicated by the triangle) by roughly 5′′ with a position angle of ~110°. The dashed line represents the path of the space motion.



4.2.2 W Ori
For the central source, we select a COMARCS model with Teff = 2600 K and C∕O = 1.1. The slightly lower C/O (relative to the literature value) was taken because of its availability in the COMARCS grid. The small difference is not expected to critically influence our results, as the changes lie predominantly in spectral features in the near- and mid-IR. There is not much effect on the overall energy distribution, thus, it will not affect our primary goal of describing the cold dust in the envelope. There is an ISO SWS spectrum available for W Ori that, like in the case of U Hya, shows the presence of SiC around the star. We thus chose the same dust mixture as for U Hya. The overall SED, as well as a magnified view of the SiC feature, are given in Fig. 9. Because of the strong contamination by background sources, we exclude the 160 μm intensity profile from the fitting and only use information from the short wavelength band. The comparison of the best-fit model profile with the 70 μm PACS observations is shown in Fig. 10. Regarding the error estimate, the considerations in the previous section on U Hya also apply here.
We arrive at a best-fit model that gives a detached shell dust mass of (3.5 ± 0.3) × 10−6 M⊙ within a radial range of 0.03 pc, when adopting a distance of 377 pc (further model parameters are given in Table 6). At the inner boundary, the dust has a temperature of 47 K, which is very similar to the result obtained for U Hya. The larger distance from the star and its lower surface temperature compensate the effect of the higher luminosity that is derived for the central source. We again adopt 15 km s−1 as the expansion velocity in order to give an estimate on the formation timescales. In the case of a freely expanding wind, the high mass-loss episode would have ended roughly 11 000 yr ago, having lasted approximately 1600 yr. This would correspond to a dust MLR of (2.2 ± 0.3) × 10−9 M⊙ yr−1 if we assume a constant mass loss during that period. In comparison, we derive 6.4 × 10−11 M⊙ yr−1 for the present-day dust MLR when adopting an expansion velocity of 11 km s−1 (Schöier & Olofsson 2001). A drop in that value immediately after the high mass-loss event seems likely given the fact that the slope of the density distribution is close to a value of 2 (see Table 6) and shows no major deviations from that point.
While the MoD models reproduce the cold dust emission and the overall SED of W Ori rather well, a more detailed look at the spectral features reveals pronounced discrepancies. For example, the feature at 11.2 μm is barely present in the model, while it shows up strongly in the SWS data, as can be seen in Fig. 9. Adding more SiC in the present day mass loss would only marginally mitigate the difference. Furthermore, the C2 H2 absorption at 3 μm is much stronger in the model spectrum than it is in the observations. This feature is a good proxy for the effective surface temperature of the star which deepens with lower Teff (Paladini et al. 2011). Given the observational evidence, we thus replace the initial input model atmosphere with one with an increased Teff of 3100 K but with otherwise unchanged parameters and re-run the MoD fitting. As it turns out, this modification not only yields an adequate strength of the C2 H2 feature but also results in a much improved representation of the mid IR spectrum around the SiC emission. The latter can be nicely recognised when comparing the spectra in Figs. 9 and 17. With the adaptedmodel, the derived dust quantities are somewhat altered: the present-day dust MLR increases to 7.0 × 10−11 M⊙ yr−1 and the dust mass in the detached shell to 3.9 × 10−6 M⊙. The dust temperature at the inner boundary of the detached shell shifts to 48 K (cf. Table 6).
4.3 Stationary wind models
The stellar component in the wind model is again a hydrostatic atmosphere, where we now adopt a newly calculated COMARCS model with parameters tailored to U Hya. Its inherent self-consistent luminosity is sufficiently close to what is obtained in the MoD results: 5500 L⊙, compared to the previously fitted 5670 L⊙. Also the other stellar parameters, except for an elevated C/O, are representative of literature values of U Hya.
The grid variables in Table 4 determine two physical quantities of interest, namely the present-day dust MLR and the dust mass contained in the detached shell. The most fundamental of these parameters is the pdMLR, which determines (in combination with the initial outflow speed uini) the present-day dust MLRs for amC and SiC that are also listed in the table. The detached shell dust mass, on the other hand, depends on the density scale, Δρ, the shell width, Δrρ, its position, r, and also thedust pdMLR. In the following, we present the way the modelled observables, that is, the SED and intensity profiles, behave when those parameters are changed.
The present-day mass loss represents warm dust at a distance of several stellar radii. Thus a variation in the pdMLR is expected to primarily show an impact in the optical and near-to-mid-IR region of the SED. As can be seen in Fig. 11, this is indeed the case when a growing MLR increasingly suppresses the flux at shorter wavelengths. While the intensity of absorption by dust particles is moderate for intermediate mass-loss rates, the flux at short wavelengths plummets with more extreme values. In the latter cases (typically for total MLRs ≳ 10−5 M⊙ yr−1), a star would be basically undetectable in optical bands. Such heavy mass loss is found to occur only at the very end of AGB evolution, also known as the superwind phase (see e.g. Lagadec & Zijlstra 2008). Observations clearly suggest a rather low pdMLR for U Hya since the models with high MLRs show in Fig. 11 large deviations from the overall energy distribution defined by the photometric measurements.
The dust in the detached shell is located at several thousand stellar radii and is, thus, much cooler compared to the present day ML. According to Wien’s displacement law, a blackbody with a temperature of 50 K (the dust temperature derived for U Hya in the previous section) has its emission peak at ~ 60 μm. As expected, this is exactly where we see excess emission in our model spectra (bottom graph in Fig. 11). The intensity of this bump correlates well with the amount of dust we put in the detached shell. Again, it is apparent that the chosen parameter grid covers a wide range of possible configurations. It is obvious that only some of them agree with the photometric observations. Adding a detached shell to models with an already extreme present-day total MLR (≥ 10−5 M⊙ yr−1) results in an unreasonably high total amount of material in the detached shell. Thus, for the concerned MLRs, we only include the baseline models for illustrative purposes.
The radial flux distribution derived from the two Herschel/PACS maps allows us to further spatially constrain the origin of the FIR emission. In Fig. 12, we compare the observations with intensity profiles derived from our wind models. We convolve the raw model profiles with an azimuthal average of a synthetic point spread function of the respective PACS cameras. Nevertheless, owing to the complex nature of the PSF, one can only approximate the real situation. This primarily concerns the innermost regions (≲ 20′′), that is, the present-day mass loss. Moreover, outside the detached shell the models underestimate the observed intensity. First, this comes from the broadening of the observed profile caused by the slight asymmetries of the detached shell. Secondly, the models do not include the background emission that increases the basic flux level, which becomes particularly apparent in the outer regions of the long wavelength channel. Overall, however, the observations can be well reproduced by a narrow range of grid models in both the 70 and 160 μm bands.
We separately evaluate the goodness-of-fit of the individual models with respect to photometric filters and the intensity profiles in terms of [image: equation], where
[image: equation]
χ2 is defined in Eq. (1), n is the number of sample data points, and f is the number of free parameters. The photometric data are from the sample used with MoD (see Table 2) including the respective errorbars. For the data points of the PACS intensity profiles, we adopt a relative error of 5 and 10% for the short and long wavelength band, respectively. Going forward, we only consider data points up to a 140′′ radius, which is sufficient to include the whole detached shell. This discards the outer regions that are not properly accounted for by the models.
When comparing the synthetic photometric fluxes to the observational data, it becomes clear that models with a low present-day MLR are favoured. Figure 13 shows a χ2 analysis for the model grid. As is already evident from the model spectra in Fig. 11, winds with a total pdMLR in excess of 10−6 M⊙ yr−1 obviously fail to reproduce the optical and NIR fluxes regardless of the other grid properties. The best fits are obtained for a pdMLR of 3 × 10−8 M⊙ yr−1, where the detached shell density is typically enhanced by a factor of 1000, depending on the corresponding shell width. Also, models with a total pdMLR of 10−7 M⊙ yr−1 but a lower contrast in the detached shell of a few 100 fit the photometry well. In both cases, the dust mass contained in that shell is around 3 × 10−5 M⊙. Generally, while the dust mass in the detached shell is relatively consistent for the best fit models, there is a degeneracy in the parameters that constitute this quantity, meaning that shell width (which is, most likely, not resolved in the PACS maps) and density scale cannot be well-constrained. This is not surprising given that for a certain dust temperature that is well-confined by the shell peak position in the radial profiles, it is only the amount of dust that matters in an optically thin regime. The fact that the best results are obtained with models having the lowest pdMLR available in the grid raises the question of whether even lower values – or no present-day mass loss at all – would further improve the photometric fit. On the other hand, the [K−12] versus [J− K] colour-colour diagram, presented in Fig. 14, suggests the presence of a non-negligible amount of warm dust, corresponding to a total pdMLR in the range of (1−3) × 10−7 M⊙ yr−1; whereas in the [J−H] versus [H−K] diagram, none of the models can adequately represent the observations. This issue is discussed in the next section.
Compared to the photometric evaluation, the intensity distributions (Fig. 15) are not as sensitive to the pdMLR and do not strictly exclude higher values. The 70 μm band tends to favour a total pdMLR of 10−7 M⊙ yr−1 or 3 × 10−7 M⊙ yr−1. On the other hand, the dust mass in the detached shell is better constrained, suggesting 8 × 10−5 M⊙, typically with a density enhancement by a factor of 250. Here, the two PACS profiles are in good agreement.
	[image: thumbnail]	Fig. 6
PACS maps of W Ori at 70 μm (left) and 160 μm (right). The spatial resolution (FWHM) is 5′′.8 and 11′′.5, respectively.



	[image: thumbnail]	Fig. 7
Top: SED of the U Hya MoD model fit compared to the photometric data (for references, see Table 2) and part of an IRAS LRS spectrum was also taken into account. Bottom: comparison between the LRS (solid line) and the model spectrum around the SiC feature.



	[image: thumbnail]	Fig. 8
MoD model fit and azimuthally averaged radial profiles of the PACS observations of U Hya at 70 μm (top) and 160 μm (bottom).



Table 6

Best-fit model parameters obtained from MoD calculations, including statistical errors.

	[image: thumbnail]	Fig. 9
Top: SED of the W Ori MoD model fit compared to the photometric data (for references see Table 2) and an ISO SWS spectrum. Bottom: model (dashed) and observed spectrum showing the region of the SiC feature.



	[image: thumbnail]	Fig. 10
MoD model (solid line) and azimuthally averaged radial profile of the PACS observations of W Ori at 70 μm.



	[image: thumbnail]	Fig. 11
Model spectra based on combined stationary wind models for U Hya. The line colours indicate the total present day mass-loss rate (top) and the variation in total mass contained in the detached shell (bottom). Red symbols are photometricobservations with their respective error bars.



	[image: thumbnail]	Fig. 12
Radial brightness profiles calculated from the stationary wind models at 70 (top) and 160 μm (bottom). The colours reflect the goodness of the fit to the respective observed PACS brightness distribution (black open circles).



	[image: thumbnail]	Fig. 13
[image: equation]
values of the stationary wind model grid, evaluated based on photometry.



	[image: thumbnail]	Fig. 14
Colour–colour diagrams of U Hya derived from the stationary wind models. The coloured triangles represent the individual models with their respective present day total mass-loss rates (in M⊙ yr−1). The uprighttriangles are models with high, the downward facing ones with low initial outflow velocity (see text). Blue dots with errorbars indicate observed values from the literature (see Table 2).



	[image: thumbnail]	Fig. 15
[image: equation]
values of the stationary wind model grid, based on the 70 μm radial profiles. Data for the 160 μm profile are very similar.



5 Discussion
The spatially well resolved image data prove to be a valuable additional constraint regarding the dust density distribution for the 1D models. Our mass estimates obtained from the two modelling approaches yield consistent figures and are generally in line with other studies. Some aspects of the spectral results, however, reveal some discrepancies between our models, observations, and literature.
5.1 U Hya
5.1.1 Geometry
Based on our PACS maps, we measure the location of the shell peak emission at a radial distance of 114′′ or 0.12 pc. Under the assumption that the extensive instrument point spread functions most likely determine the observed width of the structure, the approximate position we find for the inner boundary of the detached shell is in agreement with the results from Izumiura et al. (2011). These authors derive a range of 101′′–107′′ by fitting radial intensity profiles to AKARI imaging data. For the shell width, they give 16′′–23′′. With the better-resolved Herschel data we are not able to significantly further narrow down these values when analysing the PACS maps.
The results from the MoD models are compatible with a detached shell width within this range, but a narrower shell can reproduce the observed data as well. Similarly, the grid of stationary wind models shows no clear preference regarding the shell width parameter and even the lowest grid values (~ 13′′ or 0.013 pc) yield results that agree with the observations. Thus, an even (geometrically) thinner structure cannot be excluded by either the MoD nor the wind models and the best-fit values have to be considered an upper limit at best. Partial responsibility for this rather high limit (compared to the PSF FWHM) comes from the slight asymmetries and inhomogeneities (Fig. 4) of the shell as these properties broaden the shell feature in the radial profiles and, therefore, hamper efforts to obtain a better constraint on the width. The realistic possibility of a much more spatially confined detached shell is supported by highly resolved sub-mm interferometric maps of similar objects. In the case of R Scl (Maercker et al. 2016), and particularly U Ant (Kerschbaum et al. 2017), the structures detected in CO line emission appear to be only a few arcseconds thin. However, the dust does not necessarily need to be exactly aligned with the gas component and could show a more diluted distribution.
The probable formation mechanism behind the detached shell is the interaction of a faster, denser wind – which develops as a consequence of a thermal pulse – with the preceding outflow. This is supported by the detection of 99Tc in the star, indicating a recent thermal pulse event, in whose aftermath this relatively short-lived element is brought to the stellar surface.
The alternative ISM interaction scenario is less likely, as already discussed by Izumiura et al. (2011), mainly owing to the low interstellar densities and the overly compact size of the shell. In its current evolutionary state, ISM influence is not expected to be chiefly responsible for the observed density enhancements around U Hya (Villaver et al. 2002). There is, however, morphological evidence of some interaction of the stellar wind with the surrounding medium. For one, the star is displaced from the shell center in good alignment with the direction of its space motion (see Sect. 4.1.1). Moreover, at a very similar position angle, the detached shell is slightly oblate. This deviation from spherical symmetry as well as the overall detached shell structure is also traced in optical scattered light observations by Izumiura et al. (2007) and in the image catalogue of the PANSTARRS project (Fig. 16, Chambers et al. 2016). At even shorter wavelengths, Sanchez et al. (2015) recently found far-UV emission in GALEX data, co-located with the thermal dust emission. The FUV radiation preferentially originates from the region where the ISM headwind is expected to most intensely interact with the detached shell and, thus, they argue that shocks at the wind/ISM interface are the most probable cause.
To our knowledge, U Hya remains a singular case in the way it shows such consistent evidence of the potential influence of space motion on the geometry of detached shells, at least within the small known sample of this class of targets. Whereas, for TT Cyg, Olofsson et al. (2000) also find a displacement between the shell centre and the star, the offset is not aligned with the stellar space motion and, hence, is more likely caused by a binary companion. Moreover, for some objects such as S Sct, there are indications in FIR data (Mečina et al. 2014a) for some minuscule effects of space motion, but only on the very extended and diffuse structure outside the main shell. Besides the group of detached shell targets, there are, of course, several AGB stars in the MESS sample alone that show blatant signs of wind-ISM interaction as they plough through the surrounding matter at high speeds (see, e.g. the “fermata” class in Cox et al. 2012). Furthermore, Randall et al. (2020) recently observed a spiral structure around the O-rich AGB star GX Mon, where there seem to be indications of potential deformation due to the space motion of the source.
5.1.2 Mass loss
Results based on our stationary wind models suggest a current gas MLR between 3 × 10−8 and 3 × 10−7 M⊙ yr−1, depending on whether we are considering the SED or the intensity profile. As the SED is more sensitive to the pdMLR (Figs. 13 and 15), the lower values that are suggested by the photometric fit are more likely.
We also create synthetic colour–colour diagrams for U Hya from the stationary wind results (Fig. 14) as an additional constraint for the models. For example [K − [12]] vs. [J− K], which is particularly sensitive for the warm dust and thus the present day mass loss. Here, the observational data is in agreement with the models with a total pdMLR of (1−3) × 10−7 M⊙ yr−1. Within thatset of models, the ones with lower initial gas outflow speeds are favoured. Moreover, it can clearly be seen that the detached shell mass has effectively no influence at near to mid IR wavelenghts, as the respective model sets virtually show no scatter. Our MLR range is in agreement with Olofsson et al. (1993), who observed unresolved molecular line emission around the star and derive a corresponding present-day mass-loss rate of 1.2 × 10−7 M⊙ yr−1 with an outflow velocity of 6.9 km s−1.
For the present-day gas MLRs, our wind models show a gas-to-dust ratio on the order of 103 after dust growth has effectively stopped, which typically occurs around 1014 cm for the low MLR models (see Fig. 1). Corresponding to the best-fit range given above this translates to dust pdMLRs between 1.8 × 10−12 and 4.3 × 10−10 M⊙ yr−1 (see Table 4). With MoD, we derive similar values: 1.4 × 10−11 M⊙ yr−1 adopting DHS grain geometry, and 3 × 10−11 M⊙ yr−1 when instead using solid spheres of the same size. For smaller grain radii, the MLR would further increase to ~ 5 × 10−11 M⊙ yr−1. With the DHS properties used in this paper, the typical mass difference to solid spheres is, hence, about a factor of between 2–3, as was also found by Brunner et al. (2018), who used comparable grain geometries in their study. Similarly, we obtain a smaller dust mass of the detached shell of 2.2 × 10−5 M⊙ from the MoD best fit (using DHS), compared to the values derived from the stationary wind models. In that case, 3 × 10−5 M⊙ and 8 × 10−5 M⊙ are obtained when evaluating for the SED or radial intensity profiles, respectively. Considering that the MoD figure takes into account both SED and radial profiles, a compromise between the latter two wind model values would be in line with what is to be expected from the different grain geometry. All of these numbers are, however, still a bit below the (0.9−1.4) × 10−4 M⊙ that was found by Izumiura et al. (2011) from intensity profile modelling based on AKARI data for a distance of 162 pc.
Concerning the observed colours one has to keep in mind that they are obtained from photometry which was taken at different epochs and thus there is a spread in the data points (mostly due to variations in the J-band), extending the parameter range of consistent models. Nevertheless, such a plot demonstrates how strong the reddening increases beyond 3 × 10−7 M⊙ yr−1 and clearly excludes values higher than that. This is in line with the findings from the photometric fit (Figs. 11 and 13). By comparison, in [J−H] vs. [H−K] models are not able to reproduce the observed colours equally well. While for the [J− H] colour models with gas pdMLRs up to 10−6 M⊙ yr−1 lie in the observed range, there appears to be a systematic offset between models and observations in the [H−K] colour. This is mainly due to incomplete C2 opacity in the COMARCS models. Better opacity data from the ExoMol project (Yurchenko et al. 2018) will improve the situation and move the models into the region of the measured data.
Finally, we would like to comment on the adopted C/O ratio. The high C/O of 2 (instead of 1.04, as suggested by observations in Table 1) is used in the stationary wind models for practical reasons. It is a necessary condition in order to get a substantial matter outflow. Moreover, dynamical models also show that intense dust-driven winds only arise for higher C/O values (Eriksson et al. 2014; Bladh et al. 2019a). In addition, with a C/O of 1.04, a very high gas MLR would be needed (~ 25-fold) to have enoughfree carbon available to form the observed amounts of amC dust. Also from an observational perspective, there are indications that adopting a high C/O ratio is justified, as we briefly discuss at the end of Sect. 5.2. A high value of 2.38 is found by Rau et al. (2017) for U Hya as well. The impact of the assumed C/O on the result of the MoD fits remains small since in the range around 3000 K, it has no strong effect on the overall energy distribution of the central sources.
	[image: thumbnail]	Fig. 16
PANSTARRS scattered light image (r filter) of U Hya.



	[image: thumbnail]	Fig. 17
SWS(solid line) and MoD model spectrum around the 11.2 μm SiC feature. A stellar atmosphere model with Teff = 3100 K is adopted.



5.2 W Ori
Contrary to U Hya, there was no previous observational evidence for extended circumstellar structures around W Ori. Based on unresolved CO line observations, Schöier & Olofsson (2001) derive a present day mass-loss rate of 7 × 10−8 M⊙ yr−1 (for a distance of 220 pc) and an expansion velocity of 11.0 km s−1. Although the atmospheric C/O ratio of 1.16 found by Lambert et al. (1986) might point to a rather evolved state of the object and thus to potentially considerable amounts of matter already being expelled by the stellar wind, only Herschel/PACS observationsreveal a very thin, spherically symmetric detached shell that points to a past episode of elevated mass loss. We don’t detectany apparent signs of interaction of the stellar wind with the surrounding ISM. Given the low space velocity (Table 5), also compared to U Hya, this is not surprising. We derive a dust mass of (3.5 ± 0.3) × 10−6 M⊙ contained inthe detached shell, which is about an order of magnitude lower than what we obtain for U Hya. Also the density contrast between the detached shell and the present day mass loss is lower by a similar factor. However, in view of the potentially underestimated distance (see Gaia measurements) we stress that the derived mass might be too low. Likewise, the shell’s spatial extent and estimated formation timescale would be affected. In any case, the low densities are a possible explanation for the lack of detected molecular line emission. At such large distances from the star, CO molecules are expected to be effectively dissociated by energetic photons from the interstellar radiation field (see e.g. Saberi et al. 2019). We could, in principle, look for the products of this reaction, for example, CI, to trace the gas component, as was shown by Olofsson et al. (2015) for the case of R Scl. However, for the targets presented in this paper, given their angular size and weak flux, this is impractical regarding the required observation time at facilities, such as ALMA, that would provide the necessary spatial resolution.
The ISO SWS spectrum shows a deep absorption feature around 5 μm that is ascribed to C3 and is also not fully reflected in the COMARCS model atmospheres. It has been suggested that the feature depth must correlate with a particularly high C/O ratio (~2, Gautschy-Loidl et al. 2004; Aringer et al. 2019). This is much higher than what is found by Lambert et al. (1986) and used for the input radiation source in our model. More interestingly, all known detached shell objects – all of them carbon stars – for which spectral data of that region are available share this pronounced dip in the spectrum and are thus assumed to share a similarly high C/O ratio. In this view, also the C/O value of 1.04 obtained for U Hya, for which no SWS data are available, seems rather low. As we mention in Sect. 5.1.2 it will be very difficult to explain the observed amount of dust and almost impossible to obtain a dust-driven wind if C/O remains too close to one (<1.1–1.2). Nevertheless, Abia et al. (2015) also list very low values for U Hya (1.05) and W Ori (1.07). This difference between results based on some high-resolution measurements and the requirement to get a strong C3 feature and a considerable amount of dust requires some further investigation. Such a study must include a consistent treatment of complete molecular opacities in the model construction and spectrum synthesis as well as possible dynamical and non-equilibrium effects (see Aringer et al. 2019).
6 Conclusion
We present FIR Herschel/PACS observations of the two carbon stars U Hya and W Ori. Around both targets, we detect thermal dust emission originating from geometrically thin, spherically symmetric shells. While the data for U Hya confirm the results from previous IR space missions and refine the morphological picture, the extended structure surrounding W Ori was first detected within the MESS programme, further increasing the number of objects known to host a detached shell. We argue that those shells formed during a short period of enhanced mass loss following a recent thermal pulse, which was potentially supported by wind-wind interaction with a slower outflow.
For both sources, we calculate radiative transfer models of the circumstellar dust envelope adopting a parametrised density distribution.The derived values for the dust mass, temperature, and spatial scales are in line with what is commonly found for other examples of the detached shell sample. The spatial constraints provided by the PACS maps critically help to determine the shell densityprofiles and, thus, the recent mass-loss history of the respective objects. In the present cases, our models suggest a rather abrupt decrease in MLR after the high mass-loss phase, as has been predicted by stellar evolution models. Since the detached shells around U Hya and W Ori have, so far, not been detected in line emission, no kinematic information is available and we can only speculate about the involved timescales. Yet, given the quite narrow range of expansion velocities found for AGB outflows, adopting canonical values at least allows for reasonable estimates.
In addition to the parametrised radiative transfer, we are also able to reproduce the observational data of U Hya by means of stationary wind models. They provide a more complete description of the circumstellar structure and allow us, for example, to get an estimate of the gas component in the shell as well. Concerning the derived dust budget, the two model approaches yield similar results.
In view of the results presented in this paper, it is clear that the spatially resolved data of thermal dust emission are a critical constraint when modelling the extended matter distribution around stars. Moreover, when looking at the presently known sample of detached shell objects, for the spatially more extended (i.e. dynamically, most likely older structures) FIR to sub-mm continuum observations are the preferred method of detection in considering the photodissociation of CO at large radii.
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Dust-density profiles of the baseline stationary wind models with varying MLRs. Blue and orange indicate low (0.5 km s−1) and high (1.5 km s−1) initial outflow velocity, respectively. The dotted line is a model with detached shell, where the density is scaled by a factor of 500.
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Comparison of the gas and amC dust-density distribution for a model with a total MLR of 10−7 M⊙ yr−1 and the detached shell density enhanced 500-fold.
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PACS maps of U Hya at 70 μm (left) and 160 μm (right). The spatial resolution (FWHM) is 5′′.8 and 11′′.5, respectively.
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Representation of U Hya 70 μm data in polar coordinates, centred on the star, with an azimuthally averaged radial profile (right). The radial average of the shell (bottom profile) was taken between 100′′ and 135′′ (dashed lines). Mean flux is given in Jy arcsec−2.
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Stellar position of U Hya (derived from the 70 μm PACS map) is offset from the shell centre (indicated by the triangle) by roughly 5′′ with a position angle of ~110°. The dashed line represents the path of the space motion.
In the text
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PACS maps of W Ori at 70 μm (left) and 160 μm (right). The spatial resolution (FWHM) is 5′′.8 and 11′′.5, respectively.
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Top: SED of the U Hya MoD model fit compared to the photometric data (for references, see Table 2) and part of an IRAS LRS spectrum was also taken into account. Bottom: comparison between the LRS (solid line) and the model spectrum around the SiC feature.
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MoD model fit and azimuthally averaged radial profiles of the PACS observations of U Hya at 70 μm (top) and 160 μm (bottom).
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Top: SED of the W Ori MoD model fit compared to the photometric data (for references see Table 2) and an ISO SWS spectrum. Bottom: model (dashed) and observed spectrum showing the region of the SiC feature.
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MoD model (solid line) and azimuthally averaged radial profile of the PACS observations of W Ori at 70 μm.
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Model spectra based on combined stationary wind models for U Hya. The line colours indicate the total present day mass-loss rate (top) and the variation in total mass contained in the detached shell (bottom). Red symbols are photometricobservations with their respective error bars.
In the text
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Radial brightness profiles calculated from the stationary wind models at 70 (top) and 160 μm (bottom). The colours reflect the goodness of the fit to the respective observed PACS brightness distribution (black open circles).
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[image: equation]
values of the stationary wind model grid, evaluated based on photometry.
In the text
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Colour–colour diagrams of U Hya derived from the stationary wind models. The coloured triangles represent the individual models with their respective present day total mass-loss rates (in M⊙ yr−1). The uprighttriangles are models with high, the downward facing ones with low initial outflow velocity (see text). Blue dots with errorbars indicate observed values from the literature (see Table 2).
In the text
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[image: equation]
values of the stationary wind model grid, based on the 70 μm radial profiles. Data for the 160 μm profile are very similar.
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PANSTARRS scattered light image (r filter) of U Hya.
In the text



	[image: thumbnail]	Fig. 17
SWS(solid line) and MoD model spectrum around the 11.2 μm SiC feature. A stellar atmosphere model with Teff = 3100 K is adopted.
In the text





    Table 5 

Summary of the space motion parameters for the two target stars, given in the heliocentric reference system (H) and corrected for solar motion in the local standard of rest (G).



	
	μ [mas yr−1 ]
	PA
	vr [km s−1]
	vs [km s−1]
	θ





	U Hya



	H
	56.8
	132°
	–25.8
	61.8 ± 2.5
	− 25°



	G
	63.9
	118°
	–33.3
	71.4 ± 2.5
	− 28°



	




	W Ori



	H
	7.6
	101°
	16.5
	21.4 ± 2.8
	50°



	G
	6.5
	55°
	2.6
	11.8 ± 3.1
	13°






Notes. μ and PA give the absolute value and position angle of the proper motion vector, respectively. vr is the radialvelocity of the target. The derived space motion vector is defined by its absolute velocity vs and its inclination with respect to the plane of sky θ (negative values indicate movement towards the observer). The space motion is calculated based on proper motion and vr data from van Leeuwen (2007).





  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
PACS maps of U Hya at 70 μm (left) and 160 μm (right). The spatial resolution (FWHM) is 5′′.8 and 11′′.5, respectively.


    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Stellar position of U Hya (derived from the 70 μm PACS map) is offset from the shell centre (indicated by the triangle) by roughly 5′′ with a position angle of ~110°. The dashed line represents the path of the space motion.


    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Top: SED of the U Hya MoD model fit compared to the photometric data (for references, see Table 2) and part of an IRAS LRS spectrum was also taken into account. Bottom: comparison between the LRS (solid line) and the model spectrum around the SiC feature.


    

  
    Table 6 

Best-fit model parameters obtained from MoD calculations, including statistical errors.



		L [L⊙ ]
	τ0.55μm
	Td [K ]
	p1
	y1 [pc]
	δy [pc]
	s1
	p2
	Md [M⊙]





	U Hya
	5670 ± 50
	0.09 ± 0.001
	51
	1.9 ± 0.007
	0.11 ± 0.001
	0.02 ± 0.001
	230 ± 12
	2.0
	(2.2 ± 0.4) × 10−5



	W Ori
	9500 ± 180
	0.28 ± 0.003
	47
	2.05 ± 0.003
	0.17 ± 0.007
	0.03 ± 0.004
	15 ± 1
	2.0
	(3.5 ± 0.3) × 10−6






Notes. L is the luminosity of the central star, τ is the optical depth of the entire dust envelope at 0.55 μm and y1 and δy are the radius and width of the detached shell, given in pc. The condensation temperature Tc was kept fixed at 1000 K. Td is the dust temperature at distance y1 and Md is the dust mass in the detached shell with thickness δy. p1 and p2 are the slope of the density power law for the inner part of the shell and the detached shell, respectively. s1 is the density contrast of the detached shell. The provided formal errors are the variation of the parameters which would yield a χ2 = 1, including allobservational constraints.





  
    
      Fig. 10 
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MoD model (solid line) and azimuthally averaged radial profile of the PACS observations of W Ori at 70 μm.


    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
Model spectra based on combined stationary wind models for U Hya. The line colours indicate the total present day mass-loss rate (top) and the variation in total mass contained in the detached shell (bottom). Red symbols are photometricobservations with their respective error bars.


    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
Radial brightness profiles calculated from the stationary wind models at 70 (top) and 160 μm (bottom). The colours reflect the goodness of the fit to the respective observed PACS brightness distribution (black open circles).


    

  
    
      Fig. 13 
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[image: equation]
values of the stationary wind model grid, evaluated based on photometry.


    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
Colour–colour diagrams of U Hya derived from the stationary wind models. The coloured triangles represent the individual models with their respective present day total mass-loss rates (in M⊙ yr−1). The uprighttriangles are models with high, the downward facing ones with low initial outflow velocity (see text). Blue dots with errorbars indicate observed values from the literature (see Table 2).


    

  
    
      Fig. 15 
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[image: equation]
values of the stationary wind model grid, based on the 70 μm radial profiles. Data for the 160 μm profile are very similar.


    

  
    
      Fig. 16 
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PANSTARRS scattered light image (r filter) of U Hya.
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