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ABSTRACT

Context. The presence of stable disks around post-Asymptotic Giant Branch (post-AGB) binaries is a widespread phenomenon. Also,
the presence of (molecular) outflows is now commonly inferred in these systems.
Aims. In the first paper of this series, a surprisingly large fraction of optical light was found to be resolved in the 89 Her post-AGB
binary system. The data showed that this flux arises from close to the central binary. Scattering off the inner rim of the circumbinary
disk, or scattering in a dusty outflow were suggested as two possible origins. With detailed dust radiative transfer models of the
circumbinary disk, we aim to discriminate between the two proposed configurations.
Methods. By including Herschel/SPIRE photometry, we extend the spectral energy distribution (SED) such that it now fully covers
UV to sub-mm wavelengths. The MCMax Monte Carlo radiative transfer code is used to create a large grid of disk models. Our
models include a self-consistent treatment of dust settling as well as of scattering. A Si-rich composition with two additional opacity
sources, metallic Fe or amorphous C, are tested. The SED is fittogether with archival mid-IR (MIDI) visibilities, and theoptical and
near-IR visibilities of Paper I. In this way we constrain thestructure of the disk, with a focus on its inner rim.
Results. The near-IR visibility data require a smooth inner rim, hereobtained with a double power-law parameterization of the radial
surface density distribution. A model can be found that fits all of the IR photometric and interferometric data well, witheither of the
two continuum opacity sources. Our best-fit passive models are characterized by a significant amount of∼mm-sized grains, which are
settled to the midplane of the disk. Not a single disk model fits our data at optical wavelengths because of the opposing constraints
imposed by the optical and near-IR interferometric data.
Conclusions. A geometry in which a passive, dusty, and puffed-up circumbinary disk is present, can reproduce all of theIR, but not
the optical observations of 89 Her. Another dusty component(an outflow or halo) therefore needs to be added to the system.

Key words. Stars: AGB and post-AGB – Stars: circumstellar matter – Stars: binaries: general – Techniques: photometric – Tech-
niques: interferometric – Infrared: stars

1. Introduction

In Hillen et al. (2013), hereafter Paper I, we reported the first de-
tection of a large amount (35% of the total) of optical scattered
light emerging from the close circumstellar environment ofthe
post-Asymptotic Giant Branch (post-AGB) binary 89 Herculis.
Many post-AGB objects display large-scale structures in scat-
tered light (Sánchez Contreras et al. 2010; Siódmiak et al. 2008;
Bujarrabal et al. 2002; Ueta et al. 2000), but generally the post-
AGB stars in binary systems do not (and are therefore classified
as “stellar” in e.g., Siódmiak et al. 2008). These post-AGB bi-
naries (with P∼100-3000d) do have a circumstellar dust reser-
voir, but of relatively low mass, in the form of a stable Keplerian
circumbinary disk (see, e.g., the census of Galactic sources by
de Ruyter et al. 2006). This disk is presumably very similar in
structure to protoplanetary disks found around young stars, de-
spite the different formation mechanism. In contrast, post-AGB

⋆ Based on observations made with ESO Telescopes at the La Silla
Paranal Observatory under program ID 077.D-0071.

stars that have pronounced aspherical nebulosities, oftenaccom-
panied by an overdense, dusty equatorial waist or torus thatob-
scures the central object (see, e.g., the Hubble Space Telescope
(HST) survey of Sahai et al. 2007), are dubbed protoplanetary
nebulae (PPNe). Few binaries, if at all, are found at the heart of
PPNe (Hrivnak et al. 2011).

A notable case within the binary group is the Red Rectangle
(RR), which has been imaged in various optical filters, showing
an extended nebula with a complex spatial as well as chemical
structure (Vijh et al. 2006, 2005, 2004; Cohen et al. 2004). The
RR is also the only post-AGB binary for which the circumbinary
disk has been directly imaged (Lagadec et al. 2011; Cohen et al.
2004; Tuthill et al. 2002; Bregman et al. 1993, and references
therein), and for which the Keplerian velocity field has beendi-
rectly resolved in rotational CO lines (Bujarrabal et al. 2005).
The recent Atacama Large Millimeter/submillimeter Array
(ALMA) maps of Bujarrabal et al. (2013b) also show a clear
molecular component that coincides with the bipolar outflow
seen in optical light.
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A molecular outflow, in the form of an extended hourglass-
like structure, was also detected in the 89 Her system by
Bujarrabal et al. (2007). Recently, Bujarrabal et al. (2013a) pre-
sented evidence for the presence of low-velocity molecularout-
flows in a large sample of post-AGB binaries from the shape of
the wings in single-dish rotational CO lines. Bipolar outflows
might thus be a common property of post-AGB binaries with
disks. But it is unlikely that all of these outflows show the com-
plexity of the RR. There is no evidence for a mixed C- and
O-based chemistry in most objects as is the case for the RR
(Vijh et al. 2006; Waters et al. 1998). The fact that no outflows
have yet been detected in optical light in other objects may also
be due to a lack of spatial resolution in previous resolved obser-
vations (e.g., those of Siódmiak et al. 2008).

Many questions remain about these outflows. How and from
where in these complex systems are they driven? There are
now detections of jetlike outflows in several post-AGB binaries,
thanks to recent and extensive spectroscopic monitoring cam-
paigns (Thomas et al. 2013; Gorlova et al. 2012; Thomas et al.
2011; Witt et al. 2009), which suggest an origin in the neigh-
borhood of the companion star. A compact continuum-scattered-
light component could go unnoticed in these spatially-integrated
spectra, depending on the inclination of the system.

Given the pole-on viewing angle (i∼12◦), it is possible that
our detected 35% optical scattered light around 89 Herculisin
Paper I, is largely arising in an outflow. Alternatively, thescat-
tered light could be fully originating from the inner rim of the cir-
cumbinary dust disk. The main argument in favor of the latterin-
terpretation is the conformance of the sizes at optical and near-IR
wavelengths, as derived from the interferometric data presented
in Paper I. The baseline coverage of these data is insufficient to
directly distinguish between these two proposed origins: 1) the
flux is scattered into our line of sight over an extended surface
area of which the outer radius equals the inner rim of the disk; in
this case the material is most likely positioned above the orbital
plane (i.e., in an outflow or a halo) as the dust would otherwise
sublimate; or 2) it arises from a very thin ring, corresponding
to the inner rim of the dust disk as resolved in the near-IR. In
any case, the observations presented in Paper I require thatthe
projected surface area is more compact at optical than at near-
IR wavelengths, so the bulk disk surface can be ruled out as a
dominant scattering source.

One way to differentiate between these options is to model
the energetics of the disk in detail, taking all spatial constraints
into account. If the disk is responsible forall of the circumstellar
optical and IR flux, then it must have a significantly larger scale
height than if an additional component is present in the system.
With an inclination of only∼12◦, our line of sight to the disk is
moreover unfavorable, given the preference of grains to scatter
in the forward direction (see also Mulders et al. 2013). Based on
these simple arguments, the presence of an outflow in addition to
the disk seems natural. An exploration of full radiative transfer
disk models is still needed, however, to rule out the possibility
that a disk alone is capable of explaining the data.

The goal of this paper is therefore to investigate whether a
self-consistent radiative transfer model of the circumbinary disk
in the 89 Herculis system can be created that reproduces all
our observations. First, we present some complementary archival
mid-IR interferometric and new far-IR photometric observations
in Sect. 2. Subsequently, the modeling strategy is described in
Sect. 3, and a first confrontation with the observations is done in
Sect. 4. In Sects. 5, 6, and 7, some improvements are made to
the model, and the fit to the near-IR, mid-IR and optical interfer-

ometric data is examined in detail. Finally, in Sects. 8 and 9we
discuss our results and summarize our conclusions.

2. Observations

A detailed account of our optical and near-IR interferometric
data was given in Paper I. Here, we add some archival data from
the MID-infrared Interferometric instrument (MIDI) on theVery
Large Telescope Interferometer (VLTI) to the existing dataset,
as well as new Spectral and Photometric Imaging Receiver in-
strument (SPIRE) photometry from the Herschel satellite.

2.1. Additional interferometry

Three VLTI/MIDI observations of 89 Her, procured in April
2006 and already discussed in Bujarrabal et al. (2007), werere-
duced with version 2.0 of the EWS software (Jaffe 2004)1. This
software estimates the MIDI visibilities in a coherent and linear
way, based on a shift-and-add algorithm applied on individual
interferometric frames. Two observations used Auxiliary Tele-
scope (AT) stations D0 and G0, and the other observation used
stations E0 and G0. The projected baseline angles are 75-90◦

east of north, and the lengths are∼30 and 15 m.
In the calibration, the raw target visibilityVsci is divided by

the instrumental visibilityVins for each wavelength:

V =
Vsci

Vins
=

Csci

Psci

Pcal

Ccal
Vtheo−cal. (1)

Here,C andP are the measured correlated flux and photomet-
ric counts for the target (sci) and calibrator (cal), andVtheo−cal is
the expected calibrator visibility. This assumes that the calibrator
and target observations are performed under the same instrumen-
tal conditions. For a robust calibration, we interpolate theVins of
the calibrator directly preceding and succeeding the target obser-
vation. To account for the longer term variability of the transfer
function, we add the standard deviation ofVins for all calibra-
tors within four hours of the science measurement in quadrature
to the visibility errors. On the worst night, the variability of the
transfer function is∼20 %, which can (partly) be attributed to the
difficulty in estimating the photometric counts, given the strong
background radiation of the delay-line system. This noise source
might be source-dependent because of the adjustments in thede-
lay lines upon a change in the coordinates on the sky.

The calibrated visibilities are shown in Fig. 1. The 30 m base-
line observations are partly resolved at the red edge of the band,
with visibilities of V ∼ 0.8. At the blue edge, the situation is
less clear due to the larger errors, but both 30 m observations
seem to be in agreement with a slightly resolved object. The sin-
gle 15 m baseline observation shows a flat visibility curve with
V ∼ 0.8. This suggests that 89 Her is at least as resolved on
the 15 m baseline as on the 30 m baseline, however, we are cau-
tious in our interpretation because the observing conditions were
poorer during the night of the 15 m observation than for the other
two nights (with an average atmospheric coherence time of 2.5
rather than 6 and 11 ms). The resulting stronger optical pathdif-
ference fluctuations make it more difficult to avoid decorrelation
effects when reducing the data2, which may effectively lower the
apparent correlated flux. Given the stability of the transfer func-
tion during the night, we do not exclude the 15-m baseline, but
keep in mind that the observation is potentially affected by the
poorer atmospheric conditions.
1 http://home.strw.leidenuniv.nl/∼jaffe/ews/index.html
2 This is related to the intrinsic reduction algorithm that aligns the in-
dividual frames (see, e.g., Burtscher et al. 2012).
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2.2. PTI fluxes

In addition to visibilities, fluxes can be extracted from theraw
data of the Palomar Testbed Interferometer (PTI, Colavita et al.
1999). We developed a calibration procedure for these fluxes,
which has been detailed in Hillen et al. (2012). The PTI mea-
sured visibilities in five channels within the K band and four
channels within the H band. Only the central channels within
the H and K bands are used in our interferometric analysis, but
we include all channels for the fluxcalibration. As explained in
Hillen et al. (2012), we separate the calibration into an absolute
calibration in one of the channels within each band (at 1.7µm
and at 2.2µm, where the atmospheric transmission is the high-
est) and a separate calibration of the spectral shape over the other
channels in the bands. This nonstandard approach was developed
since the spectral shape calibration can be done more accurately,
even in less optimal atmospheric conditions, and lead to accu-
rate light curves of Mira variables (see Hillen et al. 2012).For
89 Herculis the calibrated fluxes are also stable in time and are
averaged to obtain the final fluxes that are shown in Fig. 2. These
data will serve as an independent check of the shape of the SED
in the near-IR spectral range and how the best models perform
at these wavelengths.

2.3. SPIRE photometry

The object 89 Her was observed with the SPIRE instrument (for
more info on its scientific capabilities, observing modes, data
reduction, calibration, and performance, see Griffin et al. 2010;
Swinyard et al. 2010) aboard the Herschel satellite (Pilbratt et al.
2010) in March 2012 with a 169 s exposure time (Herschel Ob-
servation ID 1342240026). The observation was performed si-
multaneously in three passbands (centered at 250µm, 350µm,
and 500µm), covering an area of 8′ × 8′ homogeneously. The
naiveMapper task was used to project each observedsample
onto a single pixel in the reconstructed map. The pixel size
is 4′′, 6′′, and 9′′ in the three bands, respectively, and the
corresponding beam FWHM are 18.2′′, 24.9′′, and 36.3′′, re-
spectively. Aperture photometry was used to extract the final
fluxes, after sky background subtraction. The latter was esti-
mated with the standarddaophot algorithm. The errors are dom-
inated by the absolute flux calibration and were assumed to
be 15% (Swinyard et al. 2010). The final calibrated fluxes are
shown with the rest of the SED, in Fig. 3.

2.4. Data selection

Our photometric data were already discussed in Paper I, with
the exception of the Plateau de Bure Interferometer (PdBI)
1.3 and 3 mm continuum fluxes, which we have taken from
(Bujarrabal et al. 2007). We decided to exclude the Infra-Red
Astronomy Satellite fluxes (IRAS, Neugebauer et al. 1984) from
our χ2 calculation, as we found that they are systematically
higher than the AKARI (Murakami et al. 2007), Wide-field
Infrared Survey Explorer (WISE, Wright et al. 2010), SPIRE
and Submillimetre Common-User Bolometer Array (SCUBA
Holland et al. 1999) measurements at similar or longer wave-
lengths. Since the Infrared Space Observabory (ISO) spectrum
is very noisy beyond 25µm, as well as to simplify the analy-
sis, we decided to only include it by integrating it over several
well-chosen photometric passbands in the near- to mid-IR do-
main. These passbands are chosen so as to fill up the voids in the
spectral coverage of the real photometry, and are the Infrared Ar-
ray Camera bands (IRAC, aboard the Spitzer Space Telescope,

Reach et al. 2005) at 5.8 and 8.0µm, as well as the WISE W2
(∼5µm) and W3 (∼12µm) bands, and the Midcourse Space Ex-
periment (MSX, Mill et al. 1994) D band at 15µm. Since the
error on the absolute calibration of the ISO spectrum is of the
order of 10%, this error value is also adopted for the photometry
derived from it.

3. MCMax modeling

3.1. Introducing MCMax

The 2D Monte-Carlo radiative-transfer code MCMax was
used to solve the structure of the disk and subsequently cal-
culate model SEDs and visibilities. The MCMax code has
been successfully used to model both spatially and spec-
trally resolved observations of different kinds of gas-rich disks
(Mulders et al. 2011; Verhoeff et al. 2011; Acke et al. 2013).
Our modeling approach was basically the same as presented
in Mulders & Dominik (2012) and we refer to this paper and
Min et al. (2009) for a full account of the procedures and physics
implemented in MCMax. In short, MCMax combines the imme-
diate re-emission procedure of Bjorkman & Wood (2001) with
the method of continuous absorption by Lucy (1999) to com-
pute the radiative equilibrium temperature stratificationthrough-
out the disk. Subsequently, the vertical scale height of thedisk
is self-consistently determined by solving the equations of ver-
tical hydrostatic equilibrium, implicitly assuming thermal cou-
pling between the gas and dust, but dynamical decoupling, i.e.,
dust settling. The final disk structure is found by iteratingboth
steps until convergence is reached, typically in less than five
iterations. Scattering by dust can be treated with a full angle-
dependent Mueller matrix for each scattering event, or by as-
suming isotropic scattering, which needs less computationtime
(Min et al. 2009).

All observables are calculated by analytically integrating the
computed source function by ray-tracing. This includes thevis-
ibility: the Fourier transform is analytically calculatedon a cir-
cularly sampled image. The advantage of this approach is that
the inner parts of the image are sampled at a higher resolution
so that visibilities can be reliably computed up to high spatial
frequencies.

3.2. The model setup

We define a “standard” radiative-transfer disk model based on
some general characteristics for the sample of disks aroundpost-
AGB binaries:

– Deroo et al. (2007) made a disk model of IRAS08544-4431
by fitting the total disk mass and inner rim radius to the SED,
while fixing all other parameters to typical values for the
group of binary post-AGB objects or based on other external
constraints (e.g., the stellar Teff from optical spectroscopy).
By tuning the inclination and position angle, this “standard
disk model” reproduced all of their interferometric observ-
ables surprisingly well.

– All disks around post-AGB binaries (with a few clear excep-
tions) have an O-rich mineralogy, their mid-IR spectral fea-
tures are dominated by amorphous and crystalline silicates
and their dust typically has a high degree of grain processing
(Gielen et al. 2008, 2011),

– All objects for which long-wavelength fluxes are available in
the sample study of de Ruyter et al. (2006) have blackbody
slopes that are indicative of the presence of a component of
mm-sized grains.
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– Sahai et al. (2011) presents evidence for the presence of
grains>1 mm in the compact disks of RV Tau, U Mon,
and AC Her, from flux measurements at sub-mm and mm
wavelengths. The derived dust masses lie between 5 10−4 and
1 10−3 M⊙.

The overall shape of the SED of 89 Her is very reminis-
cent (see also de Ruyter et al. 2006) of a group 2 Herbig star
as defined by Meeus et al. (2001). We therefore include dust
settling in our disk model in a self-consistent manner (see
Mulders & Dominik 2012, for more details about the implemen-
tation and consequences of this approach). Our dust composition
and grain shape are the same as in the latter paper (i.e., irregu-
lar shapes, approximated by the distribution of hollow spheres
(DHS) Min et al. 2005), except that we start with metallic Fe
as the additional featureless “continuum” opacity source (∼15%
in mass fraction) instead of amorphous carbon, which would be
more difficult to reconcile with the oxygen-rich circumbinary en-
vironment. The majority of the dust mass consists of silicates
(Min et al. 2007, for the composition see).

The dust is distributed over a range of grain sizes with a
power-law dependence,f (a) ∝ a−q, with the power-law index q
as a fitting parameter. We attempted the values 2.5, 3.0, 3.25, and
3.5. The minimum and maximum grain sizes are set to 0.01 and
104 µm. The smallest grains are needed to have sufficient opac-
ity at the stellar maximum, while the inclusion of large grains is
based on the findings listed above, and the confirmation that for
89 Her there is also a non-negligible mm flux. To implement the
grain-size-dependent settling in practice, the continuous size dis-
tribution is divided into a finite number of bins. The grain radius
of each bin is defined as the logarithmic mean of the minimum
and maximum grain size within the bin. Two bins are used per
order of magnitude in grain radius, and in each bin the opacities
are calculated as the average over 10 sizes to avoid introducing
strong resonant features. The turbulent mixing strength isfixed
at the standard value of 0.01 (Mulders & Dominik 2012). The
same goes for the gas/dust ratio, which is taken to be 100.

One of the largest unknowns in modeling disks is the radial
dependence of the surface density distribution, which is typically
parameterized with a simple power lawΣ ∝ r−p. Initially, we do
not deviate from the single power-law formalism, but do explore
a range of values for the indexp. Unlike for protoplanetary disks
where typically p is found to be∼1.0 (see Williams & Cieza
2011, for a general overview), in the post-AGB case this index
has not yet been constrained with resolved millimeter observa-
tions. Moreover, there is no a priori reason to assume that itis
the same as in protoplanetary disks, given the difference in for-
mation scenario.

The inner and outer radius of the disk, as well as the total
dust mass are also free parameters of our model. For the in-
ner radius, small step sizes of 1 AU are used because our in-
terferometric data are sensitive to this parameter. A firm upper
limit on the disk’s outer radius comes from the limiting reso-
lution of 400 mas in the PdBI maps of Bujarrabal et al. (2007).
The diffraction-limited images of Lagadec et al. (2011) impose a
thermal IR upper size limit of 300 mas. The HST scattered light
images of Siódmiak et al. (2008) have a resolution of∼75 mas.
The two latter constraints do not imply that there is no material
beyond the respective radii, it simply means that any material
that might be there only emits/scatters with a very low contrast
at the given wavelengths. Nevertheless, these results do indicate
that the disk is likely compact. The effect of the outer disk ra-
dius on the SED is rather small, and we only vary it because it

affects the surface density distribution in a different manner than
changing the power-law index.

Finally, the stellar properties are also required for the radia-
tive transfer calculations and to determine the vertical structure
of the disk. Some of these values were discussed extensivelyand
redefined in Paper I. The stellar mass is fixed to 1M⊙, taken as
the sum of a 0.6M⊙ post-AGB star and a 0.4M⊙ companion,
so that the corresponding inclination is∼13.5◦ (derived from the
measured mass function of Waters et al. (1993)). To correct for
interstellar reddening, we use the reddening law of Fitzpatrick
(2004) and anE(B − V) = 0.07 (see Paper I). The final list of
input parameters and associated values are listed in Table 1.

4. First results

In this section, we perform a first confrontation between thera-
diative transfer models and the observations, from which itwill
become clear that our model is too simple to fit the observations.
In subsequent sections attempts will be made to resolve the dis-
crepancies.

4.1. An initial selection

A large grid of MCMax models was calculated with the input
parameters listed in Table 1. Our fitting strategy consistedof
several steps. First, for computational efficiency, the full grid
was calculated under the assumption of isotropic scattering, and
without a full ray tracing of the spectrum. In the case of isotropic
scattering, the raw Monte Carlo spectra can be used as a good
proxy for the real spectrum, as long as sufficient photons are
used. For comparison with the photometric observations, wein-
tegrate the model spectra to compute synthetic photometry for
each of the passbands in our data set, taking into account whether
a bolometer- or CCD-type of detector is involved.

Each model in the grid is then first compared to the IR part of
the SED. To this end, we compute a normalizedχ2 that includes
all photometry at wavelengths larger than 6µm. Only mid- to- far
IR fluxes are included in theχ2 because at these wavelengths the
effect of scattering is small. In this way, a first selection can be
made of models that generally fit the observed IR-excess. A very
rough cutoff criterion ofχ2 < 100×χ2

min was applied. The advan-
tage of this approach is that the correlations that exist between
different parameters, and that cannot be resolved by SED-fitting,
are withheld. From inspection of the retained models, we note:

– Most models that fit theχ2-criterion have a dust size distri-
bution power-law index q of 3.0 or 3.25, but a minority of
models with 2.5 and 3.5 cannot just be excluded.

– The q = 3.5 models generally underpredict the (sub-)mm
fluxes, tend to give a too strong 10µm feature, and have too
large near-IR fluxes.

– For q = 2.5, the far-IR slopes are too shallow, and dust
masses larger than 10−3 M⊙ are required.

– The best-fit models with q= 3.0 or q= 3.25 have a dust mass
in the range 10−4-10−3 M⊙.

– The outer radius of the disk is not constrained, although mod-
els with radii of 50 and 100 AU more often lead to goodχ2

values.
– The inner radius and the power-law index of the surface den-

sity distribution are not constrained individually, as expected.

Bujarrabal et al. (2007) derived a total gas mass of∼10−2 M⊙
for the central (disk) component that was unresolved in their CO-
maps, assuming a distance of 1 kpc. This was recently confirmed
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Table 1: The input parameters for the MCMax models and the best-fit values found in Sects. 4.2 and 5.1. Theχ2 also list between
brackets the relative value with respect to the minimum of the corresponding grid.

Parameter Value(s) Best 1 Best 2 Best alt.
System d (kpc) 1.5

i (◦) 13.5
Stellar Teff (K) 6550

R⋆ (R21⊙) 71.0
L⋆ (L⊙) 8350
M⋆ (M⊙) 1.0

Dust Mdust (M⊙) 10−5-10−2 5 10−4 5 10−4 1 10−4

q 2.5;3.0;3.25;3.5 3.0 3.0 3.25
amin (µm) 0.01
amax (µm) 104

gas/dust 100
cont. opacity Fe/C Fe Fe C

Structure 1 Rin (AU) 3-10 4.5 - -
Rout (AU) 50;100;150;300 50 - -
p 0.5;1.0;1.5;2.0 0.5 - -

Structure 2 Rin (AU) 3.75;4.00;4.25;4.50;4.75 - 3.75 3.75
Rout (AU) 50 -
Rmid/Rin 1.25;1.5;2.0;2.5;3.0;3.5;4.0 - 3.0 4.0
pin -2.0;-1.0;-0.5;0.0;1.0 - -2.0 -1.0
pout 1.5 - 1.5 1.0

χ2(/min) SEDOPT 135(1.7) 157(1.7) 161(1.2)
SEDNIR 14.5(9.3) 2.0(1.3) 2.6(2.8)
SEDIR 28.6(7.6) 3.3(3.2) 4.4(3.9)
VISOPT 5.1(1.6) 9.6(2.8) 12.1(2.0)
VISH 22.5(1.5) 28.5(2.8) 22.5(2.5)
VISK 21.0(3.3) 8.4(2.0) 8.0(2.3)
VISMIDI

a 2.6(2.0) 2.8(1.2) 3.5(1.5)

Notes.(a) Limited to the 8.0-9.0µm continuum wavelength range.

from single-dish CO observations by Bujarrabal et al. (2013a).
Since we assume a larger distance (see Paper I), and because of
the inherent uncertainties in estimating the total gas content from
13CO lines, we allow our models to have a maximal total mass of
0.1 M⊙, or equivalently a dust mass of 10−3 M⊙. The minimum
dust mass needed to fit the SED is 10−4 M⊙.

4.2. A full scattering treatment

All models that fit the initialχ2 criterion, and the imposed mass
constraints, are now recomputed with full scattering. A ray-
traced spectrum is now needed, as in the full angle-dependent
scattering case, the Rayleigh-Jeans tail of the Monte Carlospec-
tra becomes unreliable. To compute the visibilities, a diskpo-
sition angle of 0◦ east of north is assumed. Given the small in-
clination, this value cannot be determined as it has a very small
influence. A good check on the amplitude of the potential error,
is to consider the effective baseline defined by Tannirkulam et al.
(2008):

Beff = Bproj

√

cos2(θ) + cos2(i) sin2(θ) (2)

with Bproj the actual projected baseline length andθ the angle
between the projected baseline and the major axis of the disk.
With our assumed inclination, the correction term amounts to at
most 2%.

Differentχ2 are defined as a measure for goodness-of-fit. The
SED is split into three wavelength domains, based on their domi-
nant circumstellar emission mechanism: 1) scattering dominated

for wavelengths below 1.5µm, 2) thermal emission dominated
beyond 6µm, and 3) a near-IR transition regime where both
mechanisms are equally important and where our visibilities im-
pose strong spatial constraints. A differentχ2 is defined for each
of these domains. Similarly, separateχ2 values are computed per
passband (R, H, K, and N) with measured visibilities. The per-
formance of the model at optical wavelengths will be evaluated
in Sect. 7. First, we search for models that fit all IR constraints,
i.e., the IR-excess as well as the mid- and near-IR visibilities.

We select good models based on the following criterion:
χ2 < 4 × max(1.0, χ2

min) for all of the data sets. Taking a min-
imal χ2

min of 1.0, allows us to avoid excluding too many models
in case a particular data set is over-fitted. On the other hand, not
imposingχ2

min = 1.0 throughout allows us to find models that
globally fit all data sets, without necessarily fitting each data set
to high precision. One must keep in mind that there is some vari-
ability in the data that cannot be reproduced by our model. In
particular, the near-IR visibilities show some scatter that is larger
than the errors of some of the corresponding data, which could
be a time-dependent effect (perhaps due to the binarity), the re-
sult of spatial/azimuthal flux variations (e.g., a low-amplitude
spiral pattern in the disk) or just an underestimation of some of
the errors.

None of the current models fits our criterion. A closer in-
spection of the best-fitting models shows that the near-IR visi-
bilities cannot be fitted simultaneously with the SED. Basically,
the models that generally fit the SED well have an inner rim ra-
dius that is too large to fit the first lobe of the H and K visibility
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curves (which dominate theχ2). In turn, the very few models
that fit these first lobes better, and therefore come out with good
visibility χ2’s, overpredict the H band flux while underpredicting
the near- to mid-IR fluxes, and therefore do not fit the interme-
diate nor the long near-IR baselines either (see the blue dotted
line in Figs. 3, 4, and 5; and “Best1” in Table 1). Models with
small inner radii (∼3.5-4.5 AU) that do predict enough flux be-
yond∼K band were already removed in the previous section, as
these usually had extreme near- to mid-IR excesses when com-
puted with isotropic scattering. As such, the remaining models
with small inner radii generally are those with flat surface den-
sity distributions. As a check of our strategy, we recomputethe
20 best models with an inner radius of 4.5 AU that were pre-
viously removed with a full scattering treatment, and find that
these models do not fit our criterion.

5. A good fit to the IR data

To improve on the structural deficiency of our model, we change
our surface density distribution parameterization and adopt a
double power-law formalism (see Sect. 8 for a further motiva-
tion and discussion of this choice). Since this new parameteriza-
tion introduces two more fitting parameters, the turnover radius
Rmid and the inner density power-law index pin, we reduce the
parameter space for four other parameters: the outer radiusand
surface density power-law index (pout), the total dust mass, and
the grain size power-law index q. Given the indications for avery
compact disk with large grains (see Sect. 3.2), but only a mod-
erate mass (see Sect. 4.1), and since a significant scale height is
required to explain our optical observations, we adopt our most
compact configuration of Rout= 50 AU. Furthermore, we adopt
the “canonical” value of pout=1.0 or 1.5. The dust mass is lim-
ited to 1.0, 2.5 or 5.0×10−4 M⊙. The value of q can be either 3.0
or 3.25. Based on our geometric analysis of Paper I, and the good
correspondence with the first-lobe visibilities of models with in-
ner radii of∼4–5 AU in the previous section (see Figs. 4 and 5),
we vary the inner radius between 3.75 and 4.75 AU, in steps of
0.25 AU.

5.1. The SED and near-IR visibilities

The good models are searched in the same way as described in
the previous section. Five models in the grid now conform to
our acceptance criterion, and in general theχ2’s have decreased
significantly below the values of the single power-law models.
Interestingly, all good models haveq = 3.0 (imposed by the H
band visibilities) and a dust mass equal to 5× 10−4 M⊙. There
are no clear preferences for the surface density gradients.The
inner and turnover radius are also not well defined, but this can
be expected since we already refined the sampling in these pa-
rameters. In any case, the turnover radius lies about three times
further than the inner radius of the disk on average.

In the 2-6µm range, a flux deficit is present when compared
to the ISO spectrum, however, based on the photometry, the fit
and the correspondingχ2 is very good. The H and K band fluxes
fit quite well, as is confirmed by the PTI fluxes in Fig. 2. The
slope of the spectrum does not exactly agree: there is slightly
too much flux in the long-wavelength end of the H band and too
little flux in the entire K band. Also, the spectral slope towards
2.4 µm is too shallow with respect to the data, which confirms
the mismatch with respect to the short-wavelength end of the
ISO spectrum. We come back to these small discrepancies in
Sects. 6 and 8.
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Fig. 1: The three baselines of MIDI data overplotted (at a sin-
gle continuum wavelength, indicated in cyan) with all double
power-law MCMax models computed in Sect. 5. The blue dot-
ted line, “Best 1” in Table 1, is the best single power-law MC-
Max model in terms of fitting the near-IR visibilities (see Figs. 4
and 5). The red dashed line corresponds to the best-fitting dou-
ble power-law model with the metallic Fe opacity source (“Best
2” in Table 1). The green full line shows the best-fitting double
power-law model when metallic Fe is replaced by amorphous C
(“Best alt.” in Table 1). See Sects. 4.2, 5.1, and 6 for a discussion
of the models. The inset shows the data at the 30 m baselines asa
function of wavelength, with the same double power-law models
overplotted as in the main figure.
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Fig. 2: The PTI absolute fluxes (in the insets) and spectral shapes
over the H (upper panel) and K (lower panel) bands. The data are
shown in blue. The red dashed and green full lines correspondto
the same models as in Fig 1.

The model fits the visibilities (shown in Figs. 4 and 5) quite
well in both the H and K band. The rather highχ2 in the H band
suggests otherwise, but this can largely be attributed to the pre-
viously mentioned scatter in the data. The largest contribution
to the H band residuals comes from the IOTA data around spa-
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Fig. 3: The SED of 89 Her with the same three models as in Figs. 1and 2 overplotted. The gray dot-dashed line shows the input
Kurucz model, here reddened with an interstellar contribution of E(B − V) = 0.07 (see Paper I). The black and gray data points are
the “stellar” V, R, H, and K band fluxes as determined in Paper I. Open symbols represent actual measured fluxes in the passbands
that are listed in the legend. The full black line is the ISO spectrum. The blue dotted line, “Best 1” in Table 1, clearly does not
agree with the observed SED. A better, but still not excellent, fit to the SED can be obtained with an inner radius twice as large, in
combination withp = 1.5, but this results in first-lobe near-IR visibilities that are too small (see the text). The red dashed and green
full line correspond to the best-fitting double power-law models with metallic Fe and amorphous C opacity sources, respectively
(see Fig. 1). The MCMax models have been reddened similarly as the Kurucz model.

tial frequencies of 115 cycles/arcsec and the PTI data near 325
cycles/arcsec.

The parameter values of the preferred model are listed in Ta-
ble 1 as “Best 2,” and we accept it as the model that fits our IR
data sets best. The structure of this model will be examined in
more detail in Sect. 8.

5.2. The mid-IR visibilities

The MIDI data have an insufficient spatial resolution to strongly
constrain the position and shape of the inner disk rim, and the
data are more sensitive to the bulk of the inner disk. Therefore,
it is surprising that the visibilities (see Fig. 1) are so similar at
the 15, and 30 m baselines. The predictions of all our double
power-law models and of the “best” single power-law model are
depicted as well. Clearly, none of the models simultaneously fits
both baselines, or even just the slope between them. Neverthe-
less, basically all of the models fulfill our acceptance criterion
and have a goodχ2, thanks to the larger weight of the 30 m base-
line (as it is observed twice) and the rather large errors of the
data. The shape of the MIDI visibility spectrum does not hold
much information, given that this shape varies between the two

30 m observations. While our best-fit double power-law MCMax
model is not perfect, it formally reproduces the mid-IR datasuf-
ficiently. In Sect. 8.3, we return to the 15 m discrepancy.

6. Amorphous carbon?

Finally, we also computed a grid of models, with the same pa-
rameter values as in the previous section, but with 15% of amor-
phous carbon instead of metallic Fe as the additional opacity
source (see Sect. 8.4 for a discussion of our motivations). As is
illustrated in the left panel of Fig. 6, amorphous C has a higher
mass absorption coefficient in the near- to mid-IR domain com-
pared to metallic Fe, independent of the grain size, and in the
(sub-)mm domain for the large grains. In terms of total extinc-
tion (as shown in the right panel), however, the differences are
much smaller, except for the smallest grain sizes. Therefore, one
might expect a better agreement of these models to the ISO spec-
trum and the exact shape of the SED in the near-IR.

We applied the same strategy to find the best-fit models
within this grid (see also Table 1 and Figs. 1, 2, 3, 4, and 5).
The near-IR fluxes are reproduced marginally better, as are the
mid-IR fluxes, the silicate feature at 10µm, and the H band vis-
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Fig. 4: H band interferometric data. The left and right panels show the H band visibility amplitudes and squared visibilities observed
by the various instruments. The visibility amplitudes, as produced by the data reduction software packages of the CLIMBand
CLASSIC instruments, are not squared in order to preserve the original error statistics. The data are the same as in PaperI. The
same three models are shown as in Figs. 1 and 3 and as listed in Table 1.
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Fig. 5: The same as Fig. 4 but for the K band.

ibilities. On the other hand, the fit to the (sub-)mm fluxes de-
grades. The reason for these changes lies in the changed values
of several parameters: the models are now allowed to have rel-
atively more small grains (q = 3.25), but only if the total dust
mass (Mdust = 1 10−4) decreases accordingly. The surface den-
sity is now also generally flatter with pout = 1.0.

7. Fit to the optical data

We finally confront the models with the optical visibilities, and
the optical part of the SED. Fig. 3 already illustrated that the
best IR models of the previous sections fail at wavelengths below
1 µm. This is the case forall of the calculated models. Of all the
models computed in Sect. 5, the model that performs best still
has aχ2 ∼ 80 for the optical part of the SED, and underpredicts
the observed scattered flux. To illustrate this more clearly, Fig. 7
shows the NPOI and VEGA visibilities at 673 nm, with all of the
full-scattering models that were calculated in Sect. 5 overplotted.

Not a single model reaches the low visibilities that were ob-
served. Interestingly, the best model of Sect. 4.2 (the bluedot-
ted curve on Figs. 3 and 7) performs better than our best dou-
ble power-law models computed in the previous sections. Mod-
els with amorphous C generally perform worse at optical wave-
lengths than models with metallic Fe, due to their smaller single-
scattering albedo (see Fig. 8) and larger fraction of small grains.
For our metallic Fe models, much higher fractions of optical
scattered flux are found on average with single rather than with
double surface density power laws. These models have large dust
masses, however, often in combination with a large fractionof
small grains (q = 3.25), so they are totally incompatible with the
IR constraints as they predict too much H, K and often even mid-
IR, fluxes. The best double power-law models, with aVIS opt χ

2

of only 3.1, suffer in fact from the same problem, which is most
pronounced in the H band. A closer inspection shows that the
lowestχ2 actually does not correspond with the highest amount
of optical scattered light, which is reserved for the modelswith
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Fig. 6: The mass absorption (left) and total extinction (right) coefficients of the mixtures used in this work. Our ’standard’ mixture
(the full lines) contains 15% metallic iron, while the alternative mixture (the dashed lines) has 15% amorphous carbon instead. The
latter composition is exactly the same as used by Mulders & Dominik (2012). Only six grain sizes are shown for clarity.

0 50 100 150 200 250 300 350 400 450
Spatial frequency (cycles/arcsec)

0.0

0.2

0.4

0.6

0.8

1.0

S
q
u
a
re

d
v
is

ib
il
it
y

χ
2
= 5.0

χ
2
= 6.6

χ
2
= 8.0

Fig. 7: The NPOI and VEGA squared visibilities at 673 nm. Our
complete grid of double-power-law MCMax models is also dis-
played (see Sect. 5). The best-fit models listed in Table 1 are
shown with the same color coding as in Figs. 1, 3, 4 and 5.

large turnover radii Rmid. The latter however underpredict the
visibilities at the short spatial frequencies, which have alarger
weight in theχ2 simply by their number, in particular in the
channels near 0.85µm (not shown in Fig. 7). Basically, these
models have a larger area over which the disk surface contributes
to the scattered light (see also theτV = 1 surface in Figs. 9
and 10). Since the short spatial frequencies are fairly wellrepro-
duced by the majority of the models, the resulting range inχ2 is
rather modest: the worst model only has aχ2 ∼ 22. Finally, we
note that many models, including our general best-fit model,re-
sult in very flat visibility plateaus at the high spatial frequencies,
as is suggested by the data as well.

Fig. 8: The albedo of the four smallest particle sizes and forfour
different compositions: silicates+ amorphous carbon (dashed
lines), only silicates (dotted lines), silicates+ 15 % iron (full
lines), and silicates+ 30 % iron (dot-dashed lines).

8. Discussion

In this work, we have shown that with reasonable input param-
eters, and using a self-consistent treatment of dust settling, ra-
diative transfer disk models can be constructed that are in good
agreement with all our infrared observations within their uncer-
tainties. The models successfully reproduce the general trend in
the near-IR visibilities and fit the full SED up to sub-mm wave-
lengths very well. On the other hand, these best models, and in
fact every one of our models, are incapable of producing a suf-
ficient amount of optical scattered light. Before we discussthe
deficiencies, we put our results in perspective.
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8.1. The inner rim curvature

That a simultaneous fit to the SED and the near-IR visibilities
could not be found with a single power-law model is not surpris-
ing. Our near-IR interferometric observations clearly prefer an
extended and smooth emission region (see also Paper I), not the
wall-like emission profile resulting from a single power-law pa-
rameterization of the surface density. For protoplanetarydisks,
interferometric investigations have already extensivelyshown
that the inner disk rim is usually not sharp, but has a smooth
geometry (see Dullemond & Monnier 2010, for a nice review).
Different physical processes have been identified to cause this
rounding off.

Isella & Natta (2005) showed the importance of including
an accurate physical description of dust sublimation and evap-
oration, and in particular its temperature dependence on the gas
pressure. Tannirkulam et al. (2007) for the first time presented a
2D radiative transfer model of a rounded-off rim by considering
the effect of dust growth and settling. Due to these effects, big
grains, which survive closer to the star thanks to their ability to
cool more efficiently, are also primarily found in the midplane,
and thereby round off the rim.

The results of Isella & Natta (2005) were later confirmed by
a more extensive exploration of the effect of global disk proper-
ties on inner rim models, using a detailed physical treatment of
dust formation and destruction in 2D radiative transfer models
(Kama et al. 2009). An important assumption in the latter work
is their double power-law radial parameterization of the surface
density, as assumed here. Their smooth inner structures, often
having wide optically thin dust regions in front of the actual rim,
can partly be attributed to this parameterization, which isproba-
bly more realistic than the wall resulting from a single power-law
model, as we started with in Sect. 4.

Our models are not computed with a sophisticated dust sub-
limation/evaporation treatment, like in Kama et al. (2009), since
it requires an immense computation time to do so for a grid of
models. The self-consistent inclusion of a grain size distribution,
combined with dust settling, already increased the computation
time of a single model from tens of minutes to several hours (on
a single CPU). Kama et al. (2009) found smaller inner rim radii
than Isella & Natta (2005) and Tannirkulam et al. (2007). This
was attributed to the implementation of an abundance correction
to the used dust sublimation law by Kama et al. (2009). It would
be interesting to explore how these detailed inner rim curvature
calculations exactly depend on the abundances, and what would
be the effect in a post-AGB context. In particular, it would be in-
teresting to investigate how our best-fit models would evolve if
dust destruction were properly included in the calculations, but
this is beyond the scope of the current paper. We also note that
Kama et al. (2009) did not use a grain size distribution for their
dust, and hence neglected the effect of settling.

Instead of extending the model physics, we preferred in this
paper to do a wider exploration of the model parameter space,
since post-AGB disks have not yet been studied extensively.In
the following subsection we check, a posteriori, the temperature
and density structure of our best-fit models.

8.2. The disk structure

Fig. 9 shows the temperature structure of our best-fit Fe (left)
and amorphous C (right) containing models as a function of the
radial and vertical position in the disk, overplotted with the radial
and verticalτ = 1 surfaces at 0.55µm. The figure also shows the
radial profile of the gas pressure scale height in the midplane

(middle panels) and the radial profile of the vertically integrated
surface density (lower panels).

An inspection of the inner rim dust temperatures points out
that they are rather high, up to∼1600 K. The model with amor-
phous C has a slightly smaller temperature at the inner rim, but
only by∼50 K. Interestingly, the model with metallic Fe also has
a larger radial temperature gradient compared to the amorphous
C model. High dust temperatures have appeared in the literature
before. Benisty et al. (2010) even needed values up to 2200 K,
but these values may not be realistic. Considering the results of
Kama et al. (2009), who attempted to implement the most ac-
curate treatment of dust sublimation possible, and adopting our
gas density of≤10−11.5 g/cm3 (see Fig. 10), sublimation temper-
atures of only 1300 K for olivine and 1400 K for iron are to be
expected. It can therefore be foreseen that by including dust sub-
limation properly, our inner rim radius would increase, which
would be incompatible with the near-IR interferometric data.

The gas as well as dust density structure of the same two
models are depicted in Fig. 10. The figure also separately shows
the density of small (i.e., 0.06µm) as well as large (i.e., 5.6µm)
grains, to illustrate the relevance of dust settling. The Fecon-
taining model in general has higher densities than the C models,
except in the very small grains. This is expected, given the differ-
ences in total dust mass and grain size distribution (see Table 1).

We fixed some parameters and made some implicit assump-
tions in our modeling. These specific choices could impact our
results. Our total dust mass agrees with the value determined
by Bujarrabal et al. (2013a) based on single-dish, rotationally-
excited CO line fluxes, in particular for our C-containing model.
If the true disk outer radius would be larger than the 50 AU as-
sumed in our double power-law models, however, the required
dust mass may increase as well. On the other hand, the mass de-
rived by Bujarrabal et al. (2013a) needs to be validated withfull
radiative transfer calculations of the line profiles, taking the disk
structure into account. Another parameter could be the turbulent
mixing strengthαturb, which determines the efficiency of vertical
mixing, and hence strongly impacts on the vertical structure of
the disk. Similarly, the central star’s mass and the global dust/gas
ratio influence the disk’s scale height. We calculated a few mod-
els withαturb increased or decreased by an order of magnitude or
with M⋆ =0.75 M⊙, and it is unlikely that these parameters will
affect our main results.

8.3. The MIDI 15 m baseline

The discrepancy between our models and the 15 m MIDI base-
line could be because of the poorer atmospheric conditions dur-
ing the night of that measurement. If this is not the case, how-
ever, then the smoothness ofall of our model visibility curves
shows that to reproduce both observations, a simple continously
declining radial density profile does not work. Instead, a strong
decrease in the optical depth of the disk just behind the inner rim
is needed. This means that to fit these data, a gap must be de-
veloping in the disk between∼10 and 40 mas in radius, or that
there must be a strong shadow that is not present in our MCMax
models.

There is an ongoing debate about shadows and puffed-
up inner rims in protoplanetary disks (see, e.g., the reviewof
Dullemond & Monnier 2010). In some of the original models
(e.g., those of Dullemond & Dominik 2004), the region imme-
diately behind the inner rim had a smaller scale height than ex-
pected from a fully flaring disk. The interpretation was thatthis
was because of a strong puffing-up of the frontally illuminated
inner rim, which then casts a shadow on the region immediately
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behind it. It was, however, questioned whether such a shadow
could lead to a (partial) collapse of the outer disk (see, e.g., the
discussion in Wood 2008). Instead, it was suggested that thevery
steep surface density gradient in the self-shadowed modelsis re-
sponsible for the disk not reaching the large scale heights of flar-
ing disks. Also, the too simple treatment of scattering and radial
radiative diffusion of heat might have played a role in the early
models, which is no longer a problem in the more recent Monte
Carlo based radiative transfer codes.

Based on the Dullemond & Dominik (2004) models,
van Boekel et al. (2005) presented simulated visibility curves at
10 µm of a flaring (with partial “shadowing”) and fully self-
shadowed case. Interestingly, these curves have a plateau in the
continuum at 7.7µm because of the presence of a shadow in the
models. Despite that our observations look very similar in the
continuum, the inadequate treatment of scattering and diffusion
in these models cannot be neglected. Therefore, if real, a gap in-
terpretation to explain our observations would seem more likely.

The SED does not show any sign of a gap in the disk,
while for protoplanetary (pre-)transition disks, in whichgaps
have been spatially resolved, this is mostly clearly the case
(Williams & Cieza 2011). For this reason, we assume that our
15 m observation is untrustworthy, but more mid-IR interfero-
metric observations are needed to confirm this.

8.4. The dust composition

Our choice to explore models with amorphous C was inspired
by the recent result of Acke et al. (2013), and by the need to in-
vestigate whether a change in dust composition can significantly
affect the predicted amount of scattered light by the disk (see
Sect. 8.5).

Acke et al. (2013) claim that the continuum opacity source
in the circumbinary disk of HR4049 can be identified as amor-
phous carbon, by confronting radiative transfer models with
near- and mid-IR interferometric data and the IR ISO spec-
trum. They state that the identification can be made in essence
because the temperatures reached by various dust species ata
given physical distance to the star are very different. As an ex-
planation for the origin of the carbonaceous material, theypro-
pose that ongoing mass loss from the depleted photosphere of
the post-AGB primary consists of carbon-bearing molecules.
This is consistent with various observations (Geballe et al. 1989;
Roberts et al. 2012; Acke et al. 2013; Malek & Cami 2014). Ac-
cording to Acke et al. (2013), this material may then form a veil
of carbon-rich dust over the pre-existing silicate-rich disk. It re-
mains to be demonstrated, however, that this outflowing material
influences the structure and appearance of the disk, such that this
is detectable.

The models used by Acke et al. (2013) were rather simple
and broke down beyond 10µm, as the dust consisted of only
0.01µm grains of a single species. Although the effect of very
small metallic Fe vs. amorphous C grains is very different in
terms of heating, the influence of the larger grains, which con-
stitute the bulk of the dust mass, on the temperature structure
cannot be neglected (see also Mulders & Dominik 2012). Our
results show that their conclusion about the composition ofthe
dust component in the HR4049 disk needs to be carefully reeval-
uated. Our best Fe and C models give very similar fits to our
observations of 89 Her; and the latter constraints are similar to
those relied upon by Acke et al. (2013). As Figs. 9 and 10 show,
the inner temperature structures are not very different between
our two best models, while the density structures are different.
We stress that the disk structure needs to be taken into account,

including the important effect of dust settling, like was done in
this work.

No evidence exists for the presence of carbon-rich gas nor
dust in the 89 Herculis system. A large-scale outflow has been
detected in CO (Bujarrabal et al. 2007), but its origin within
the central object is unknown (see Sect. 8.6). Also, the pho-
tospheric depletion pattern in 89 Her is not very pronounced
(Kipper 2011), in contrast to HR4049, which is one of the most
depleted objects (Waelkens et al. 1991) among the known sam-
ple of Galactic post-AGB binaries. Hence, from the perspective
of abundances, the photosphere of 89 Her contains sufficient Si
and Fe to form O-bearing dust in the outflow. While our best-
fitting C model matches the observations mildly better than our
best-fitting Fe model, it seems much harder to explain the for-
mation of amorphous carbon dust in the 89 Her system than in
HR4049. This is the case, in particular, for a homogeneous dust
composition throughout the disk, as is assumed here.

8.5. The scattered light

Finally, we discuss the main result of this paper, which is the
inability of our disk models to reproduce the detected optical
scattered light. Despite the extensive grid of calculated models,
and the two dust compositions that were explored, not a single
model produces sufficient scattered light at optical wavelengths.
Moreover, those models that approach the required optical and
resolved flux fraction do so at the cost of a too large scattering
surface area and/or too high near-IR fluxes.

Considering the single-scattering albedos in Fig. 8, it be-
comes clear that another change in dust composition will notin-
crease the scattered light by much. Doubling the iron abundance
to 30% in mass fraction (an extreme situation) only slightlyaf-
fects the albedo. One might expect that removing the small-
est grains (≤0.03µm) from the population, and including more
grains in the∼0.03–0.3µm size range by adapting the grain size
power-law index, might increase the amount of scattered light.
In contrast to the former, the latter grains have a high albedo in
the optical wavelength range, and do not yet have a scattering
phase function that is strongly forward-peaked. Mulders etal.
(2013) showed that this strong forward peak in the scattering
phase function of grains≥0.3µm is the cause for the faintness of
protoplanetary disks in optical scattered light. We therefore re-
computed our best-fit model, now excluding the smallest grains,
and found no noticeable difference in the temperature structure
nor in the predicted observables of our model. Although the
smallest grains have high extinction coefficients, their density
(see Fig. 10) is very low and they thus do not dominate the opac-
ity in this model.

The small deficiencies of our best-fit Fe model with respect
to the SED, mentioned in Sect. 5.1, point to a lack of small
grains, and hence a power-law index that has too shallow a grain
size distribution. Increasing the number of small grains is, how-
ever, prohibited by the constraints set in the H band. Our best
amorphous carbon model partly resolves some of these issues,
but still overestimates the H band flux and underpredicts thefar-
IR flux. Moreover, the origin of the carbon would be difficult to
explain in this system. Finally, the visibilities are not perfectly
fitted by either model, as an even flatter slope seems to be re-
quired at the intermediate-to-long spatial frequencies.

We conclude that no reasonable disk model can matchall of
the observations, because two distinct geometric structures are
needed to accommodate the near-IR and optical constraints si-
multaneously. The structure of our best models is too flat at the
inner rim to scatter a sufficient amount of the optical stellar flux
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at this radius into our line of sight, which is needed to fit ouropti-
cal observations. In contrast, this flattened inner rim is needed to
fit the near-IR data, and in particular the visibilities. So to explain
the deficiencies, we propose that the basic geometry needs tobe
adapted: an outflow in optical scattered light should be included
in the model of the system in addition to the circumbinary disk.
As discussed in Paper I, there is some indirect evidence from
polarimetric data (Joshi et al. 1987) that 89 Her may also have a
low-density component of small dust grains that can be associ-
ated with a bipolar structure.

8.6. The global picture

Several questions remain about our interpretation of this system.
The CO hourglass outflow is detected on a very different scale
(∼10′′, Bujarrabal et al. 2007) than the scales traced by our inter-
ferometric observations. Moreover, the same authors estimated
the lifetime of this hourglass at∼3500 yr. During this time the
dynamics of the inner system may have changed. The Hα line
shows a clear P Cygni type of profile (Waters et al. 1993), but
the properties of the current outflow may be very different (e.g.,
more jetlike) from the CO hourglass. Based on our current mod-
eling of the existing observations, we cannot conclude whether
the optically scattering dust is dynamically linked to the hour-
glass, nor to a speculative more recent jetlike outflow.

The driving mechanism of the CO hourglass is unknown, so
there are no independent constraints on the density structure nor
on the grain properties of a potential dust component in it. Di-
rect dust condensation in a wind seems unlikely given the effec-
tive temperature (6550 K) of the star, but dust grains from the
circumbinary disk may be trapped in an accretion flow that is
subsequently blown away in the polar directions. The launching
mechanism of the gas and dust (i.e., the exact path followed by
either) remains an open question in this framework (see, e.g., the
model calculations of Bans & Königl 2012). The smoothness of
the inner disk rim as found in this work, may be an indication for
such a scenario where ongoing accretion is linked to the forma-
tion of the outflow. More post-AGB disks should be studied with
near-IR interferometry to investigate a possible link between the
inner disk shape and the presence of an outflow in the system.

Additional quantitative models that include the disk as well
as a dust component in the (hourglass) outflow are needed in
combination with more constraining interferometric observa-
tions. The parameter values of our best-fit disk models may be
affected by the presence of dust in the outflow. It cannot be ex-
cluded that the outflow also contributes near- and/or mid-IR flux,
which was neglected in the current framework. It might even
be expected that this additional structure of low optical depth
in/above the system presents a natural way of smoothing the in-
tensity profile when viewed face-on. With this additional struc-
tural component, however, many new free parameters would be
introduced in the model, in addition to the disk parameter space
that needs to be reevaluated simultaneously. Therefore, degen-
eracies can be expected that the current data are incapable of
resolving. Given the correspondence between the SED and the
albedo of 0.1µm grains (see Fig. 8), we nevertheless predict that
an outflow consisting of such grains, and covering a large vol-
ume but with a low optical depth, might give rise to a significant
flux of optical scattered light without producing too much IR
thermal emission. It is, however, beyond the scope of this paper
to explore such models.

9. Conclusions

In this paper we have computed an extensive grid of radiative
transfer models of passive disks in hydrostatic equilibrium, using
a grain size distribution that includes large grains and a consis-
tent treatment of grain-size-dependent dust settling. Such models
very successfully match the energetics and spatial distribution of
the circumstellar material in the 89 Herculis system, as probed
by the full IR SED and our IR interferometric observables. We
have extended the SED with precise SPIRE flux measurements
in the 200-600µm wavelength range, thereby putting strong con-
straints on the size distribution of the dust grains. Our results
confirm that the binary in 89 Herculis is surrounded by a com-
pact and stable circumbinary disk in Keplerian rotation, wherein
large dust grains form and settle to the midplane as in our best
models. We also showed that no firm conclusions can be drawn
on the composition of the dust, based on the observables usedin
this paper, without taking the full disk structure into account.

In the optical, however, only about half of the required cir-
cumstellar scattered flux is predicted by our disk models, albeit
at the correct angular size scale. Although the parameter space is
vast, and not all avenues in terms of disk models have been inves-
tigated in full detail (see, e.g., Turner et al. 2014, where the pos-
sible role of magnetic fields is investigated in the case of disks
around Herbig stars), our results show that to resolve the remain-
ing discrepancies, an additional component with some scattering
material in our direct line-of-sight to the central binary is proba-
bly needed in the 89 Her system. The very smooth emission pro-
file at near-IR and the compactness at optical wavelengths are
difficult to reconcile within a geometrical framework that only
consists of a puffed-up circumbinary disk in hydrostatic equilib-
rium.

Whether the dusty material is in the (detected molecular)
bipolar outflow, in a halo near the inner disk rim, or in yet another
structure, is unclear at the moment. Krijt & Dominik (2011) sug-
gested that halos could form near the inner edge of protoplan-
etary disks by dynamical interactions and collisions between
planetesimals. In light of our speculative detection of a “gap”
in the MIDI data of 89 Her, such a scenario cannot be excluded
a priori. It seems more likely, however, that the dust is present in
the bipolar outflow, given that dust is detected in a variety of out-
flows around other post-AGB objects. The central question that
remains relates to the origin of the outflow and its dust compo-
nent. The grains in the outflow need to be≥0.1µm to efficiently
scatter up to wavelengths of∼1 µm. The details of dust con-
densation in the close neighborhood of oxygen-rich (post-)AGB
stars are not well understood, so the origin of these grains re-
mains to be demonstrated. The mass reservoir from which the
gas component in the outflow originates is not firmly identified
either. The mass could either be lost by the central star(s) or by
the inner disk. More (precise) observations are required tomake
an exploration of these complex model geometries fruitful.

We stress that our best-fit models of the inner geometry as
listed in Table 1 were determined under the assumption that there
is only a binary with a circumbinary disk in the system! On the
other hand, we also underline that even though the outflow likely
contributes scattered light at optical wavelengths, the difference
in size distribution between the grains in the disk and in theout-
flow means that the (far-)IR emission is definitely dominatedby
the disk.

The complex inner geometry, the large scattering compo-
nent, and the unknown physical connection between the CO
hourglass outflow at large scales and the inner disk, indicates
that multi-wavelength interferometric imaging is likely needed
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to constrain a global model of the 89 Her system. More clues
on the 3D position of the scattering material can also come
from stronger observational constraints on the wavelengthde-
pendence of the optical scattering, and from spatially resolving
the system in different polarization states, since the various ge-
ometries can be expected to result in different polarimetric sig-
natures.
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Fig. 9: Temperature structure of our best-fit models. The upper panels show maps of the temperature, with the radial and vertical
τ = 1 surfaces at 0.55µm overlaid as solid and dashed lines, respectively. The middle and lower panels display the midplane
pressure scale height and integrated dust density, respectively, as a function of the disk’s radius. On the left and right, the best Fe
and amorphous C containing models are shown, respectively.
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