
ar
X

iv
:0

80
9.

25
05

v1
  [

as
tr

o-
ph

]  
15

 S
ep

 2
00

8

Astronomy & Astrophysicsmanuscript no. 0053 c© ESO 2008
September 16, 2008

SPITZER survey of dust grain processing in stable discs arou nd
binary post-AGB stars. ⋆

C. Gielen1, H. Van Winckel1, M. Min2, L.B.F.M. Waters1,2, and T. Lloyd Evans3

1 Instituut voor Sterrenkunde, Katholieke Universiteit Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium
e-mail:clio.gielen@ster.kuleuven.be

2 Sterrenkundig Instituut ’Anton Pannekoek’, UniversiteitAmsterdam, Kruislaan 403, 1098 Amsterdam, The Netherlands
3 SUPA, School of Physics and Astronomy, University of St Andrews, North Haugh, St Andrews, Fife KY16 9SS, United Kingdom

Received ; accepted

ABSTRACT

Aims. We investigate the mineralogy and dust processing in the circumbinary discs of binary post-AGB stars using high-resolution TIMMI2
and SPITZER infrared spectra.
Methods. We perform a full spectral fitting to the infrared spectra using the most recent opacities of amorphous and crystalline dust species.
This allows for the identification of the carriers of the different emission bands. Our fits also constrain the physical properties of different dust
species and grain sizes responsible for the observed emission features.
Results. In all stars the dust is oxygen-rich: amorphous and crystalline silicate dust species prevail and no features of a carbon-rich component
can be found, the exception being EP Lyr, where a mixed chemistry of both oxygen- and carbon-rich species is found. Our full spectral fitting
indicates a high degree of dust grain processing. The mineralogy of our sample stars shows that the dust is constituted ofirregularly shaped
and relatively large grains, with typical grain sizes larger than 2µm. The spectra of nearly all stars show a high degree of crystallinity, where
magnesium-rich end members of olivine and pyroxene silicates dominate. Other dust features of e.g. silica or alumina are not present at
detectable levels. Temperature estimates from our fitting routine show that a significant fraction of grains must be cool, significantly cooler
than the glass temperature. This shows that radial mixing isvery efficient is these discs and/or indicates different thermal conditions at grain
formation. Our results show that strong grain processing isnot limited to young stellar objects and that the physical processes occurring in the
discs are very similar to those in protoplanetary discs.
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1. Introduction

Post-AGB stars are low- and intermediate-mass stars that
evolve rapidly from the Asymptotic Giant Branch (AGB) to-
wards the Planetery Nebula (PNe) phase, before cooling down
as white dwarves. During the previous AGB phase, the star
has undergone severe mass loss, leaving behind a slowly ex-
panding circumstellar dust shell. Depending on the dilution
in the line-of-sight, the expected spectral energy distribution
(SED) is double-peaked, with the first UV-visible peak indica-
tive of the central star and the second infrared peak coming

⋆ Based on observations obtained at the European Southern
Observatory (ESO), La Silla, observing program 072.D-0263, on ob-
servations made with the 1.2 m Flemish Mercator telescope atRoque
de los Muchachos, Spain, the 1.2 m Swiss Euler telescope at La
Silla, Chile and on observations made with the SPITZER Space
Telescope (program id 3274), which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract with
NASA.

from thermal emission of the cool dust in the circumstellar
environment (CE). The release of the IRAS All-Sky Survey
mission made a large-scale identification of post-AGB starson
the basis of their infrared colours possible (Lloyd Evans 1985;
Hrivnak et al. 1989; Oudmaijer et al. 1992). More recent sur-
veys on post-AGB stars include Szczerba et al. (2007), who
present the latest catalogue of Galactic post-AGB stars with
almost 400 objects.

IRAS colour-colour diagrams revealed a large sample of
stars that did not show the expected double-peaked SED
(Lloyd Evans 1985; De Ruyter et al. 2006). Instead, they show
a strong near-IR excess, pointing to the presence of hot dust
in the system, while the central stars are currently too hot
to have an ongoing dusty mass loss. Correlations with opti-
cal databases of variable stars point to the presence of pul-
sating stars that also show this specific IR-excess. These
RV Tauri stars are luminous evolved stars that cross the
Population II Cepheid instability strip and populate a well-
defined part of the IRAS colour-colour diagram (Lloyd Evans
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1985; Raveendran 1989; Lloyd Evans 1999). Recent interfer-
ometric studies (Deroo et al. 2007a,b) prove that the circum-
stellar emission originates from a very compact region and
that the SEDs of these stars are well modelled with a pas-
sive 2D disc model (Dullemond & Dominik 2004; Deroo et al.
2007a; Gielen et al. 2007). The spectral slope of the submil-
limetre SED points to the presence of large, up toµm and cm
sized, grains in these discs (De Ruyter et al. 2006; Gielen etal.
2007), which have settled to form a cool disc midplane. The in-
ner radius of these discs is determined by the dust sublimation
radius. The hot inner rim is puffed up by gas presssure from the
central star and radiates mainly in the near-IR, while the outer
parts of the disc can be strongly flared and are responsible for
the strong absorption and re-radiation of the stellar light. In a
few cases the direct confirmation of the Keplerian kinematics
of the circumstellar discs comes from resolved interferometric
CO measurements (Bujarrabal et al. 1988, 2005, 2007). Recent
studies have shown that these post-AGB stars are very likely
all binaries (Maas et al. 2002, 2003; Van Winckel et al. 1999;
Van Winckel 2007; Gielen et al. 2007).

Famous examples of these objects include HD 44179,
the central star of the Red Rectangle. It is a carbon-
rich post-AGB object for which the binarity was proven
by Van Winckel et al. (1995). The star is surrounded by an
oxygen-rich disc (Waters et al. 1998) and is resolved in ground-
based high spatial resolution imaging (Roddier et al. 1995;
Men’shchikov et al. 2002) as well as in HST optical images
(Cohen et al. 2004). The disc is also resolved in interferomet-
ric CO measurements, where the Keplerian velocity of the disc
was detected (Bujarrabal et al. 2005).

Infrared spectroscopy is the ideal tool to study the
physico-chemical characteristics of the circumstellar mate-
rial, since it samples resonances of the most dominant
dust species and important ro-vibrational bands of dominant
molecules. Spectroscopic data obtained with the Infrared Space
Observatory (ISO) allowed for the first time to study the miner-
alogy of circumstellar environments of objects in different evo-
lutionary stages (e.g. Waters et al. 1996; Waelkens et al. 1996).
More advanced studies of the CE of young stellar objects (e.g.
van Boekel et al. 2005; Lisse et al. 2007) and mass-losing ob-
jects (Molster et al. 2002a,b,c) further identified the dominant
dust species and grain sizes of the circumstellar dust.

Infrared spectral studies of post-AGB objects (Van Winckel
2003, and references therein) allowed for the detection of
different CE chemistries. The more typical C-rich post-AGB
stars are characterised by a strong amorphous SiC feature at
11.3µm. In these stars, a strong unidentified 21µm feature can
sometimes be found (Kwok et al. 1989). In addition to the de-
tection of O-rich post-AGB stars, dominated by silicate species,
surprisingly also mixed chemistries were found, showing fea-
tures of both O-rich and C-rich dust species.

Young stellar objects are the natural environment to study
circumstellar disc physics, but previous studies of the miner-
alogy of discs around the few brightest infrared evolved ob-
jects with ISO (Molster et al. 1999, 2002a,b,c) show strong
dust processing, with oxygen-rich and highly crystalline dust.
Molster et al. (2002a,b,c) found that a high degree of crystalli-

sation is indicative for the presence of a stable disc, and not a
dusty outflow.

In our pilot study (Gielen et al. 2007), based on SPITZER-
IRS and ISO data, we investigate the mineralogy and spec-
tral energy distribution of two post-AGB stars, RU Cen and
AC Her. The spectra of these stars are extremely similar and
show a strong resemblance to the infrared spectrum of the
solar-system comet Hale-Bopp and young stellar objects, such
as HD 100546. The observed crystalline emission features
are well modelled using magnesium-rich crystalline silicates.
The grains are irregularly shaped, with grain sizes of 0.1µm
and 1.5µm. Both hot and cool grains are necessary to re-
produce the observed spectrum. The spectral energy distribu-
tions of both stars were fitted using a 2D passive disc model
(Dullemond & Dominik 2004). The discs surrounding these
objects start at 35 AU from the central star, which is well
beyond the dust sublimation radius. The outer radius is less
well constrained, but extends till about 300 AU. The discs are
strongly flared.

In this work we study the mineralogy of the discs in a
large sample of post-AGB binaries and perform a detailed fit-
ting of the observed emission features. We have observed 21
binary post-AGB objects with the SPITZER-IRS spectrograph
and look for relations between the dust parameters and stellar
characteristics.

The outline of this paper is as follows: in Sects. 2 and 3
we introduce our programme stars and the different observa-
tion and reduction strategies used. Section 4 contains the con-
struction of the spectral energy distributions and the total ex-
tinction determination. In Sect. 5 we give a general overview
of the spectra and the observed emission features. The profile
and full spectral fitting is presented in Sects. 6 and 7. The dis-
cussion and conclusion of our analysis are given in Sects. 8 and
9.

2. Programme stars

From the total sample of 51 published binary post-AGB stars
likely surrounded by a stable disc (De Ruyter et al. 2006), we
selected the 21 stars with fluxes below the saturation limit of
the SPITZER-IRS spectrograph. Spectral types range from A
to M.

Our radial velocity monitoring program, using the
CORALIE spectrograph attached to the 1.2 m Swiss Euler
Telescope at the ESO La Silla Observatory, is still ongoing but
we have already found orbital parameters for 15 of our 21 pro-
gram stars. Orbital periods range from 100 up to more than
2000 days (Van Winckel 2007). The objects for which we do
not yet have orbital parameters, have pulsational amplitudes
which are too large for a straightforward detection of the binary
motion. The results of the radial velocity monitoring program
will be subject of a forthcoming paper.

The orbital periods indicate that strong binary interaction
must have occurred during the late stages on the AGB. The bi-
naries are now not in contact but the orbits are too small to ac-
commodate a full-grown AGB star. The discs are all circumbi-
nary since all orbits lie well within the dust sublimation radius.
The distribution of the mass-functions gives a range in minimal
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mass for the companion between 1 M⊙ and 2 M⊙. The compan-
ion stars are likely to be unevolved main sequence stars (e.g.
Gielen et al. 2007; Van Winckel 2007).

These binary post-AGB stars are characterised by a de-
pletion pattern in their photospheres (Giridhar et al. 1994,
1998, 2000; Gonzalez et al. 1997a,b; Van Winckel et al. 1998;
Maas et al. 2005). This abundance pattern is the result of gas-
dust separation followed by reaccretion of the gas, which
is poor in refractory elements. Waters et al. (1992) proposed
that the most likely circumstance for this process to oc-
cur is when the dust is trapped in a circumstellar disc.
Photospheric chemical studies of post-AGB candidates in the
LMC have revealed that there also, depletion patterns are com-
mon (Reyniers & Van Winckel 2007). The observations in the
recent release of the SAGE database (Meixner et al. 2006)
showed that these depleted LMC sources have infrared ex-
cesses similar to the Galactic binary post-AGB stars, and are
therefore thought to be disc sources as well.

The disc formation itself is badly understood. Possible for-
mation scenarios of the discs include a wind capture scenario
(e.g. Mastrodemos & Morris 1999), or a formation scenario
through non-conservative mass transfer in an interacting bi-
nary. In the first scenario, the AGB wind is captured by the
companion. In the second scenario, which is still not very well
explored theoretically, the disc formation precedes the dust-
grain formation and it is likely that the thermal history of the
grains was very different from that in normal AGB winds. This
could lead to very different chemico-physical properties during
formation. The sizes of the orbits suggest this scenario to be
more likely.

We may witness the formation of a circumbinary disc by
Roche-Lobe overflow in the evolved binary system SS Lep.
The optical/IR interferometric observables can be best under-
stood, assuming a Roche-lobe filling M star in a system with a
circumsystem disc (Verhoelst et al. 2007).

Our program stars are therefore all likely binaries which are
surrounded by a dusty stable disc. This disc seems to have an
important impact on the objects and in this paper we focus on
the analysis of the IR spectra as probes for the disc physics.

3. Observations and data reduction

3.1. SPITZER

High- and low-resolution spectra for 21 post-AGB stars were
obtained using the Infrared Spectrograph (IRS; Houck et al.
2004) aboard the SPITZER Space Telescope (Werner et al.
2004) in February 2005. The spectra were observed using com-
binations of the short-low (SL), short-high (SH) and long-high
(LH) modules. SL (λ=5.3-14.5µm) spectra have a resolving
power of R=λ/ △ λ ∼ 100 , SH (λ=10.0-19.5µm) and LH
(λ=19.3-37.0µm) spectra have a resolving power of∼ 600.
Exposure times were chosen to achieve a S/N ratio of around
400 for the high-resolution modes, which we complemented
with short exposures in low-resolution mode with a S/N ratio
around 100, using the first generation of the exposure time cal-
culator of the call for proposals.

The spectra were extracted from the SSC raw data
pipeline version S13.2.0 products, using the c2d Interactive
Analysis reduction software package (Kessler-Silacci et al.
2006; Lahuis, F. et al. 2006). This data processing includes
bad-pixel correction, extraction, defringing and order match-
ing. Individual orders are corrected for offsets, if necessary, by
small scaling corrections to match the bluer order.

3.2. TIMMI2

For stars where we lack the SPITZER IRS-SH observations
we obtained additional ground-based N-band infrared spectra
with the Thermal Infrared Multi Mode Instrument 2 (TIMMI2,
Reimann et al. 2000; Käufl et al. 2003), mounted on the 3.6 m
telescope at the ESO La Silla Observatory. The low-resolution
(R ∼ 160) N band grism was used in combination with a
1.2 arcsec slit, the pixel scale in the spectroscopic mode of
TIMMI2 is 0.45 arcsec. For the reduction of the spectra we
used the method described in van Boekel et al. (2005). We
scaled the TIMMI2 spectra to the SPITZER spectra and found
a very good agreement in spectral shape between the two data
sets.

4. Spectral energy distribution

For all sample stars spectral energy distributions were updated
from the photometric data as given by De Ruyter et al. (2006).
The resulting SEDs are presented in Figs. B.1 and B.2. The
total extinctionE(B − V)tot was determined by dereddening
the observed photometry, using the average extinction law of
Savage & Mathis (1979). The relation betweenE(B−V)tot and
AV is given by AV = RV × E(B − V), with a typical value
for RV = 3.1 (Savage & Mathis 1979). Minimising the dif-
ference between the dereddened observed optical fluxes and
the appropriate Kurucz model (Kurucz 1979) gives the total
colour excessE(B − V)tot (Table 1). Model parameters for our
sample stars are given in Table 1 and are based on the anal-
ysis of high-resolution spectra as given by the literature (see
De Ruyter et al. (2006) for references). A considerable fraction
of our sample stars show a photometric variability due to pul-
sation, so we use only photometric maxima for the SED con-
struction.

The errors on the value forE(B− V)tot are calculated using
a Monte-Carlo simulation on the photometric data. We use an
error of 0.05 for the photometric measurements in a Gaussian
distribution. Since we do not know the distances to the sources,
we adopt a likely luminosity for evolved low-gravity objects of
L∗ = 5000± 2000 L⊙. The distance to IRAS 20056 is likely
overestimated since visible light from this source probably
reaches us only by scattering through a nearly edge-on optically
thick disc (Menzies & Whitelock 1988; Gledhill et al. 2001).

We also corrected the infrared spectra for reddening by ex-
tending the average extinction law of Savage & Mathis (1979)
with the theoretical extinction law of Steenman & Thé (1989,
1991) and by using the derived total extinction values. Thisis
done under the assumption that the extinction is fully due to
interstellar extinction. Since the total extinction probably con-
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Table 1. The name, equatorial coordinatesα andδ(J2000), spectral type, effective temperature Te f f , surface gravity logg and
metallicity [Fe/H] of our sample stars. For the model parameters we refer to DeRuyter et al. (2006). Also given is the orbital
period (see references in De Ruyter et al. 2006; Gielen et al.2007). The total reddeningE(B − V)tot, the energy ratioLIR/L∗ and
the calculated distance, assuming a luminosity ofL∗ = 5000± 2000 L⊙. Distances marked with * are upper limits due to the
aspect angle of the disc.

N◦ Name α (J2000) δ (J2000) Te f f logg [Fe/H] Porbit E(B − V)tot LIR/L∗ d
(h m s) (◦ ’ ”) (K) (cgs) (days) (%) (kpc)

1 EP Lyr 19 18 17.5 +27 50 38 7000 2.0 -1.5 0.52±0.01 3±0 4.1±0.8
2 HD 131356 14 57 00.7 −68 50 23 6000 1.0 -0.5 1490 0.20±0.01 50±2 3.0±0.6
3 HD 213985 22 35 27.5 −17 15 27 8250 1.5 -1.0 259 0.27±0.01 24±1 3.1±0.6
4 HD 52961 07 03 39.6 +10 46 13 6000 0.5 -4.8 1310 0.06±0.01 12±1 2.1±0.4
5 IRAS 05208−2035 05 22 59.4 −20 32 53 4000 0.5 0.0 236 0.00±0.00 38±2 3.9±0.8
6 IRAS 09060−2807 09 08 10.1 −28 19 10 6500 1.5 -0.5 371 0.57±0.02 63±3 5.4±1.1
7 IRAS 09144−4933 09 16 09.1 −49 46 06 5750 0.5 -0.5 1770 1.99±0.05 53±5 2.7±0.6
8 IRAS 10174−5704 10 19 18.1 −57 19 36 323
9 IRAS 16230−3410 16 26 20.3 −34 17 12 6250 1.0 -0.5 0.56±0.02 60±3 6.1±1.2
10 IRAS 17038−4815 17 07 36.3 −48 19 08 4750 0.5 -1.5 1381 0.22±0.02 69±5 4.5±1.0
11 IRAS 17243−4348 17 27 56.1 −43 50 48 6250 0.5 0.0 484 0.59±0.02 68±4 3.8±0.8
12 IRAS 19125+0343 19 15 00.8 +03 48 41 7750 1.0 -0.5 517 1.08±0.02 52±3 1.8±0.4
13 IRAS 19157−0247 19 18 22.5 −02 42 09 7750 1.0 0.0 120.5 0.68±0.01 63±2 4.2±0.9
14 IRAS 20056+1834 20 07 54.8 +18 42 57 5850 0.7 -0.4 0.51±0.02 905±42 10.9±2.3
15 RU Cen 12 09 23.7 −45 25 35 6000 1.5 -2.0 1489 0.55±0.01 13±1 2.3±0.5
16 SAO 173329 07 16 08.3 −23 27 02 7000 1.5 -0.8 115.9 0.39±0.01 36±1 6.5±1.3
17 ST Pup 06 48 56.4 −37 16 33 5750 0.5 -1.5 410 0.00±0.00 55±1 5.7±1.2
18 SU Gem 06 14 00.8 +27 42 12 5750 1.125 -0.7 0.58±0.02 111±7 4.8±1.0*
19 SX Cen 12 21 12.6 −49 12 41 6000 1.0 -1.0 600 0.32±0.02 34±2 3.8±0.7
20 TW Cam 04 20 48.1 +57 26 26 4800 0.0 -0.5 0.40±0.02 42±3 3.2±0.6
21 UY CMa 06 18 16.4 −17 02 35 5500 1.0 0.0 0.00±0.00 89±3 9.6±2.0*

Fig. 1. Comparison between the dereddened (black solid line)
and reddened (red dotted line) of IRAS 19125. Dereddening
mainly influences the spectral signature in the 10µm region.

sists of both an interstellar and a circumstellar component, the
applied dereddening is thus a maximal correction.

Dereddening the infrared spectra mainly influences the
shape of the silicate feature around 9.8µm (see Fig. 1). Since
our total extinction values are on average quite small, the effect
of deredding the infrared spectra is negligible for most stars.
For stars with a higher value forE(B − V)tot, like IRAS 09144
and IRAS 19125, one has to be careful interpreting the shape
of the silicate feature, since the partitioning between interstel-
lar and circumstellar reddening is not known at this point.

We compute the energy ratioLIR/L∗ to determine the
amount of energy reprocessed by the CE (Table 1). 80% of
our stars have a ratioLIR/L∗ of 30% and higher, showing that
the absorption and re-radiation of stellar light by the CE isex-
tremely efficient.

5. General overview

Figures B.8 till B.10 show the wide range in observed spectra.
All spectra are characterised by many distinct spectral struc-
tures in emission over a smooth continuum. There is quite
some variety over the sample, with different continuum slopes,
but for nearly all stars the spectrum is dominated by emission
bands that can be attributed to silicate dust species.

In a few stars only, gas phase emission is detected in the
form of bandhead emission of12CO2 and13CO2. These stars
are HD 52961, EP Lyr and IRAS 10174.

Unique to our sample is the spectrum of EP Lyr in the 7-
20µm region. This spectral range is dominated by a strong and
narrow 11.3µm emission peak and a complex plateau with nar-
row emission features in the 14-18µm region. The strongly
asymmetric band between 7µm and 10µm is real as well.
These features are observed in C-rich evolved stars and in the
carbon-rich component of the ISM and are associated with
PAH emission and the associated CH-out-of-plane and C-C-C
bending modes (e.g. Van Kerckhoven et al. 2000; Hony et al.
2001; Peeters et al. 2002). Longward of 18µm, the spectrum is
dominated by silicate emission. EP Lyr, is the only object inour
sample displaying a mixed chemistry. It is remarkable that in
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our considerable sample of post-AGB stars, only one possible
post-carbon star is found!

5.1. Silicate dust features: Identification

Amorphous and crystalline silicates are the most commonly
found dust species in the interstellar and circumstellar environ-
ment (Molster et al. 2002a,b,c; Kemper et al. 2004; Min et al.
2007). To describe the glassy and crystalline silicates with an
olivine and pyroxene stoichiometry we will use the commonly
used term “amorphous and crystalline olivine and pyroxene”.
Amorphous olivine (Mg2xFe2(1−x)SiO4, where 0≤x≤1 denotes
the magnesium content) has very prominent broad features
around 9.8µm and 18µm (see Fig. 2), which are easily detected
in our spectra. These features (also called the 10µm and 20µm
features) arise respectively from the Si-O stretching modeand
the O-Si-O bending mode. For large grains the 9.8µm feature
gets broader and shifts to redder wavelengths. Amorphous py-
roxene (MgxFe1−xSiO3) shows a 10µm feature similar to that
of amorphous olivine, but shifted towards shorter wavelengths.
Also the shape of the 20µm feature is slightly different.

The Mg-rich end members of crystalline olivine and pyrox-
ene, forsterite (Mg2SiO4) and enstatite (MgSiO3), show strong
but narrow features at distinct wavelengths around 11.3 - 16.2
- 19.7 - 23.7 - 28 - 33.6µm (see Fig. 2), making them easily
identifiable in our spectra. Forsterite condenses directlyfrom
the gas-phase at high temperatures (≈ 1500 K) or it may form
by thermal annealing of amorphous silicates, diffusing the iron
out of the lattice-structure. Enstatite can form in the gas-phase
from a reaction between forsterite and silica (SiO2), or it may
also form by a similar thermal annealing process as forsterite
(Bradley et al. 1983; Tielens et al. 1997). Laboratory experi-
ments have indicated that silica can be formed when amor-
phous silicates anneal to forsterite (e.g. Fabian et al. 2000). No
evidence for the presence of silica, with strong features around
9 and 21µm, can be found in our spectra. There is also no evi-
dence for the presence of Fe-rich crystalline silicates, like fay-
alite (Fe2SiO4).

Nearly all stars show strong crystalline dust features, both
at short and long wavelengths, showing that both hot and cool
crystallines seem to be abundant.

In our spectra, the amorphous silicate dust seems to peak at
20µm, rather than 18µm, as would be expected from synthetic
spectra of amorphous silicates. This could point to the pres-
ence of Mg-rich amorphous dust, which also shows this shift to
redder wavelengths (see Fig. 2).

5.2. Mean spectra and complexes

Different complexes at 10, 14, 16, 19, 23 and 33µm can be
identified in our spectra. In order to study the systematics be-
tween these complexes in our spectra we compare them to a
mean spectrum in that region. The mean complex spectra were
obtained by adding continuum subtracted spectra of sample
sources with clear spectral structures, using a weighing fac-
tor proportional to the S/N in that spectral region. The con-
tinuum was determined by linearly interpolating between the

Fig. 2. The mass absorption coefficients [cm2/g] of forsterite
and enstatite in GRF approximation. Grain sizes of 0.1µm (full
line), 2.0µm (dashed line) and 4.0µm (dotted line) are plotted.
The third box shows olivine in 0.1µm GRF approximation. The
Mg-rich member (Mg2SiO4) is plotted in full line, the standard
Mg-Fe member (MgFeSiO4) is plotted in dot-dashed line. As
an example we also plotted the SPITZER spectrum of one of
our sample stars, ST Pup.

beginning and end of the studied region. The 10µm complex
is discussed below, other complexes are discussed in the ap-
pendix (Sect. B.1). The mean complex spectra are shown in
Figs. B.3 to B.7. We also plot the mass absorption coefficients
of forsterite and enstatite in every complex.

5.2.1. The 10µm complex (8-13µm)

In Fig. 3 we plot the continuum divided spectra in the 10µm
region, ordered by peak value. We plot 1+ Fν,cs/ < Fν,c >,
whereFν,cs is the continuum subtracted spectrum (Fν − Fν,c)
and< Fν,c > is the mean of the continuum. The continuum was
determined by linearly interpolating between 7.5 and 13µm.
This method preserves the shape of the emission band and al-
lows a good comparison between the profiles themselves. The
figure clearly illustrates the very wide variety of the spectral ap-
pearance of the warm silicates, and because of this large variety
a mean spectrum was not constructed. We do not find a relation
between the strength and the shape of the silicate feature.

In Fig. 4 we show the continuum subtracted flux at 11.3
and 9.8µm versus the peak to continuum ratio of the 10µm
silicate feature. The 11.3/9.8µm ratio is a measure for the
amount of processing that the dust has undergone, where the
peak/continuum ratio is a measure for the typical grain size.
We find a high degree of crystallisation (11.3/9.8µm ratio) for
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Fig. 3.Continuum divided spectra in the 10µm region, ordered
by peak value. The peak value increases from left to right and
from bottom to top. The numbering corresponds with the star
numbers as given in Table 1. For SU Gem and TW Cam we lack
flux points in the 7.5µm region to perform a good continuum
determination.

all sources, but rather small peak to continuum values in gen-
eral. EP Lyr is a clear outlier with a very strong 11.3/9.8µm
ratio, due to a very sharp peak at 11.3µm which is due to
PAH emission. No clear correlation, and thus no evolutionary
trend, is observed between the shape and the strength of the
10µm feature in our sample stars, however. This is in contrast
with the clear correlation that is seen in young stellar objects
(van Boekel et al. 2003, 2005), where stars with a strong fea-
ture have low 11.3/9.8µm ratios and stars with a weaker silicate
feature show higher 11.3/9.8µm ratios. Sources that display a
strong emission feature show rather unprocessed silicate band,
similar to the ISM profile, with little evidence for crystalline
grains. Sources with a weak 10µm profile show a broader and
flatter silicate feature, dominated by larger grains.

6. Analysis: Profile fitting

To fit the observed emission features with synthetic spectra,
mass absorption coefficients for different dust species need
to be calculated. The conversion from laboratory measured
optical constants of dust to mass absorption coefficients is

Fig. 4.Continuum subtracted flux at 11.3 and 9.8µm versus the
peak to continuum ratio of the 10µm silicate feature. SU Gem
and TW Cam are not plotted since for these stars we lack a good
continuum determination.

not straightforward and is largely dependent on the adopted
size, shape, structure and chemical composition of the dust
(Min et al. 2003, 2005a). These different dust approximations
result in very different predicted emission feature profiles, with
a clear division between the synthetic spectra of homoge-
neous and irregular grains. If one would assume homogeneous
spherical particles, one could use Mie theory (Aden & Kerker
1951; Toon & Ackerman 1981). However, cosmic dust grains
are not perfect spheres, so we have to reside to other meth-
ods. Examples of irregular dust approximations are CDE (con-
tinuous distribution of ellipsoids, Bohren et al. 1983), GRF
(Gaussian random field particles, e.g. Grynko & Shkuratov
2003; Shkuratov & Grynko 2005) and DHS (distribution of
hollow spheres, Min et al. 2003, 2005a) grain shapes. The
DHS shaped particles are further characterised by the frac-
tion of the total volume occupied by the central vacuum in-
clusion, f , over the range 0< f < fmax. The value of fmax

reflects the degree of irregularity of the particles (Min et al.
2003, 2005a). Cross sections in CDE are computed under
the assumption that the grains are in the Rayleigh limit (that
the grains are much smaller than the wavelength of radia-
tion, thus smaller than 0.1µm), and do not allow the study
of grain growth. The spectra for the GRF particles were com-
puted using the Discrete Dipole Approximation (Draine 1988).
More details on the particle shapes and the computations of
the spectra can be found in Min et al. (2007) and Min 2008
(in preparation). Refractory indices for the materials used are
taken from Servoin & Pirou (1973); Dorschner et al. (1995);
Henning & Stognienko (1996); Jaeger et al. (1998).

Not only grain shape, but also grain size, has a profound
influence on the mass absorption coefficients. Since a circum-
stellar disc is the perfect environment for grain growth to occur,
we also study the effect of different grain sizes on the observed
emission profiles. Different grain sizes produce emission fea-
tures at different central wavelengths and with different pro-
files, as shown in Figs 2. With increasing grain size, emission



C. Gielen et al.: SPITZER survey of dust grain processing in stable discs around binary post-AGB stars. 7

Fig. 5.Normalised and continuum subtracted emission features
of the mean of our sample stars, together with mass absorption
coefficients for different forsterite shape distributions. CDE
grains are plotted in red, GRF in blue and DHS in green. 0.1µm
grains are plotted in full lines, 2µm grains in dashed.

features will become weaker and eventually disappear, leaving
mainly a contribution to the thermal continuum. This effect is
already considerable for grain radiia > 2µm. Previous stud-
ies (Bouwman et al. 2001; Honda et al. 2004) in the 10µm re-
gion have shown that the variety of emission features can be
described using two typical grain sizes: generally 0.1µm to de-
scribe the grains with radii< 1µm, and 1.5-2µm for larger
grains.

Comparing the observed crystalline emission features with
calculated synthetic spectra (Fig. 5), we find that irregular
grains are needed to explain the dust profiles. When we look
at the prominent forsterite features at 16-19-23.7-33.6µm, we
find a good fit is achieved using grains in CDE, GRF or DHS
(with f = 1.0). None of the tested dust shapes proves an accu-
rate fit to the, in some stars very strong, forsterite 16µm feature,
which seems to be shifted to bluer wavelengths in the observed
spectra. This was also seen in the disc spectra of Molster et al.
(2002a). The best fit to this feature is achieved using dust in
GRF approximation. The fit of the 23.7µm feature is strongly
improved when using large grains in DHS. The GRF approx-
imation does not result in a good fit to the 33.6µm feature,
which is the purest forsterite feature, since at other wavelengths
the features may be blended with e.g. enstatite emission fea-
tures. Both CDE and DHS reproduce the shape of this feature,
but since the CDE approximation does not allow us to study the
effect of large grains we use GRF and DHS approximations in
our fitting routine.

A similar approach to determine the best enstatite or
amorphous silicate dust approximations is not straightforward.
Enstatite emission features are mostly blended with forsterite
features, but in the 14µm region there are some small un-
blended features. These are ideal features to trace the enstatite
fraction of the grains. The central wavelengths of these peaks
are at 13.8, 14.4 and 15.4µm, with the 15.4µm feature being
the most prominent. The sample sources that show clear emis-

sion in this region all show the 13.8µm feature and in lesser
degree the 15.4µm feature. The 14.4µm feature is absent but
a rather strong unidentified feature appears around 14.8µm. In
order to keep the fitting homogeneous we will also use GRF
and DHS dust approximations to describe the amorphous and
crystalline pyroxene dust species.

7. Full spectral fitting

7.1. Method

For an exact spectral modelling, full 2D radiative transferin
a realistic disc model should be studied. Such models are not
yet available so as a first approximation we assume the emis-
sion features to be formed in the thin surface layer of the disc.
Assuming the flux originates from an optically thin region,
which is motivated by the fact we see the dust features in emis-
sion, we can make linear combinations of the absorption pro-
files to calculate the model spectrum.

This approach is a first approximation but allows for a gen-
eral study of trends in dust shapes, grain sizes and processing in
these discs. Disc models like the one of Dullemond & Dominik
(2004), which we used in our pilot study to fit the SED of
RU Cen and AC Her, do not allow for a detailed spectral mod-
elling. The code computes the temperature structure and den-
sity of the disc. The vertical scale height of the disc is com-
puted by an iteration process, demanding vertical hydrostatic
equilibrium. Other important processes, like dust settling and
turbulent mixing, probably also occur in these discs but arenot
included. The code also does not include an independent dust
species and grain size distribution throughout the disc, making
a detailed mineralogy study impossible.

Our model emission profiles are then given by

Fλ ∼ (
∑

i

αiκi) × (
∑

j

β jBλ(T j))

whereκi is the mass absorption coefficient of dust componenti
andαi gives the fraction of that dust component,Bλ(T j) denotes
the Planck function at temperatureT j andβ j the fraction of dust
in that given temperature. The temperature of dust grains will
depend on grain size and grain shape, as well as the distance to
the central star and the integrated line-of-sight opacity from the
stellar surface to the grains. This can only be calculated using
full radiative transfer, so we assume all grains to have the same
dust temperatures, irrespective of size and shape.

In this modelling the continuum is given as a sum of Planck
functions and we take it as another dust component with a con-
stant mass absorption coefficient. To keep the number of free
parameters in our fitting routine reasonable, we allow only two
different dust temperatures and continuum temperatures (be-
tween 100 and 1000 K), with different ratios. A fit with three
temperatures was also tested and proved only a minor improve-
ment. The total number of fit parameters in the model is thus
15, with contributions of four silicate species, where we use
two grain sizes, the continuum mass absorption coefficient, two
dust and continuum temperatures which each their relative frac-
tions.
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To fit the spectra we minimise the reducedχ2 of the full
SPITZER spectrum, extended with the IRAS 60µm flux point
to constrain the continuum at larger wavelengths, given by

χ2 =
1

N − M

N
∑

i=1

∣

∣

∣

∣

∣

∣

Fmodel(λi) − Fobserved(λi)
σi

∣

∣

∣

∣

∣

∣

2

,

with N the number of wavelength pointsλi, M the number of
fit parameters andσi the absolute error on the observed flux at
wavelengthλi. The errorsσi represent the statistical noise on
the spectra. They are generated so that the errors are propor-
tional to the square-root of the flux and they are scaled in such
a way that the best fit has a reducedχ2 of approximately 1.

The errors on the fit parameters are calculated using a
Monte-Carlo simulation. We randomly add Gaussian noise
with a distribution of widthσi at each wavelength point. This
generates 100 synthetic spectra, all consistent with our data,
on which we perform the same fitting procedure. This results
in slightly different fit parameters for which we calculate the
mean, our best-fit value, and the standard deviation. The un-
certainty on the mass absorption coefficients are not taken into
account in theχ2-minimalisation.

We find that the mass absorption coefficient of small and
large amorphous grains are quite similar, this degeneracy could
introduce a large error on the derived fractions for small-large
amorphous grains.

7.2. Results

We tested both the DHS and the GRF dust approximations in
the fitting routine, where the GRF approximation proved a far
stronger match. In order to test for the presence of Fe-poor
amorphous dust, as postulated in Sect. 5.1, we perform the fit-
ting both with pure Mg-rich amorphous silicates (x = 1, see
Sect. 5.1) and with the more standard Mg-Fe amorphous sili-
cate dust (x = 0.5).

When using 0.1µm and 2.0µm grain sizes, we find that
nearly 80% of the dust resides in the 2.0µm grains. The amount
of grain growth in crystalline material versus amorphous ma-
terial is plotted in Fig. 7. Almost all crystalline grains seem to
be large, with a fraction of large grains in crystalline compo-
nent higher than 0.7. For the amorphous grains most sources
have fractions between 0.3 and 0.9. No correlation between
grain growth in crystalline and amorphous grains is seen. An
efficient removal of the smallest grains must have occurred in
these discs or grain growth was the dominant factor to reduce
the number of small grains at grain formation.

Because of this lack of small grains, as a next step we per-
formed a fitting using grain sizes of 2.0µm and 4.0µm. This
resulted in a better fit for 17/21 stars, giving slightly better val-
ues forχ2. For EP Lyr and HD 52961 the quality of the fit de-
creased considerably. This was to be expected, since the strong
narrow crystalline features in these stars already indicated the
presence of small grains.

In general the fit with thex = 1.0 Mg-rich amorphous sil-
icates proved the best, be it only a minor improvement. The
observed trends in the fit parameters and stellar characteristics
do not change significantly between the fits when usingx = 1.0

Fig. 7.The mass fraction of large grains in the amorphous com-
ponent versus the mass fraction of large grains in the crystalline
component, using the fitting with grain sizes of 0.1µm and
2.0µm. Crystalline grains are almost completely made up from
large 2.0µm grains.

or x = 0.5 amorphous dust. Of our sample stars, 6 stars show a
better fit using thex = 0.5 amorphous silicate dust.

The best model spectra, overplotted with the observed spec-
tra are shown in Fig. 6 and Figs. B.8-B.10. The resulting values
of the best fit parameters are given in Table A.1 and Table A.2.
The quality of our fitting is generally very good, 70% of stars
have aχ2 < 5.

Some trends can be observed (e.g. Fig. 6 and Figs. B.8-
B.10). As already explained in Sect. 6, the shape of the 33.6µm
feature is not well reproduced, although the strength is well
modelled. Also the 29µm feature seems to be more prominent
in the observed spectra, than in the model fits. The 19µm fea-
ture is slightly overestimated in the model spectra, while the
neighbouring 23µm feature is slightly underestimated. This
discrepancy could be due to a data reduction effect, since in
this region there can be a bad overlap between the short and
long SPITZER-IRS high-resolution bands.

The clear outliers in our modelling are EP Lyr and
HD 52961 with very high values ofχ2. These stars have un-
usual features in their observed spectra, including strongnar-
row features and CO2 emission lines. A detailed study of these
outliers will be given in a follow-up article.

Nearly all sources show the presence of both hot and cool
dust, both in dust temperature as in continuum temperature.As
seen in Table A.1, dust temperatures can differ strongly from
continuum temperatures.

7.3. Correlations

To gain insight in the dust formation process and evolution in
the circumstellar environment of our sample stars we look for
trends in the derived fit parameters and correlations with dust
and stellar parameters.
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Fig. 6. Best model fits for some of our sample stars, showing the contribution of the different dust species. Best fits for all sample
stars are given in Figs. B.8-B.10. The observed spectrum (black curve) is plotted together with the best model fit (red curve) and
the continuum (black solid line). Forsterite is plotted in dash-dot lines (green) and enstatite in dash-dot-dotted lines (blue). Small
amorphous grains (2.0µm) are plotted as dotted lines (magenta) and large amorphousgrains (4.0µm) as dashed lines (magenta).

7.3.1. Mineralogy correlations

In Fig. 8 the mass fraction in large grains is plotted against
the mass fraction in crystalline grains. Mass fractions arecal-
culated as fractions of the total dust mass, excluding the dust
responsible for the continuum. Note that small grains now in-
dicate the 2.0µm grain sizes and large grains the 4.0µm grains.

85% of our sources show a mass fraction in large grains
above 0.5. None of the sources have a mass fraction in large
grains below 0.25. Most sources have a mass fraction in crys-
talline grains between 0.1 and 0.6, strongly centred around0.3.
There is one clear outlier: IRAS 10174 with a degree of crys-
tallinity of 0.05. This source shows the more standard ISM pro-
file, dominated by amorphous grains. No clear correlation can
be found.

The fraction of large grains in the crystalline component
has values between 0.25 and 0.7, while the fraction of large
grains in the amorphous component has values ranging from
0.3 till 0.95. Grain growth appears to be more efficient in
the amorphous dust component. No correlation between grain
growth in crystalline and amorphous grains is seen however.

The fraction of enstatite grains in the crystalline component
lies between 0.1 and 0.5, showing forsterite to be the dominant

crystalline species. No correlation between the enstatitefrac-
tion and crystallinity can be found.

In Fig. 9 we plot the continuum to dust luminosity ratio
of our observed spectra against the mass fraction in large and
crystalline grains. A correlation can be found between the con-
tinuum/dust ratio and the mass fraction in large grains. Sources
with a high fraction of large grains show a high value for
the continuum/dust ratio. This could be expected since larger
grains show less prominent emission features and have a larger
continuum contribution. A high value for the continuum/dust
ratio also indicates the presence of even larger grains in the
disc. This indicates that the abundance of these larger grains
correlate with the abundance of the 4µm grains, and thus that
the size distribution continues beyond 4µm grains.

7.3.2. Central star correlations

By comparing the derived fit parameters with stellar charac-
teristics, likeTe f f , LIR/L∗ and the orbital period, we can in-
vestigate possible evolutionary trends in our sample. However,
no such correlation between fit parameters and stellar parame-
ters are found. This was also seen in the SEDs (Sect. 4), where
nearly all stars show a similar SED, irrespective of the central
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Fig. 8. The mass fraction in large grains plotted against the
mass fraction in crystalline grains, as derived from our best fit
parameters. A high degree of crystallinity is found.

Fig. 9.The continuum to dust ratio of the observed spectra plot-
ted against the mass fraction on large grains.

star. Our results do not show an obvious evolutionary trend in
the mineralogy of our sample stars.

8. Discussion

The mineralogy of our sample stars show that the dust is purely
O-rich. Amorphous and crystalline silicate dust species prevail
and no features of a C-rich component are found, except the
PAH emission feature seen in EP Lyr.

This is remarkable since some of our sample stars are
thought to have initial masses which would make them evolve
to carbon stars on the AGB on single-star evolutionary tracks.
The lack of third dredge-up is also seen in the two objects
with clear CO2 gas emission lines. EP Lyr has a12C/13C ratio
of ≈ 9 (Gonzalez et al. 1997b), illustrating that12C is not en-
riched during the preceding AGB evolution. The internal chem-
ical evolution of our sources seems to have been cut short by
binary interaction processes.

EP Lyr is the only star in our sample which also has a mixed
chemistry, and strongly resembles HD 44179. Like HD 44179,

EP Lyr also is strongly depleted (Gonzalez et al. 1997b). PAH
emission features dominate the spectrum till 20µm, at larger
wavelengths crystalline silicates start to dominate. The ob-
served broad and asymmetric emission feature at 8.2µm is very
similar to the “class C” objects as discussed in Peeters et al.
(2002). The famous “Egg Nebula” also shows this “class C”
8.2µm emission feature. EP Lyr, together with HD 52961, will
be studied in detail in a future contribution.

Some binary post-AGB stars with oxygen-rich discs are
known that did evolve to carbon stars, like HD 44179, which
has a large carbon-rich resolved nebula. These stars show in-
frared spectra which are indicative for mixed chemistries,with
features of both oxygen-rich and carbon-rich species. The most
likely scenerio for this is that the formation of the O-rich disc
antedated the C-rich transition of the central star. Whether other
of our sample stars will also undergo this evolution is stillun-
known.

Our full spectral fitting indicates a high degree of dust
grain processing. The dust seems to consist of considerably
large grains, with grain sizes larger than 2µm. An efficient re-
moval of small grains must have occurred in the discs. The dust
shape is highly irregular, showing that Mie theory is not ap-
plicable for the dust in these discs. The spectra of nearly all
stars show a high degree of crystallinity, where Mg-rich end
members of olivine and pyroxene silicates dominate. The dust
condensation sequence of dust in winds of oxygen-rich AGB
stars predicts the formation of aluminium- or calcium- richdust
grains, like corundum (Al2O3), spinel (MgAl2O4) or anorthite
(CaAl2Si2O8) (Tielens et al. 1997; Cami 2002). There is how-
ever no evidence for the presence of these dust species.

Most features are well reproduced and only the 14.7 and
32.5µm features remain unidentified (Sect. B.1). Diopside
(CaMgSiO3) could be a possible candidate (which has a feature
around 14.7µm and a weak feature around 32.1µm). However,
for diopside only mass absorption coefficients for very small
grains are available, so we cannot include it in the fitting pro-
cedure in a homogeneous way.

The dust is highly magnesium-rich, leaving a large fraction
of iron unaccounted for. Previous studies (Gielen et al. 2007)
suggest the iron may be locked in the form of metallic iron.
Photospheric depletion in iron, which we detect in our sample
stars (Maas et al. 2002; Van Winckel et al. 1998), can be un-
derstood when the iron is locked up in the circumstellar dust
(Waters et al. 1992). The lack of iron in the detected silicates is
therefore surprising. If both the crystalline and amorphous sil-
icates are devoid of iron, this could mean that iron is storedin
metallic iron or iron-oxide (Sofia et al. 2006). Metallic iron has
no distinct features but still makes a significant contribution in
opacity, especially at shorter wavelengths, making it veryhard
to detect directly.

In our fitting method, for both dust temperatures equal sil-
icate fractions are used. This seems to fit features indicative of
both hot and cool crystalline dust, meaning we do not have a
strong radial gradient in crystallinity throughout the disc. The
inner regions of the discs, with temperatures above the anneal-
ing temperature, are expected to be fully crystalline. The pres-
ence of a considerable amount of cool crystalline grains implies
thus that we have strong turbulent mixing in the disc or that the
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crystalline grains were already abundant at disc formation. It is
interesting to note that the very young circumbinary disc inthe
evolved binary SS Lep (Verhoelst et al. 2007), which may be
formed in a similar process as the discs around our post-AGB
sources, is dominated by small and large amorphous grains.
The crystalline component is very small (Schütz et al. 2005).
This would indicate that the crystallisation process happens
during disc evolution and is not already present at formation.

The evolution of these discs is still unknown. Our anal-
ysis shows no clear correlation between dust parameters and
any fundamental parameter (Te f f , orbital period) of the cen-
tral star. In a recent study of Chesneau et al. (2007), a compact
dusty disc was discovered in “the Ant”, a well studied bipolar
planetary nebula. Interferometric MIDI observations provided
evidence for a flat, nearly edge-on disc, primarily composed
of amorphous silicates. This is in contrast with the high crys-
tallinity observed in the discs around binary post-AGB stars,
suggesting that the disc in the Ant is relatively young. Whether
there is a link between this disc and the post-AGB discs re-
mains unclear.

Some degeneracy is present in our spectral fits. We per-
formed the spectral fitting both with pure Mg-rich amorphous
silicates (x = 1) and with the more standard Mg-Fe amorphous
silicate dust (x = 0.5). Both models often have similarχ2 val-
ues and the best model strongly varies from star to star. Some
stars also show equally well-fitting models, when using 0.1-
2.0µm or 2.0-4.0µm grain sizes.

8.1. Comparison with young stellar objects

The mineralogy of the observed spectra shows a striking re-
semblance to the infrared spectra of young stellar objects,like
Herbig Ae/Be stars (Lisse et al. 2007; van Boekel et al. 2005)
or T Tauri stars (Watson et al. 2007), and primitive comets
such as Hale-Bopp (Lisse et al. 2007; Bouwman et al. 2003;
Min et al. 2005b). There also, amorphous silicates and Mg-rich
crystalline features prevail. The dusty disc is the relic ofthe star
formation process so both silicates together with a carbon-rich
component in the form of PAH emission are often detected, de-
pending on the disc geometry (Acke & van den Ancker 2004).

We compare our findings with the ones discussed in
van Boekel et al. (2005). They present spectroscopic observa-
tions of a large sample of Herbig Ae/Be stars in the 10µm re-
gion. Similar studies on young stellar objects have also been
done by e.g. Bouwman et al. (2001). One has to be careful
comparing studies, since our study includes a far larger wave-
length range, and an exact comparison is thus not possible.

The degree of crystallinity found in the Herbig Ae/Be
stars is clearly smaller than for our sample of post-AGB bi-
naries. The Herbig stars all show a degree of crystallinity
below 0.35, whereas our stars have significantly higher val-
ues. van Boekel et al. (2005) use both small (0.1µm) and large
(1.5µm) grains to fit the observed emission features and find
that most sources have a mass fraction in large grains of more
than 80%.

For both young and evolved objects a substantial removal of
the smallest grains has occurred, but seems to be more efficient

in the discs around the evolved stars. A similar physical process
might be responsible for the observed grain size distribution
in both cases, like aggregation of small grains or the removal
of small grains by radiation pressure. Since several processes
occur in the formation of the disc it could also be that silicate
grains in the post-AGB disc are formed at large grain sizes.
These large grains could be broken up by grain interactions in
the disc, producing a small fraction of small grains.

van Boekel et al. (2005) found a clear correlation between
the crystallinity and the dominance of enstatite or forsterite in
these grains. For sources with a high degree of crystallinity
most crystalline grains appear to be in the form of enstatite,
while for sources with a low crystallinity, forsterite seems to be
the dominant species. For all our sample stars forsterite isthe
dominant species, despite the high crystallinity factors.This
difference could relate to the initial dust species when the disc
is formed. For discs around YSO, which are formed from the
ISM, the abundant dust species is likely amorphous olivine.
Forsterite is expected to be the dominant species formed by
thermal annealing, while enstatite is expected to be the domi-
nant species formed by chemical equilibrium processes in most
of the inner disc. Our discs seem to prefer the formation of
forsterite, but the initial dust species is not known. The inner-
most disc regions are hot enough to crystallise dust, but the
very high degree of crystallinity seems to point to the presence
of another crystallisation processes, possibly at disc formation.

9. Conclusions

We present high-resolution TIMMI2 and SPITZER infrared
spectra of 21 binary post-AGB stars surrounded by a stable
Keplerian disc. We summarise our main conclusions:

– Almost all discs display only O-rich spectral signatures.
The noticeable exception is EP Lyr, which shows a very
similar spectrum as the central star of the Red Rectangle.
PAH emission features dominate the spectrum till 20µm,
at larger wavelengths crystalline silicates start to dominate.

– Our mineralogy study indicates the dominance of Mg-rich
amorphous and crystalline silicate dust in the disc. The high
crystallinity and the large fraction of large grains, as de-
duced from our full spectral fitting, show strong dust grain
processing in the discs.

– The temperature estimates from our fitting routine show
that a significant fraction of crystalline grains must be cool.
This shows that radial mixing is efficient is these discs or
indicate a different thermal history at grain formation.

– Trend analysis of our fitting parameters show no clear cor-
relation with stellar characteristics. For the moment it isnot
clear if and how the observed diversity in observed spectra
relates to specific structural elements of the disc, the star
and/or the orbits or whether we witness directly an evolu-
tionary change between different sources.

To further improve our understanding of these circumbi-
nary discs, as a next step, we will combine our photo-
metric and spectroscopic data with interferometric measure-
ments. Comparing spatial information from the MIDI and
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AMBER interferometric instruments with a realistic disc
model (Dullemond & Dominik 2004), constrained by photo-
metric and spectroscopic data, will allow us, not only to study
the mineralogy, but also the structure of the discs. So far, inter-
ferometric measurements for five of our sample stars have been
obtained (Deroo et al. 2006; Deroo 2007).

Probing the dust processing in the discs around evolved ob-
jects proves to be an excellent complement to study physics in
planet-forming young discs.

Acknowledgements. The authors want to acknowledge: the 1.2 m
Mercator staff as well as the observers from the Instituut voor
Sterrenkunde who contributed to the monitoring observations using
the Mercator telescope. CG acknowledges support of the Fundfor
Scientific Research of Flanders (FWO) under the grant G.0178.02.
and G.0470.07. We also thank Fred Lahuis for his assistance with the
SPITZER data reduction.

References

Acke, B. & van den Ancker, M. E. 2004, A&A, 426, 151
Aden, A. L. & Kerker, M. 1951, J. Appl. Phys., 22, 1242
Bohren, C. F., Huffman, D. R., & Kam, Z. 1983, Nature, 306,

625
Bouwman, J., de Koter, A., Dominik, C., & Waters, L. B. F. M.

2003, A&A, 401, 577
Bouwman, J., Meeus, G., de Koter, A., et al. 2001, A&A, 375,

950
Bradley, J. P., Brownlee, D. E., & Veblen, D. R. 1983, Nature,

301, 473
Bujarrabal, V., Bachiller, R., Alcolea, J., & Martin-Pintado, J.

1988, A&A, 206, L17
Bujarrabal, V., Castro-Carrizo, A., Alcolea, J., & Neri, R.2005,

A&A, 441, 1031
Bujarrabal, V., Van Winckel, H., Neri, R., et al. 2007, A&A,

468, L45
Cami, J. 2002, PhD thesis, University of Amsterdam
Chesneau, O., Lykou, F., Balick, B., et al. 2007, A&A, 473,

L29
Cohen, M., Van Winckel, H., Bond, H. E., & Gull, T. R. 2004,

AJ, 127, 2362
De Ruyter, S., Van Winckel, H., Maas, T., et al. 2006, A&A,

448, 641
Deroo, P. 2007, PhD thesis, KULeuven
Deroo, P., Acke, A., Verhoelst, T., et al. 2007a, A&A, 468
Deroo, P., Van Winckel, H., Min, M., et al. 2006, A&A, 450,

181
Deroo, P., Van Winckel, H., Verhoelst, T., et al. 2007b, A&A,

467, 1093
Dorschner, J., Begemann, B., Henning, T., Jaeger, C., &

Mutschke, H. 1995, A&A, 300, 503
Draine, B. T. 1988, ApJ, 333, 848
Dullemond, C. P. & Dominik, C. 2004, A&A, 417, 159
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2007, A&A, 469, 799
Tielens, A. G. G. M., Waters, L. B. F. M., Molster, F. J., &

Justtanont, K. 1997, Ap&SS, 255, 415
Toon, O. B. & Ackerman, T. P. 1981, Appl. Opt., 20, 3657
van Boekel, R., Min, M., Waters, L. B. F. M., et al. 2005, A&A,

437, 189
van Boekel, R., Waters, L. B. F. M., Dominik, C., et al. 2003,

A&A, 400, L21
Van Kerckhoven, C., Hony, S., Peeters, E., et al. 2000, A&A,

357, 1013
Van Winckel, H. 2003, ARA&A, 41, 391
—. 2007, Baltic Astronomy, 16, 112
Van Winckel, H., Waelkens, C., Fernie, J. D., & Waters,

L. B. F. M. 1999, A&A, 343, 202
Van Winckel, H., Waelkens, C., & Waters, L. B. F. M. 1995,

A&A, 293, L25
Van Winckel, H., Waelkens, C., Waters, L. B. F. M., et al. 1998,

A&A, 336, L17
Verhoelst, T., van Aarle, E., & Acke, B. 2007, A&A, 470, L21
Waelkens, C., Waters, L. B. F. M., de Graauw, M. S., et al.

1996, A&A, 315, L245
Waters, L. B. F. M., Cami, J., de Jong, T., et al. 1998, Nature,

391, 868

Waters, L. B. F. M., Molster, F. J., de Jong, T., et al. 1996,
A&A, 315, L361

Waters, L. B. F. M., Trams, N. R., & Waelkens, C. 1992, A&A,
262, L37

Watson, D. M., Leisenring, J. M., Furlan, E., et al. 2007, ArXiv
e-prints, 704

Werner, M. W., Roellig, T. L., Low, F. J., et al. 2004, ApJS,
154, 1



14 C. Gielen et al.: SPITZER survey of dust grain processing in stable discs around binary post-AGB stars.

Appendix A: Tables

Table A.1. Best fit parameters deduced from our full spectral fitting. Listed theχ2, dust and continuum temperatures and their
relative fractions.

N◦ Name χ2 Tdust1 Tdust2 Fraction Tcont1 Tcont2 Fraction
(K) (K) Tdust1- Tdust2 (K) (K) Tcont1-Tcont2

1 EP Lyr 56.1 11697
16 237277

37 0.800.10
0.30 − 0.200.30

0.10 19545
100 92180

342 0.980.01
0.02 − 0.020.02

0.01
2 HD 131356 3.5 226269

46 92873
187 0.800.10

0.50 − 0.200.50
0.10 19512

104 53495
50 0.920.03

0.02 − 0.080.02
0.03

3 HD 213985 4.1 18545
87 92674

333 0.800.10
0.40 − 0.200.40

0.10 18713
91 83873

162 0.980.01
0.00 − 0.020.00

0.01
4 HD 52961 72.2 19910

140 845121
106 0.900.00

0.70 − 0.100.70
0.00 109497

9 9982
139 0.990.00

0.03 − 0.010.03
0.00

5 IRAS 05208 4.5 291176
101 90497

124 0.800.10
0.30 − 0.200.30

0.10 17730
79 37426

76 0.840.02
0.03 − 0.160.03

0.02
6 IRAS 09060 3.6 206176

6 755140
163 0.900.00

0.30 − 0.100.30
0.00 22586

122 805162
198 0.930.02

0.02 − 0.070.02
0.02

7 IRAS 09144 6.1 21291
24 535137

78 0.900.00
0.20 − 0.100.20

0.00 19616
105 76789

89 0.940.02
0.02 − 0.060.02

0.02
8 IRAS 10174 13.9 23472

125 37847
79 0.700.20

0.40 − 0.300.40
0.20 12576

25 32295
22 0.960.02

0.04 − 0.040.04
0.02

9 IRAS 16230 4.9 210143
22 507182

74 0.900.00
0.20 − 0.100.20

0.00 151154
51 592286

93 0.940.01
0.03 − 0.060.03

0.01
10 IRAS 17038 2.9 250140

69 854120
192 0.800.10

0.20 − 0.200.20
0.10 1982

139 56384
85 0.960.01

0.02 − 0.040.02
0.01

11 IRAS 17243 2.3 210110
38 44189

79 0.800.10
0.50 − 0.200.50

0.10 202113
15 633168

39 0.910.03
0.01 − 0.090.01

0.03
12 IRAS 19125 3.9 102139

2 204277
4 0.900.00

0.10 − 0.100.10
0.00 321169

138 702126
84 0.840.04

0.04 − 0.160.04
0.04

13 IRAS 19157 5.5 19926
111 609176

159 0.900.00
0.40 − 0.100.40

0.00 18614
89 68985

137 0.960.01
0.02 − 0.040.02

0.01
14 IRAS 20056 3.8 11884

18 21983
19 0.600.20

0.60 − 0.400.60
0.20 23887

51 658119
72 0.880.01

0.04 − 0.120.04
0.01

15 RU Cen 3.4 23387
67 517200

115 0.800.10
0.40 − 0.200.40

0.10 1991
0 54577

125 0.980.01
0.02 − 0.020.02

0.01
16 SAO 173329 3.1 205160

36 764179
133 0.800.10

0.50 − 0.200.50
0.10 1955

106 58123
100 0.930.01

0.02 − 0.070.02
0.01

17 ST Pup 8.4 20799
13 48086

86 0.800.10
0.20 − 0.200.20

0.10 20799
13 524189

57 0.950.02
0.03 − 0.050.03

0.02
18 SU Gem 1.8 241336

98 629284
184 0.800.10

0.30 − 0.200.30
0.10 17723

79 763137
192 0.950.02

0.02 − 0.050.02
0.02

19 SX Cen 4.3 225202
44 91883

183 0.800.10
0.30 − 0.200.30

0.10 1919
96 65995

80 0.940.02
0.02 − 0.060.02

0.02
20 TW Cam 2.3 216123

82 390107
171 0.700.20

0.40 − 0.300.40
0.20 131321

31 546205
46 0.950.01

0.02 − 0.050.02
0.01

21 UY CMa 2.9 205104
12 761131

113 0.900.00
0.00 − 0.100.00

0.00 203119
3 511126

11 0.840.03
0.02 − 0.160.02

0.03

Table A.2.Best fit parameters deduced from our full spectral fitting. The abundances of small (2.0µm) and large (4.0µm) grains
of the various dust species are given as fractions of the total mass, excluding the dust responsible for the continuum emission.
The last column gives the continuum flux contribution, listed as a percentage of the total integrated flux over the full wavelength
range.

N◦ Name Olivine Pyroxene Forsterite Enstatite Continuum
Small - Large Small - Large Small - Large Small - Large

1 EP Lyr 0.177.59
0.17 − 5.6146.82

5.61 19.2234.23
17.10 − 26.9840.96

24.42 20.4232.78
14.25 − 7.8027.63

7.46 3.1726.21
3.13 − 16.6329.16

14.58 58.268.69
8.63

2 HD 131356 1.5825.29
1.57 − 29.7515.77

21.09 12.9918.61
11.34 − 30.4721.47

25.35 13.9310.91
7.29 − 3.6318.73

3.57 0.495.85
0.49 − 7.1717.49

6.82 77.783.10
2.72

3 HD 213985 1.5121.49
1.52 − 28.8114.62

21.16 14.1215.94
12.08 − 31.3727.40

22.90 7.6410.20
5.58 − 8.5017.33

7.60 0.556.53
0.56 − 7.5010.07

6.31 75.053.51
5.53

4 HD 52961 0.2115.75
0.21 − 0.5945.99

0.59 54.4016.42
30.88 − 7.0055.05

7.04 17.3315.22
12.99 − 11.5322.97

10.64 2.2621.87
2.26 − 6.6932.31

6.49 64.914.75
6.83

5 IRAS 05208 1.9116.88
1.90 − 7.3912.81

6.59 29.0911.19
13.86 − 9.4225.21

8.97 23.048.08
10.05 − 2.7017.47

2.69 5.7010.35
5.25 − 20.7513.58

15.60 67.642.74
4.27

6 IRAS 09060 7.2024.66
7.04 − 19.6716.68

17.20 34.0813.73
18.50 − 9.1232.11

9.02 14.037.88
6.33 − 5.1015.99

4.97 1.2510.01
1.24 − 9.5510.30

7.17 71.992.60
3.46

7 IRAS 09144 1.0523.75
1.06 − 32.8615.70

19.81 20.9821.45
14.76 − 30.2527.10

23.38 8.398.05
5.42 − 2.9610.25

2.89 0.266.45
0.26 − 3.2310.74

3.18 72.993.48
3.25

8 IRAS 10174 21.5827.48
18.72 − 28.9420.10

24.31 27.3615.22
15.16 − 17.8121.52

15.55 0.856.88
0.84 − 1.709.53

1.66 0.688.72
0.68 − 1.097.09

1.09 35.706.39
5.72

9 IRAS 16230 3.1330.37
3.13 − 43.7519.08

30.34 4.1512.04
3.96 − 16.5618.26

15.24 18.0211.45
8.89 − 9.2022.74

7.55 0.000.00
0.00 − 5.1920.91

4.95 77.274.17
2.66

10 IRAS 17038 0.7956.99
0.80 − 22.9819.89

17.86 4.0213.05
3.95 − 24.5618.20

17.78 19.3311.07
11.24 − 10.2523.93

9.80 1.318.97
1.31 − 16.7618.14

12.88 81.622.00
2.78

11 IRAS 17243 8.6231.13
8.41 − 31.9917.51

24.71 22.0716.69
13.70 − 13.1428.77

12.05 16.369.05
8.44 − 1.2715.32

1.25 0.124.41
0.12 − 6.4313.45

5.36 83.091.90
2.53

12 IRAS 19125 10.6824.63
9.79 − 9.1319.94

8.38 15.4521.11
11.32 − 27.5725.18

21.85 9.046.52
5.23 − 10.3512.02

6.74 1.5411.44
1.53 − 16.2411.04

9.74 72.703.73
3.23

13 IRAS 19157 9.1440.25
9.12 − 48.9920.74

36.60 9.6713.47
7.79 − 12.1725.87

11.69 10.719.97
7.70 − 5.1316.70

5.00 0.188.99
0.18 − 4.0214.16

3.78 80.172.85
4.80

14 IRAS 20056 6.1227.24
6.08 − 20.8423.73

17.18 27.0520.02
19.61 − 14.0135.34

13.25 11.599.43
7.25 − 5.0415.70

4.86 1.6710.66
1.67 − 13.6915.29

11.05 81.362.73
3.32

15 RU Cen 0.9816.00
0.98 − 22.3716.23

17.52 5.7411.49
5.32 − 19.0317.47

16.49 27.7914.30
11.46 − 10.3121.44

8.72 1.0712.34
1.07 − 12.7017.09

10.10 80.232.89
3.34

16 SAO 173329 1.0723.25
1.07 − 41.5218.10

28.71 4.1920.45
4.15 − 20.9318.36

16.77 9.1011.36
7.03 − 7.6224.12

7.27 2.0625.12
2.04 − 13.5221.78

10.40 83.302.81
2.29

17 ST Pup 2.2832.70
2.29 − 26.0715.63

17.27 9.3318.19
8.53 − 36.9118.59

27.32 10.696.40
6.94 − 9.1419.19

8.28 0.4311.60
0.43 − 5.1514.65

4.49 56.074.32
4.14

18 SU Gem 3.5243.03
3.51 − 45.5621.97

32.84 4.6820.74
4.46 − 12.3921.56

11.23 21.2316.84
11.60 − 5.5019.78

5.22 0.519.92
0.51 − 6.6117.57

5.97 86.852.62
6.38

19 SX Cen 3.6931.56
3.70 − 40.5316.94

23.30 12.0715.15
10.11 − 23.0722.39

20.93 9.007.35
5.24 − 4.1516.22

4.08 0.847.80
0.84 − 6.6412.72

5.77 75.853.10
3.51

20 TW Cam 2.2644.45
2.27 − 56.5226.81

44.46 0.020.00
0.02 − 4.6538.76

4.63 17.2933.38
11.45 − 8.6440.91

8.50 0.8213.00
0.82 − 9.7935.32

8.79 90.612.12
2.14

21 UY CMa 0.9430.95
0.94 − 14.7514.58

11.31 8.6318.69
7.64 − 45.3617.50

25.12 15.639.36
8.53 − 8.5416.88

7.81 0.335.66
0.33 − 5.8215.94

5.06 79.112.10
1.97
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Appendix B: Figures

Fig. B.1. The SEDs of our sample stars. The dereddened fluxes (diamonds) are given together with the scaled photospheric
Kurucz model (solid black line). The corresponding TIMMI2 and SPITZER spectrum are overplotted in red.
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Fig. B.2.See previous caption.
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B.1. Mean spectra and complexes

B.2. The 14 µm complex (13-15µm)

In Fig. B.3 the 14µm complexes are plotted. The mean spec-
trum has two strong emission peaks, around 13.7 and 14.7µm.
The profile at 13.7µm seams to blend of two peaks, of which
one can be identified as enstatite. The small feature in the mean
spectrum at 14.3µm is also due to enstatite. The feature around
14.7µm remains unidentified. It seems to be made up of a
broader feature from 14.3µm till 15 µm, with a strong narrow
peak at 14.7µm. In the sample stars, there is some variation
in the ratio between the two strong peaks at 13.7 and 14.7µm,
meaning they are probably due to different dust species.

Fig. B.3. The 14µm complex, continuum subtracted and nor-
malised. Overplotted in dotted line (red) the mean spectrum.
The mass absorption coefficients of forsterite and enstatite (in
CDE approximation) are plotted in green and blue.

B.3. The 16 µm complex (15-17µm)

In Fig. B.4 the 16µm complexes are plotted. The mean spec-
trum shows a clear broad feature around 16µm. The shape and
strength is very similar to the forsterite feature at 16.2µm, with
a contribution of enstatite at 15.3µm. On top of this broad band
more narrow features at 15.9µm and 16.2µm can be discrim-
inated. The small peaks at 15.4µm and 16.2µm are due to
CO2 gas emission, which can only be clearly seen in EP Lyr,
HD 52961 and IRAS 10174.

Most sample sources show a similar profile as the mean
spectrum, although the ratio between the two main contribu-
tors sometimes differs, due to a different enstatite/forsterite ra-
tio. Stars with a weak 16µm feature (like TW Cam) show a

very clear separation between the three features, with widths
of about 0.3µm. This shows that the mean spectrum probably
consist of a very broad forsterite feature topped with more nar-
row features of another dust (or gas?) species. HD 52961 has
a strong profile that is shifted bluewards in comparison to the
mean spectrum, with clear CO2 emission lines.

Fig. B.4. The 16µm complex, continuum subtracted and nor-
malised. Overplotted in dotted line (red) the mean spectrum.
The mass absorption coefficients of forsterite and enstatite (in
CDE approximation) are plotted in green and blue.

B.4. The 19µm complex (17-21µm)

In Fig. B.5 the 19µm complexes are plotted. The very broad
profile is again a blend of forsterite and enstatite. The some-
times very sharp feature around 19.7µm is a data reduction
artefact. Most stars have the same profile shape, except for
HD 52961, EP Lyr and IRAS 10174. The first two are clearly
outliers in our sample stars, since they have very distinct spec-
tra, very different from other sample stars. Looking at the
Spitzer spectrum of IRAS 10174, this star has almost no crys-
talline features and the observed complex is actually due to
poor continuum subtraction and normalisation.

B.5. The 23µm complex (20-27µm)

In Fig. B.6 the 23µm complexes are plotted. The mean pro-
file is dominated by forsterite and there is an extremely
good agreement between the mean spectrum and sample stars.
Remarkable little variation is detected in the whole sample.
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Fig. B.5. The 19µm complex, continuum subtracted and nor-
malised. Overplotted in dotted line (red) the mean spectrum.
The mass absorption coefficients of forsterite and enstatite (in
CDE approximation) are plotted in green and blue.

B.6. The 33 µm complex (31-37µm)

In Fig. B.7 the 33µm complexes are plotted. The observed pro-
file is mainly due to forsterite at 33.6µm. At 32.5µm another
feature can be observed. The ratio 32.5/33.6µm varies slightly
from source to source, indicating that a different dust species
is responsible for the feature at 32.5µm. In ST Pup, the feature
is clearly broader than in other sample sources. The bump at
35.7µm is not a reliable result since it sits at the end of the
spectrum.

Fig. B.6. The 23µm complex, continuum subtracted and nor-
malised. Overplotted in dotted line (red) the mean spectrum.
The mass absorption coefficients of forsterite and enstatite (in
CDE approximation) are plotted in green and blue.

Fig. B.7. The 33µm complex, continuum subtracted and nor-
malised. Overplotted in dotted line (red) the mean spectrum.
The mass absorption coefficients of forsterite and enstatite (in
CDE approximation) are plotted in green and blue.
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Fig. B.8. Best model fits for our sample stars, showing the contribution of the different dust species. The observed spectrum
(black curve) is plotted together with the best model fit (redcurve) and the continuum (black solid line). Forsterite is plotted in
dash-dot lines (green) and enstatite in dash-dot-dotted lines (blue). Small amorphous grains (2.0µm) are plotted as dotted lines
(magenta) and large amorphous grains (4.0µm) as dashed lines (magenta).
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Fig. B.9.See previous caption.
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Fig. B.10.See previous caption.
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Fig. B.11.See previous caption.
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