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Abstract

Context. The presence of stable, compact circumbinary discs of gas and dust around post-asymptotic giant branch (post-AGB) binary systems has been well established. We focus on one such system, IRAS 08544−4431.

Aims. We present an interferometric multi-wavelength analysis of the circumstellar environment of IRAS 08544−4431. The aim is to constrain different contributions to the total flux in the H-, K-, L-, and N-bands in the radial direction.

Methods. The data obtained with the three current instruments on the Very Large Telescope Interferometer (VLTI), VLTI/PIONIER, VLTI/GRAVITY, and VLTI/MATISSE, range from the near-infrared, where the post-AGB star dominates, to the mid-infrared, where the disc dominates. We fitted the following two geometric models to the visibility data to reproduce the circumbinary disc: a ring with a Gaussian width and a flat disc model with a temperature gradient. The flux contributions from the disc, the primary star (modelled as a point source), and an over-resolved component were recovered along with the radial size of the emission, the temperature of the disc as a function of radius, and the spectral dependencies of the different components.

Results. The trends of all visibility data were well reproduced with the geometric models. The near-infrared data were best fitted with a Gaussian ring model, while the mid-infrared data favoured a temperature gradient model. This implies that a vertical structure is present at the disc inner rim, which we attribute to a rounded puffed-up inner rim. The N-to-K size ratio is 2.8, referring to a continuous flat source, analogues to young stellar objects.

Conclusions. By combining optical interferometric instruments operating at different wavelengths, we can resolve the complex structure of circumstellar discs and study the wavelength-dependent opacity profile. A detailed radial, vertical, and azimuthal structural analysis awaits a radiative transfer treatment in 3D to capture all non-radial complexity.
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⋆ Based on observations collected at the European Southern Observatory under ESO programmes 094.D-0865, 0102.D-0760, 60.A-9275, and 0104.D-0739.



1. Introduction
Circumstellar discs have been found at different evolutionary stages of stars. Here we focus on circumbinary discs around evolved post-asymptotic giant branch (post-AGB) binary systems. The presence of these discs has been well established (e.g. van Winckel 2003, 2017). Observational evidence of such discs is a flux excess starting at near-infrared (near-IR) wavelengths seen in the spectral energy distributions (SEDs) of these targets, indicating that circumstellar dust must extend from the dust sublimation radius outwards.
The velocity field of some objects has been spatially resolved at millimetre wavelengths in CO, using the Atacama Large Millimeter/submillimeter Array (ALMA) and Plateau de Bure Interferometers (Bujarrabal et al. 2013a, 2015, 2017; Bujarrabal et al. 2018), showing that the discs are in Keplerian rotation. Other indicators of longevity come from observations of strong dust grain processing in the form of a high degree of crystallinity (Gielen et al. 2011), the presence of large grains (e.g. Gielen et al. 2011), and single-dish CO-line observations that confirm that rotation is widespread (Bujarrabal et al. 2013b).
The apparent size of the disc is compact. Optical interferometric techniques are, thus, needed to probe the compact infrared emission from the inner regions of such discs. In this contribution we present our interferometric multi-wavelength approach for one specific post-AGB binary system: IRAS 08544−4431 (hereafter IRAS 08544), located at an approximate distance of 1.53 ± 0.12 kpc (Bailer-Jones et al. 2021). This system has been studied in Hillen et al. (2016), in which a successful interferometric imaging experiment is presented with data obtained with PIONIER (H-band) and in Kluska et al. (2018), in which a radiative transfer approach was used to explain the inner rim emission in the PIONIER data. These studies show that the inner rim of the disc is well resolved. The components that contribute to the H-band flux are the central star, the accretion disc around the companion, the circumbinary disc, and an over-resolved component of unknown origin.
While in the H-band, the hot, optically thick disc inner rim is probed, the mid-IR emission comes from a more extended region. We investigate the contributions of the different components at different wavelengths by using a combination of interferometric data in four bands taken with all the current instruments on the Very Large Telescope Interferometer (VLTI). We focus on analysing the visibility data of IRAS 08544 by combining, for the first time, data from PIONIER, GRAVITY, and MATISSE to study the circumbinary disc in the radial direction with geometric models. The goal is to physically understand the flux contributions from the different components from the near-IR to the mid-IR where the SED shifts from a star-dominated to a disc-dominated regime.
In this Letter, we present our multi-wavelength interferometric study of a disc around an evolved system using all current instruments on the VLTI. In Sect. 2 we present the data. In Sect. 3 we discuss the geometric models used for interpreting these data and we analyse the results in Sect. 4. We discuss our findings in Sect. 5 and conclude in Sect. 6.
2. Observations
Interferometric observations were obtained with the following three current four-telescope beam combiner instruments on ESO’s VLTI at Mount Paranal in Chile: PIONIER (Le Bouquin et al. 2011), GRAVITY (GRAVITY Collaboration 2017), and MATISSE (Lopez et al. 2014). The instruments provide six simultaneous baselines and three independent closure phases per measurement. In the following we describe the obtained data per instrument.
2.1. PIONIER
PIONIER is operating in the H-band (wavelengths between 1.5 μm and 1.85 μm). The data were taken on the nights of 2015 January 21, 2015 January 24, and 2015 February 23 (prog. ID: 094.D-0865, PI: Hillen), using the three configurations on the 1.8 m Auxiliary Telescopes (ATs). The data set consists of 828 squared visibility data points. For a log of the observations, readers can refer to Hillen et al. (2016).
2.2. GRAVITY
GRAVITY is operating in the K-band (wavelengths between 2.0 and 2.4 μm). Observations were taken on the nights of 2018 November 26, 2018 December 23, and 2019 January 15 (prog. ID: 0102.D-0760, PI: Bollen), with the three configurations of the ATs at high resolution (R ∼ 4000) in single field mode. The data were reduced and calibrated with the GRAVITY pipeline version 1.1.2, resulting in 83 372 squared visibility data points. Table A.1 summarises the log of the observations.
2.3. MATISSE
MATISSE has been available to the community since 2019, starting with a science verification (SV) phase. MATISSE operates in the L (2.9−4.2 μm), M (4.5−5.0 μm), and N-bands (8−13 μm). During the SV phase and ESO’s P104, M-band observations were not yet offered. The data sets of MATISSE consists of data taken with the three configurations of the ATs on the nights of 2019 April 29, 2019 May 01, 2019 May 02, 2019 May 04, 2019 May 09, and 2019 May 11 (prog. ID 60.A-9275, PI: Kluska) during the SV phase of MATISSE and on 2020 January 21 and 2020 March 01 (prog. ID 0104.D-0739, PI: Kluska). The log of the observations are displayed in Table A.2. All observations were performed in hybrid mode at low resolution.
The data were reduced and calibrated with the MATISSE data reduction pipeline version 1.5.5 and 1.5.8 for the SV phase data and the P104 data, respectively. We only took data into account for which the data reduction and calibration could be done successfully and for which no observational problems occurred.
The data on the wavelength edges of both bands could not be used in further analysis since these data showed unstable behaviour. The final data set consists of 3432 and 3762 visibility data points for the L- and N-band, respectively. The data of the N-band were reduced in correlated flux mode of the MATISSE data reduction pipeline. We note that N-band photometry was not taken for all nights during the SV, meaning that the coherent flux measurements could not be normalised and therefore visibilities could not be determined. The reduced and partially calibrated correlated flux data from the Beam Commuting Device were merged and subsequently multiplied by the theoretical blackbody intensity of the calibrator (see Table A.3).
Figure C.1 shows an overview of the visibility data and the uv-coverages of the accepted data of each band. The visibility data show a strong chromatic effect in the near-IR, while this is not seen at mid-IR wavelengths, where the stellar contribution has significantly decreased. The mid-IR data show bumps, reminiscent of Bessel functions.
3. Geometric models
In order to fit the visibility data with geometric models, the wavelength-dependent integrated flux contribution of each component needs to be recovered. The considered components are a single star, an inclined disc, and an over-resolved emission. To keep our models simple, we did not include the contribution of the accretion disc around the secondary in the modelling, despite the target being a confirmed binary (Maas et al. 2003), meaning that the central luminous source is not in the centre, but it revolves around the centre of mass. The contribution of the accretion disc around the secondary is only 3.9% in the H-band (Hillen et al. 2016; Kluska et al. 2018). Another simplification is that the disc geometry is assumed to be azimuthally symmetric, while significant azimuthal variations were found in the PIONIER data by Hillen et al. (2016) and Kluska et al. (2018).
The flux fractions of the three components, [image: equation], are defined at the central wavelength λ0 of each band such that [image: equation](λ = λ0) = 1. The flux of the primary is described by the photospheric flux of the SED of IRAS 08544 (Kluska et al. 2018) normalised to unity at the central wavelengths of the bands. The over-resolved component is the flux outside of the modelled disc and the stellar flux. This background flux is modelled by the following:
[image: thumbnail](1)
where [image: equation] is the index of the background emission.
The circumbinary disc was modelled using the following two geometric models: Gaussian ring models and optically thick flat disc models, as mathematically described by Kluska et al. (2019) and Menu et al. (2015), respectively. These models were successfully applied to modelling interferometric data of circumbinary discs around post-AGB binaries in the near-IR by, for example, Hillen et al. (2016), Kluska et al. (2019), and by Hillen et al. (2017) in the mid-IR. We applied both geometric models in an attempt to fit the visibility data for all bands. The position angle of the major axis of the disc, measured north to east, and the inclination were not fitted to keep the model simple. Those values were taken from the best fits of Hillen et al. (2016) and assumed to be 6° and 19°, respectively.
The Gaussian ring model establishes the size of the emission, θ, which has a certain Gaussian width, w, and a single ring temperature, Tring. In the flat disc model, the disc is divided into several rings. There is an inner cavity, a sharp inner rim at a radius Rin, and a brightness distribution determined by the temperature structure parameterised with the radius. The disc surface emits blackbody radiation such that the intensity distribution is given by
[image: thumbnail](2)
and zero elsewhere. Here Tin is the temperature of the inner rim, Rout is the outer radius of the disc, and q is the exponent of the temperature profile. We set Rout to 130 mas (200 au), but the result is independent of the exact value.
In classical, flaring, protoplanetary disc models, the temperature profile is T ∝ r−1/2, while the steepest profile is expected for passively irradiated discs in the geometrically thin limit and corresponds to T ∝ r−3/4 (Kenyon & Hartmann 1987). The value of q, however, also depends on the optical depth, which is assumed to be constant here; q cannot be directly attributed to the true temperature gradient in the disc, but it acts to distribute the flux over radial annuli (see e.g. Menu et al. 2015).
The visibility drop at short baselines determines the inner rim radius and therefore the size, and it is important that the models reproduce it. We, therefore, required the model to fit the short baselines in all bands. The shortest piece of baseline data is underrepresented in the H-, K-, and L-bands. In order to fit those data points, more weight was given to some short baseline data points by increasing the weight of those points by a factor of 9 for the H-band (B <  8 Mλ) and K-band (B <  5.5 Mλ), and by a factor of 25 for the L-band (B <  3.5 Mλ) in both models. The effect of this is shown in Fig. C.2 for the Gaussian ring models. The N-band data had the same problem when fitting the short baseline data in the Gaussian ring model such that the weight of the shortest baselines (B <  2.5 Mλ) was increased by a factor of 9, while the flat disc model could fit the shortest baselines without such a modification.
The data were first fitted using a Levenberg-Marquardt fitting routine (see Table B.1 for the accepted ranges of the fitting parameters). The best-fit values were subsequently used as a starting point for a Markov chain Monte Carlo (MCMC) minimisation routine to determine the uncertainties on the parameters, except for the values of Tin for the L- and N-bands, for which we assumed a starting point of 1500 K. The reported values are the MCMC results from the Python package LMFIT and are given with respect to the central wavelength of the band. For the H-, K-, and L-band, six free parameters were fitted for the Gaussian ring model: θ, w, and Tring for the disc along with fstar0, fback0, and dbg for the other flux contributions. For the flat disc model, the latter three parameters were fitted along with Tsub, q, and Rin for the disc. Since the N-band data were reduced in correlated flux mode, the total flux at zeroth baseline, Ftot, was also fitted for these data instead of fback0 and dbg as these data are not sensitive to the over-resolved emission. Since both models had the same number of degrees of freedom, the best-fitting model of each band was determined from the reduced χ2. This quantity was also used to assess the quality of the fits.
4. Results
The best-fit values of the two geometric models that reproduce the visibility data of each band are listed in Table 1. Figure 1 shows the visibility data compared to the corresponding best-fit synthetic visibilities and the corresponding model images of the disc. Figure C.3 shows the radial cuts of these best-fit model images. From the [image: equation], it can be perceived that the best-fitting model to the visibility data is the Gaussian ring model for the H- and K-band and the flat disc model for the L- and N-band.
Table 1. 
Best-fit parameters of the geometric models.

	[image: thumbnail]	Fig. 1. Top: visibility data of (from left to right) the H-, K-, L-, and N-band in blue and the best fitting geometric model in orange. The correlated flux measurements in the N-band are given in units of Jansky. Bottom: images of the circumbinary disc from the best fitting geometric model for each band normalised to the total flux of each individual image.



The stellar contribution is well-constrained as both geometric models predict similar contributions. The stellar contribution to the total flux budget decreases from 62.3% in the near-IR to 2.9% in the mid-IR.
The amount of background flux needed to reproduce the visibilities strongly depended on the model and varied between 10−20%. We note that the different bands probe a different field-of-view such that the amount of background flux captured may vary from band to band: ∼250 mas in H, ∼330 mas in K, ∼530 mas in L, and ∼1600 mas in N.
It is important to note that dbg could not be constrained for the Gaussian ring model in L (as revealed by the large uncertainty on this parameter in Table 1), since the V2 predicted by the model are too low in the longer baselines (B >  25 Mλ) (see Fig. C.2). The Gaussian ring model predicts a higher background flux ratio compared to the flat disc model because of the geometry of the model. The contribution of the background flux in the flat disc model is found to be rather constant over the wavelength range of the H-, K-, and L-bands.
From the images of the best-fitting models, it is clear that the emission extends farther with increasing wavelength, thus probing a continuous (not necessarily uniform) disc rather than a shell followed by some rings of gas and dust. We can compare the apparent sizes at each band using the half-light-radius (hlr), as shown in Fig. 2. The hlr increases with ∼24% from 1.65 μm to 3.5 μm and with ∼129% between the L- and N-band.
	[image: thumbnail]	Fig. 2. Half-light-radii of the radial emission as a function of wavelength. The half-light radii were calculated at the central wavelengths of each band for the best-fitting model of each band.



5. Discussion
The SED of IRAS 08544 shows that ∼30% of the energy emitted by the post-AGB star is captured by the disc (Kluska et al. 2018). This indicates that the disc is significantly vertically extended at a certain radius. For young stellar objects (YSOs), it is generally accepted that the disc inner rim of the protoplanetary disc (PPD) provides the vertical extension and this disc inner rim is not sharp, but rather curved (e.g. Isella & Natta 2005). For IRAS 08544, we have a rich data set both in terms of uv-coverage and wavelength range and we show that for the H- and K-bands, the Gaussian ring model fits the data better, while the flat disc model yields better fits for the L- and N-bands. The geometry of the Gaussian ring models is more extended as would be expected for rounded inner rims. With our interferometric data set, we interpret that in IRAS 08544, the vertical structure is located at the disc inner rim and has a similar shape as the ones of PPDs to account for a larger emitting surface at the inner rim (see also Fig. C.3). A similar conclusion was reached by Hillen et al. (2014), who show that a rounded puffed-up inner rim fits the data of a similar system better, that is the post-AGB binary system 89 Herculis.
The models in the mid-IR indicate that there is a continuous disc structure in the radial direction. In general, the models fit the overall trend of the visibility data, but they do not fit all data points. This confirms that the disc structure is physically more complex than the geometric models (e.g. Hillen et al. 2017; Kluska et al. 2018), not only at the inner rim, but also beyond the inner rim. The disc likely has a perturbed asymmetric structure, as was constrained in the near-IR by Kluska et al. (2019). Moreover, part of the discrepancy between the geometric models and the long baseline visibility data comes from the accretion disc around the secondary affecting these baselines, while we did not model those effects.
We note that Tring is 18% larger in the H-band compared to the K-band. In both H and K, we probe the hot inner rim, but in K we are also sensitive to parts of the disc slightly beyond the inner rim, where the disc is expected to be colder as the disc temperature decreases as a function of r as in Eq. (2).
The temperature profile for the N-band is steeper than for the near-IR bands and it is steeper than 0.75 (the maximum expected for protoplanetary discs). In N we are likely more sensitive to the radial opacity profile in the disc, beyond the inner rim. The study of the full wavelength-dependent opacity profile needs future treatment in radiative transfer models.
Circumbinary discs around post-AGB binary systems show many similarities with PPDs around YSOs (e.g. de Ruyter et al. 2006; Deroo et al. 2006, 2007; Kluska et al. 2018). Recently, GRAVITY Collaboration (2019) presented a survey of Herbig Ae/Be stars and concluded that presumably gapped, flared class I sources in the sense of Meeus et al. (2001) have a large N-to-K band size ratio as opposed to continuous, flat class II sources where the transition is at a value of 10. The N-to-K ratio, the ratio between the hlr of both bands, of IRAS 08544, is 2.8. Therefore, it might be analogues to a class II source. However, since the transition may be related to the evolution of the disc (GRAVITY Collaboration 2019), and as the evolution of circumbinary discs around post-AGB binary systems is not well understood, one needs to check whether this size ratio can also be used for discs around evolving systems in the same way as for protoplanetary discs.
6. Conclusion
Optical interferometric techniques are powerful tools to constrain the compact infrared emission from discs around evolved binary systems. We extended the PIONIER study of IRAS 08544 to the K-, L-, and N-bands in order to constrain the different flux contributions at different locations in the disc with geometric models. These models fit the overall shape of the visibility data of all VLTI instruments well. The H- and K-band data were best fitted with a Gaussian ring model, while the L- and N-band favoured a flat disc model assuming a temperature gradient. We interpret this as a signature of a puffed-up and rounded inner rim. In the mid-IR, disc structures beyond the inner rim can be probed and opacity effects start to play an important role. In order to better understand these discs, we not only need to model the radial extent of the disc, but also its vertical and azimuthal structure by modelling both visibilities and phase information. This implies using state-of-the-art 3D radiative transfer models to apprehend the full complexity of the disc. The origin of the over-resolved component may be constrained with dedicated disc models and may shed light on disc-binary interactions. Such a rich data set opens up an unprecedented window to precisely study the disc structure and opacity variations at sub-au scales.
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Appendix C:  Additional figures
	[image: thumbnail]	Fig. C.1. Visibility data as a function of the baseline and wavelength and the uv-coverages of the accepted data. Top left: H-band. Top right: K-band. Bottom left: L-band. Bottom right: N-band. The near-IR data show a strong chromatic effect in the squared visibilities, whereas there is a mono-chromatic effect at wavelengths at which the circumbinary disc dominates.



	[image: thumbnail]	Fig. C.2. Illustration of the effect of increasing the weight of the shortest baselines in order to fit those baselines. Top left: H-band. Top right: K-band. Bottom left: L-band. Bottom right: N-band. Left panels: fit of the Gaussian ring model while leaving the data as they are. Right panels: fit when the weight of the shortest piece of baseline data is increased. Only the effect on the Gaussian ring model is shown. For H (B <  8 Mλ), K (B <  5.5 Mλ), and L (B <  3.5 Mλ), the effect of increasing the weight of the shortest baselines is the same for both the Gaussian ring model and the flat disc model, while the shortest baselines were fitted in the flat disc model without a modification on the weights of the shortest baselines (B <  2.5 Mλ) for the N-band. By increasing the weight on the shortest baselines for L, the shape of the longer baselines was shifted such that overall lower visibilities are predicted. This latter effect does not arise when fitting with the flat disc model.



	[image: thumbnail]	Fig. C.3. Radial cuts through the centre of the images of the best-fitting geometric models of Fig. 1 showing the profiles, the inner holes, and the extent of the emission of the individual bands. The best-fitting model for the H- and K-bands is a Gaussian ring model. The best-fitting model of the L- and N-bands is the flat disc model which has an inner hole of Rin.
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	[image: thumbnail]	Fig. C.3. Radial cuts through the centre of the images of the best-fitting geometric models of Fig. 1 showing the profiles, the inner holes, and the extent of the emission of the individual bands. The best-fitting model for the H- and K-bands is a Gaussian ring model. The best-fitting model of the L- and N-bands is the flat disc model which has an inner hole of Rin.
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        Visibility data as a function of the baseline and wavelength and the uv-coverages of the accepted data. Top left: H-band. Top right: K-band. Bottom left: L-band. Bottom right: N-band. The near-IR data show a strong chromatic effect in the squared visibilities, whereas there is a mono-chromatic effect at wavelengths at which the circumbinary disc dominates.
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