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Chapter 1
Introduction

In this thesis, we study the circumstellar environment of evolved binaries. The material sur-
rounding these binaries is most likely trapped in a compact dusty and stable disc, the for-
mation of which must be closely linked to the binary nature ofthe central stars. With high
spatial resolution measurements, we investigate the structure of these disc reservoirs and by
critically evaluating the results on a significant sample, we probe the evolution and likely
origin of these discs. Our research aims at a better understanding of the late stages of binary
evolution in general.

1.1 Intro

The final evolution of low- and intermediate-mass stars is a rapid transition from the Asymp-
totic Giant Branch (AGB) over the post-AGB phase towards thePlanetary Nebula phase
(PNe), before the stellar remnant cools down as a White Dwarf(WD). The processes in this
transition period leading to PNe formation are complex and poorly known (e.g.Balick & Frank
2002, and references therein). The biggest challenge lies in understanding the origin of the
remarkable morphological and kinematical differences between the spherical AGB circum-
stellar envelopes and the more evolved counterparts showing an astounding variety in shape
and structure. The debate on the physical mechanisms driving the morphology change gained
even more impetus with the finding that already proto-planetary nebulae (PPNe; so with
cooler central objects; also called post-AGB stars) show a surprising wide variety in shapes
and structure (e.g.Sahai & Trauger 1999; Zijlstra et al. 2001; Sahai et al. 2007).

Surprising kinematical information resulted from the extensive CO survey presented in
Bujarrabal et al.(2001): a fundamental property of the omnipresent fast molecularoutflow in
PPNe appears to be that it carries a huge amount of linear momentum, up to 1000 times the
momentum available for a radiation driven wind. Clearly other momentum sources have to
be explored. An intriguing suggestion is that a process similar to the jet formation in young
stellar objects operates: the high velocity outflow is powered by the release of gravitational
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energy and excess momentum in an accretion disc.

A heavily debated topic in Planetary Nebulae research is thegrowing evidence that the
physics in many systems could be dominated by processes relevant only in binary stars (e.g.
Moe & De Marco 2006, but see alsoZijlstra 2007), with the main driver being the creation of
an asymmetric outflow due to binary interaction. Testing of the binary hypothesis is severely
hampered by the lack of direct observational information onbinarity in PNe and the main
shortcoming in the observational record is that detailed studies on individual objects prevail,
while there is a lack of a systematic approach. Moreover, very different observational bi-
ases in the different types of objects make results on systematic binary searches difficult to
compare.

There remains much to be learned about the late stellar evolution stages of single stars (e.g.
Habing 1996; Balick & Frank 2002; Van Winckel 2003; Griffin 2004). If the evolved target
is part of a binary (or multiple) system, our understanding is even more limited. This thesis
is embedded in a larger project which aims to study systematically a large sample of evolved
stars with distinct observational characteristics. The objects turned out to be binary post-
AGB stars, which show a broad infrared excess starting already at the H or K-band (for a
review, we refer toVan Winckel 2003). This distinct observational characteristic allowed us
to launch a systematic search for and a multi-wavelength study of the binary and its circum-
stellar environment. InDe Ruyter et al.(2006), 51 objects are presented as member of this
class and this number has increased to over 60 since then. Moreover, we could identify very
similar objects in the Large Magellanic Cloud, showing the omnipresence of this class of ob-
jects (Reyniers & van Winckel 2007). Since the post-AGB evolutionary phase is expected to
be extremely fast (∼ 1000 − 10 000 years), our number count for binaries among post-AGB
targets is high (only 326 post-AGB stars are known in the Galaxy, Szczerba et al. 2007, till
now).

1.2 AGB and post-AGB evolution

1.2.1 The single star case

After hydrogen and helium has been exhausted in the core, lowand intermediate-mass stars
(0.8M⊙ < M∗ < 8 − 9M⊙) eventually enter the AGB stage. The giant is now fairly cool
(Teff ≤ 3000K), but luminous (L ∼ 1000 − 10 000 K). It is composed of an electron-
degenerate C-O core and is surrounded by a He shell and a very extended H-rich envelope.
After a quiet period on the so-called early AGB phase, in which the nuclear burning is limited
to He-shell burning, the thermal-pulsing AGB phase is entered. During this phase, H-shell
burning is the dominant source of energy. However, as the mass of the He-shell below the
H-burning shell increases, it will lead to a re-ignition of the He-burning and eventually to a
shell instability: a thermal pulse. During the AGB, the starcould go through a number of
thermal pulses depending on its mass. After a pulse, during the relaxation time, the convec-
tive envelope may reach down past the H/He discontinuity andheavy elements produced by
thermo-nuclear reactions, may be dredged-up to the surfaceof the star (the so-called third
dredge-up). As a result of dredge-up episodes, the surface of the star will be gradually en-
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riched and may show products of He burning, as well as products of the slow neutron capture
process (s-process elements). Since C will be produced in larger numbers than O, the C/O bal-
ance in the photosphere may flip and the star can become C-rich(i.e. the C/O ratio becomes
larger than unity) instead of O-rich. The abundance ratio ofC and O in the atmosphere is
extremely important, since the atoms of the less abundant element are all locked up in the
stable CO molecule. The excess atoms of the more abundant element form molecules that
have very distinct absorption bands in the photospheric spectrum. Spectra of O-rich stars are
dominated by metal oxide bands such as TiO and ZrO, whereas for C-rich stars, molecules
like C2, CH and CN are prominent.

The AGB evolution is strongly influenced by the process of mass loss. Depending on the
mass of the core, the mass loss rates can exceed the nuclear burning rate by 2 to 4 orders of
magnitude. The lifetime and termination of the AGB are therefore controlled by stellar winds
from the surface rather than by the nuclear burning rate in the core. We remark that pre-AGB
mass loss is thought to be significant only for stars with a lowinitial mass (Mi ∼ 1M⊙), but
insignificant for higher initial masses (Mi ≥ 3M⊙). Although AGB mass loss determines the
evolution of the giant, the process is still badly understood. The mass-loss process involves
pulsations of the AGB photosphere, which lift matter to colder regions with high enough
densities in which dust is formed. This dust will be driven away from the luminous AGB star
by radiation pressure and it is supposed to drag the gas along. The velocity of the resulting
AGB wind is typically∼ 10 km s−1 and the wind removes the whole envelope on a timescale
of about104 − 105 years.

When the mass of the H-rich envelope (Me) of the AGB star is reduced significantly (Me ∼

10−3M⊙ for a core mass of 0.60M⊙, Schönberner 1983), the post-AGB phase is entered.
The effective temperature of the star is now increasing at a similar luminosity. This phase
lasts until the star becomes hot enough (T∗ ∼ 30000K) to ionize the circumstellar nebula (if
still present): the object has become a PN. A post-AGB star isexpected to have a luminosity
around103 − 104 L⊙. Typical lifetimes of post-AGB stars depend strongly on therate at
which H is burned in the H shell and are only of the order of∼ 1000− 10 000years (Blöcker
1995), hence the rare occurrence of these targets.

1.2.2 The influence of binarity

It is now commonly accepted that a high fraction of all stars resides in a binary or multiple
system. In a comprehensive and complete study of the multiplicity of main sequence G stars,
Duquennoy & Mayor(1991) argue that two-thirds (!) of all stellar systems are multiple.
Depending on the method of detection, binaries are commonlydivided into two groups:(i)
the visual binaries, in which both components are spatiallyseparated on the sky, and(ii) the
spectroscopic binaries, in which the binary motion is detected by the Doppler shift of the
spectral lines. The latter group is subdivided into two groups: the double-lined and single-
lined spectroscopic binaries in which either both components are visible in the spectrum or
just one.

Depending on the initial orbital characteristics and the mass ratio, the evolution of a star in a
binary system can be very different than the evolution of thesame star when single. During
the evolution and owing to the increase in radius, binary interaction is known to become
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stronger when the star evolves. This interaction can have a strong impact on the internal and
external evolution of the components as well as on the orbital motion. A recent review on
the binary influence in the final stellar evolution stages is presented inJorissen(2003) and in
what follows we give a synopsis.

Stars in binary systems can interact in various ways, depending on the separation of binary
system. If one of the components of a binary system ascends onthe RGB and later on the
AGB, the increase in radius will be influenced by the companion. If the orbit is too close,
the star will not have room to expand, and its evolution will be cut short before reaching the
thermal-pulsing AGB. This puts a lower limit on the initial orbital period of about 2 years for
solar metallicity stars (Pols 2004).

If the orbit is longer but still small (binary periods up to about 10 years), the AGB star could
fill its critical tidal potential surface and transfer mass to the companion through the inner
Lagrange point. The process is known as Roche-Lobe overflow.For AGB stars, the Roche-
Lobe overflow process is generally unstable, meaning that the mass transfer increases ex-
ponentially until the companion is swamped by the envelope material of the donor and a
common-envelope is formed around the binary (Iben & Livio 1993). A common-envelope
phase will lead to very little mass transfer to the secondary. Moreover, the frictional dissi-
pation of the orbital energy will lead to a dramatic orbital shrinking and this will result in
an orbital period of only a few days, depending on the bindingenergy of the envelope. The
Roche-Lobe overflow could, however, be stabilized through astrong mass-loss prior to con-
tact. Also if the radiation pressure is significantly strong, the Roche ”equipotential” surface
could have a strong contribution from the radiation pressure and this force makes the tra-
ditional description with only a gravity component no longer relevant. The material could
now escape the system or even form a circumbinary disc. The latter scenario is especially
appealing in view of the frequent occurrence of such discs around binary post-AGB stars (see
further). Moreover, a tidally enhanced mass loss precedingthe Roche-Lobe overflow could
reverse the mass ratio and mass loss is then accompanied by a widening of the orbit instead
of a shrinkage (Tout & Eggleton 1988).

Even if the orbital period is large, such that none of the components will fill their Roche-
Lobe, a strong binary influence occurs, but mainly on the stellar wind of the AGB star. Since
the AGB wind velocity is of the same order of magnitude as the relative orbital velocity,
coriolis effects will become important. The parameter space is vast and remains largely
unexplored, however. General flow characteristics (from the explored cases) are summarized
as follows (Mastrodemos & Morris 1998, 1999): (i) a funneling through the inner Lagrange
point in which a significant density enhancement and heatingis seen;(ii) the funneling could
be strongly curved by the coriolis force and an accretion disc around the companion could
form; (iii) the AGB mass loss could be curved in a double spiral arm;(iv) the formation
of a circumbinary disc could be possible, although this doesnot clearly emerge from the
current modelling. In all scenarios, the formation of regions of high density strongly favor
the formation of dust. In combination with the reduced effective gravity of the mass-losing
star, this could lead to a more efficient mass loss in binary stars, even in those with wide
orbits.

Although the impact of binarity on the outer envelope of an AGB giant is badly understood,
the case is even worse for the impact of binarity on the internal evolution of an AGB star.
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In Jorissen(2003), it is hypothesized that binarity could introduce an extramixing in the
interior of an AGB giant, to explain the peculiar classes of Rand J-type C-stars (which show
extremely low12C/13C ratios). The binary link with the abundance pattern of these objects
is, however, not straightforward since no binaries are found among R stars (McClure 1997).
In a binary scenario, this could only mean that all R stars arecoalesced binary systems.

1.3 Post-AGB binaries surrounded by a dusty disc

To study the late stellar evolution in binary systems, optically bright post-AGB stars are ideal
candidates. The first binary post-AGB stars were serendipitously discovered and it was re-
alized that they had common observational characteristics, which include a broad IR-excess
often starting already at the H or K-band (e.g.Waelkens et al. 1991a). This characteristic
allowed to search for a more systematic list of binary post-AGB stars. We start by describing
the systematic search for binary post-AGB targets, after which we describe some of the ob-
servational characteristics of the sample. All observations, even spatially unresolved, point
to a dusty stable disc surrounding the binary, from which theinfrared excess originates. We
end this section with thee − log(P ) diagram for the sample of binary post-AGB stars.

1.3.1 Binarity inferred from the infrared excess

The presence of hot dust around some post-AGB stars was first noted byTrams et al.(1991)
and soon more and more systems became known. In subsequent radial velocity monitoring
campaigns, a tight correlation was found between the occurrence of hot dust in the system and
the binary nature of the central post-AGB target (Waelkens et al. 1991a; Waelkens & Mayor
1993; Waters et al. 1993; Van Winckel et al. 1995; Pollard & Cottrell 1995; Waelkens et al.
1996; Gonzalez & Wallerstein 1996; Van Winckel et al. 1998, 1999; Maas et al. 2002, 2003;
Maas 2003; Van Winckel 2007; Gielen et al. 2007).

Based on the common SED characteristic of binary post-AGB targets, a search was conducted
for a broader sample of probable binary post-AGB stars (Lloyd Evans 1999). The infrared
selection criteria were based on the observed values for theRV Tauri stars surrounded by
hot dust (Evans 1985; Raveendran et al. 1989). RV Tauri stars are those pulsating variables
which are located in the brightest region of the population II Cepheid instability strip. They
are defined as luminous mid-F to K supergiants, which show alternating deep and shallow
minima in their light curves with formal periods (i.e. the period between successive deep
minima) between 30 and 150 days (for a review, we refer toWallerstein 2002). RV Tauri
stars are generally acknowledged to be post-AGB stars, based on the presence of dust in the
system (Jura 1986).

Based on the SED, a sample of 51 evolved binary systems could be presented in
De Ruyter et al.(2006). The sample is comprised of ’known’ post-AGB binaries, dusty
RV Tauri pulsators and the newly identified targets based on the SED. The radial velocity
monitoring campaigns of this sample are still ongoing, but we can safely conclude that the
suspected high binary rate is indeed found. When only selecting those targets with a small
pulsational amplitude, a binary fraction of infrared selected targets of 100% is found (6 out
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Figure 1.1 — Thee − log(P ) diagram of post-AGB stars surrounded by a dusty disc. (Van Winckel
2007, and further updates)

of 6, Van Winckel 2007). Moreover, even for targets which show a strong photometric vari-
ability, the photospheric and orbital motion could be disentangled, but this requires intensive
monitoring.

Of the total sample of 51 post-AGB binaries surrounded by a broad infrared excess in
De Ruyter et al.(2006), in total 29 systems have quantified orbits. While the orbital mo-
tion for many others is suspected from the radial velocity data, it could not be quantified yet.
The orbital periods which are found range from∼ 100 to 2000days (see Fig.1.1).

1.3.2 Surrounded by a stable disc

The strong near and mid-infrared excess for these post-AGB targets has been linked to a
stable circumstellar disc surrounding the system. This disc is probably in Keplerian motion
and its formation must be linked to the binary nature of the central post-AGB star. The
disc-like nature of the dusty surroundings is inferred frommany observational constraints on
individual sources, of which some are summarized below:

– The SED of all objects shows that both hot and cold dust must bepresent in the cir-
cumstellar environment. One of the most remarkable features is the start of the excess:
For all post-AGB targets, the dust excess starts at or near the dust sublimation tempera-
ture (Tdust ∼ 1200K, De Ruyter et al. 2006). Since a strong post-AGB mass loss would
speed-up the evolution too strongly (e.g.Trams et al. 1989) to observe such objects (fre-
quently), a current outflow scenario is not relevant. Moreover, most of the objects are
too hot (typical spectral type F-G) to accommodate a strong dusty mass loss. The only
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plausible scenario seems to assume that the dust resides in astable geometry close to the
central binary, such that it will be kept hot for a much longerperiod of time.

– For most objects, the strong infrared excess is not accompanied by a strong circumstellar
reddening: the efficient redistribution of the stellar flux seems in contradiction with the
lack of line-of-sight extinction (e.g.De Ruyter et al. 2006). The extinction in the line-of-
sight must be either grey or the extinction is aspherical resulting from a aspherical dust
distribution.

– Some objects show variable extinction in phase with the orbital motion (e.g.Waelkens et al.
1991a; Waters et al. 1997; Kiss et al. 2007). This phenomenon is called the RVb phe-
nomenon for the specific subgroup of RV Tauri binaries. It is along-term change of the
mean brightness and the colour of the central star: the star is faintest and reddest when
the post-AGB star is at inferior position. This phenomenon is most plausible if the dust,
which is responsible for the extinction, is not distributedin a spherical shell, but in a
disc surrounding the binary system. If this disc is observedunder a high inclination, the
amount of dust in the line-of-sight is largest at inferior conjunction explaining both the
photometry and colour variations.

– For many targets, the giant photosphere shows an abundance pattern resulting from deple-
tion (Van Winckel et al. 1992, 1995, 1998; Gonzalez et al. 1997b,a; Giridhar et al. 1998,
2000, 2005; Maas et al. 2002, 2003, 2005, 2007). The process of depletion is related to
the dust-formation sequence: once in the circumstellar environment, the volatile elements
(i.e. elements with a low condensation temperature like Fe,Ti, Ca, Cr) will easily form
dust grains, while the refractories (i.e. elements with a high condensation temperature like
C, N, O, S and Zn) will remain in the gas phase. Then, a badly understood fractionation
process takes place in which the gas is decoupled from the dust. Now, the gas can be
re-accreted onto the photosphere, while the dust must remain in the circumstellar envi-
ronment. The process of depletion is still badly understood, but it is deemed to be most
efficient if the dust is located in a stable disc reservoir (Waters et al. 1992). This process is
intimately related to the presence of a dusty disc as was confirmed by the detection of de-
pleted LMC post-AGB stars (Reyniers & van Winckel 2007) and the subsequent detection
of IR-excesses with very similar colours as in the Galactic sample by the Spitzer SAGE
data-release.

– For most targets, there is observational evidence that the circumstellar environment must
be very stable. Mixed chemistry (O and C-rich) is sometimes observed, showing that the
formation of the O-rich circumstellar environment antedated the more recent C-rich tran-
sition of the central giant (e.g. the Red Rectangle,Waters et al. 1998b). Moreover, the
dust grain evolution is found to be very different than what is observed in outflow sources.
Typically much higher degrees of crystalline dust grains are found and there is even evi-
dence for a significant fraction of large grains and/or macro-structures (e.g.Jura & Turner
1998; Waters et al. 1998b; Molster et al. 2002b; De Ruyter 2005; Gielen et al. 2007).

– Members have been imaged and found to have a dusty disc which surrounds the binary.
The most spectacular (and famous) example is probably the Red Rectangle, for which the
HST image corroborated earlier ground based observations (e.g.Roddier et al. 1995) and
shows a dark band, indicating that the star is not seen directly but instead obscured by
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an opaque dusty disc (e.g.Cohen et al. 2004, and references therein). For this object,
the Keplerian velocity field of the disc is measured by CO interferometric observations
(Bujarrabal et al. 2005). Since CO is the most abundant molecule after H2, we can safely
assume that the whole disc will be in Keplerian rotation. Other objects are further away but
the asymmetric disc structure could be traced by polarimetric observations (e.g.Gledhill
2005) or measured directly by interferometric observations (this thesis).

– For the objects which are located at larger distances than the Red Rectangle, the
CO measurements are consistent with a disc in Keplerian rotation. The measure-
ments typically provide very weak and narrow CO profiles compared to those mea-
sured for mass losing AGB stars or post-AGB stars with outflows (e.g.Bujarrabal et al.
1988; Alcolea & Bujarrabal 1991; Jura et al. 1995; Van Winckel et al. 1999; Maas 2003;
Bujarrabal et al. 2007). This shows that, in comparison to a standard outflow, a much
smaller volume produces the emission (to explain the weak single beam CO emission)
and that the emitting volume is probably in Keplerian rotation (to explain the small veloc-
ity width of the CO profile).

Since the presence of a hot and broad dust excess in the SED points to binarity (see above),
the formation of the dusty disc which is responsible for thisexcess must be strongly linked
to the binary nature of the central giant. The global picturethat emerges, is that of a binary
star in a system which is too small to accommodate a full grownAGB (and even in some
cases an RGB) star. During a badly understood phase of strongbinary interaction, a dusty
disc was formed. What we observe now is a F-K supergiant in a binary system with a dust
excess starting near or at sublimation temperature. Since the separation between the binary
components is smaller than the dust sublimation radius, thedisc must be circumbinary.

1.3.3 e − log(P ) diagram

For the group of binary post-AGB stars, orbital elements could be deduced to such an extent
that global observational characteristics of these targets can be studied. In some objects (e.g.,
HD 213985, f(M)=0.95Waelkens et al. 1987), the high mass function excludes a white dwarf
secondary. In most cases, the observed mass functions are consistent with a companion
of lower initial mass than the primary, i.e. a companion which is still an un-evolved main
sequence star, and no mass transfer needs to be invoked.

In Fig.1.1, we show the eccentricity versus binary period diagram (e−log(P )) for the sample
of binary post-AGB targets. This diagram puts strong constraints on the evolutionary channel
of these objects. A strong interaction must have occurred onthe AGB, but without leading
to very short orbital periods. The binary post-AGB stars must have found a way to avoid the
catastrophic outcome of a common-envelope evolution. At the moment, binary population
synthesis simulations, even with optimistic assumptions about the common-envelope ejec-
tion, do not produce systems with sufficiently long orbital periods to explain the observed
distribution (e.g.Frankowski & Jorissen 2007). Indeed, the observed period distribution is
peaked where the simulated period distribution is void! Thecurrent modeling predicts that
after the episode of strong interaction when the primary is on the AGB, the binary orbit is
either above 2000 days or extremely short (see above).
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Moreover, in thee − log(P ) diagram, the post-AGB binaries show strongly eccentric orbits,
even for those systems with short orbital periods. Tidal interaction between the components
will circularize the orbits, hence a mechanism which increases the eccentricity is required.
One of the explanations could be pumping of the eccentricityby the circumbinary disc, as was
proposed for pre-main-sequence binaries (Artymowicz et al. 1991; Waelkens et al. 1996).
Another suggestion presented inSoker(2000), is that an enhanced mass loss at periastron
transit could pump-up the eccentricity.

1.4 Binary related unsolved problems

In this section, we present some examples of the rich progenyof binary stars involving AGB
stars. In various classes of objects, the peculiar photospheric abundance patterns or the mass
loss mode and geometry could be linked to a binary evolution in which at least one component
is highly evolved. We intend by no means to present an overview of all binary issues, but
focus on those targets of strong interest in relation to binary post-AGB stars. For a more
thorough overview of the binary influence on the late stellarevolution stages, we refer to
Jorissen(2003).

A class of special interest are the silicate J-type C-stars.These objects are those J-type C-
stars which are surrounded by an O-rich dust environment (∼ 10% of all J-type C-stars). The
presence of this dust is best explained in a binary evolutionary context (Lloyd Evans 1991),
similar to that of the binary post-AGB targets presented above. An intriguing observation
is thatall C-stars which show O-rich dust are of spectroscopic class J.This spectroscopic
class consists of genuine C-rich targets, but with very low12C/13C values, which is currently
badly understood from AGB nucleosynthetic evolutionary models. The J-type C-stars do,
however, present a significant fraction of all C-stars (∼ 10% Lloyd Evans 1991). Since
they lack overabundances from s-process elements, they do not bear the typical signature
of mass transfer from a former AGB companion either. Hence, if a causal link might exist
between the (suspected) binary nature of the central star, it may reside in some form of binary-
induced (extra) mixing in the interior of the objects. Remark that most post-AGB binaries
will never become C-rich, possibly because the AGB phase wasshortcut due to a strong
binary interaction. The silicate J-type C-stars are suspected to harbour such a disc as well,
but are C-rich.

Also the barium and CH star characteristics are strongly linked to their binary nature. Those
binaries display the photospheric abundance pattern of a chemically enriched AGB star. The
enrichment is, however, not the result of an internal dredge-up, but due to an extrinsic enrich-
ment by the companion star, when it was on the AGB. The more evolved companion has now
become a WD. The barium and CH stars show a rather similare − log(P ) diagram to the
post-AGB binaries (see e.g.Jorissen 2003; Van Winckel 2003), which could point somehow
to an evolutionary link between both classes. This is difficult, however, since most of the
binary post-AGB stars are not enriched in C and s-process elements, and will subsequently
not alter the photospheric abundance pattern of the companion. As will be seen in this thesis:
the dust around all binary post-AGB stars is O-rich in nature. Differences in thee − log(P )
diagram are noted between both classes with the strongest difference found in the eccentricity
of the orbits: post-AGB targets show on average stronger eccentricities for the shorter period
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orbits, despite the fact that tidal circularization must have operated during the AGB evolution.
Despite the very similare− log(P ) diagram, there is no evolutionary connection between the
binary post-AGB stars and the Ba-star families. Both groupsmust trace different populations.

Several recent studies discuss the possibility that binarysystems are necessary for the forma-
tion, mainly via the common envelope evolution, of theobservedPNe (De Marco et al. 2004;
Afšar & Bond 2005; De Marco 2006; Soker 2006; Moe & De Marco 2006). That is, single
stars are believed to form rarely a detectable PNe. Binary PNe are indeed found in rather high
percentages, but the orbital periods (or distances) are at clear variance with the values found
for post-AGB binaries (Ciardullo et al. 1999; De Marco 2006). Either very short periods are
found, which range from hours to days, or very long periods are retrieved (see e.g. Fig. 1 in
Zijlstra 2007, and references therein). The lack of overlap between both populations is re-
markable, although selection effects must be taken into account. Especially intriguing is the
observation that binary PNe evolution seems to confirm the theoretical evolutionary paths.
The short period PNe must have gone through a common-envelope phase in which the orbit
has shrunk significantly. The long period binaries will shape the mass loss, but have likely no
other effect. It seems probable that the class of binary post-AGB stars willnot evolve into a
’typical’ PNe. There clearly exists a PNe population with short orbits resulting from dramatic
orbital shrinkage due to a common envelope friction. It is currently unknown how binaries
like our post-AGB sample can survive on such wide orbits.

Between 22 and 33% of the WD population is thought to be in binary systems with cooler,
unevolved components or other WDs (Green et al. 2000; Marsh 2000; Farihi et al. 2005).
Moreover,Farihi et al.(2006) showed from a Hubble Space telescope survey, that the binary
WDs are either partially/fully resolved into multiple systems (∼ 66%) or unresolved (by the
Hubble Space Telescope Advanced Camera). The orbital separations of the targets they were
sensitive to, WD + red dwarf binaries, show a clear bimodal distribution with a strong gap at
∼ 1 AU. Such a distribution is theoretically expected and makesthe period distribution of the
post-AGB targets (which have binary seperations at the level of ∼ 1 AU) the more intruiging.
Note that the selection effect of the sample inFarihi et al.(2006) favours preferentially low
mass dwarf companions to be detected. The sample is biased positively to systems with a
high initial mass ratio.

The class of symbiotic stars is a heterogeneous class of objects in which an evolved red giant
(a normal M giant in S-type symbiotics or a Mira variable surrounded by an optically thick
dust envelope in D-type symbiotics) transfers material to ahot and compact companion, usu-
ally a WD. In some of the systems, the M-giant is replaced by a yellow G-K type giant, and
the white dwarf by a neutron star. The orbital period distribution of the S-type symbiotics is
very broad and ranges from about 100 days to 1400 days (Mikołajewska 2007, and references
therein). It also seems clear that the majority of S-type symbiotics contain CO white dwarfs.
This immediately poses a theoretical problem, since most ofthese systems should have ex-
perienced a previous mass transfer phase. This would likelyhave led to a common-envelope
and spiral-in phase and ultimately very close binaries. Also the symbiotics must have ex-
perienced a similar binary interaction phase as the post-AGB binaries, in which the systems
avoided a spiral in. The symbiotics are, however, observed in a later evolutionary phase in
which the secondary is also an evolved target. Another binary related puzzle is that most
symbiotic systems are not enhanced in s-process elements and as such differ significantly
from the barium star group.
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1.5 Interferometry

In this thesis, we focus on the dusty surroundings of evolvedbinaries. We study the dust
geometry of one silicate J-type C-star and a large sample of post-AGB binaries. For the latter
objects, it has been shown inDe Ruyter et al.(2006), that the dust excess starts at or near the
dust sublimation temperature, irrespective of the effective temperature of the primary. Using
the equation of thermal equilibrium of a blackbody dust grain, dust starting at sublimation
temperature translates into a limit on the distance of the grain from the central star (d).

1200 K = Tdust = (
R∗

2d
)1/2

× T∗ (1.1)

The effective temperature (T∗) of post-AGB stars is typically deduced from spectroscopy.
The linear relationship betweenR∗ andd shows that the angular size of the hottest inner
region is independent of the poorly known distance of the object, given the detected photo-
metric magnitudes. For a central star of 7500 K and a typical luminosity of 5000L⊙, the dust
sublimation radius is at about 4 AU (Astronomical Units). Since evolved targets are typically
located far away (kpc scales) and because the dusty reservoirs must be compact (at 1 kpc,
4 AU translates to 4 milli-arcsec on the sky), interferometry is a necessary and ideal tool to
study the spatial structure of these reservoirs.

For all objects, a strong infrared excess is observed in the N-band. Moreover, an important
characteristic of the sample of post-AGB binaries is that the infrared excess starts already at
or near the K-band. In this thesis, we explore the dusty reservoirs in both atmospheric win-
dows with extreme spatial resolution. This thesis work, reported here, was in phase with the
coming on-line of the interferometric instrumentation at ESO. We employed both the MIDI
(MID-infrared Interferometric instrument, N-band) as well as the AMBER (Astronomical
Multiple BEam Recombiner, K-band) interferometric instruments, which are mounted on
ESO’s VLTI located in Paranal. Both instruments measure spectrally dispersed visibilities
over the wavelength band and are ideally suited, not only to resolve the compact discs, but
also to obtain spatial information on the different dust/gas components. The MIDI instrument
has been used extensively in this work, while the AMBER instrument could be used for one
target only, since it came on-line later.

In the following, we give a short introduction on the interferometric technique and in specific
the interferometric instrumentation mounted on the VLTI.

1.5.1 The visibility

The angular resolution of a telescope is limited by the size of the mirror. Following the so-
called Rayleigh criterium, the resolution of a telescope isrelated to the wavelengthλ and
diameterD of the (circular) telescope as:

angular resolution = 1.22
λ

D
(1.2)

This shows that the largest optical telescopes with a mirrorof 10 m provide an angular reso-
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lution of about 20 mas in the visible to about 250 mas in the mid-infrared. There is, however,
an additional limitation to the angular resolution of a telescope: the earth’s atmosphere. The
turbulent atmosphere will distort the plane wavefronts from the source and limits the angular
resolution to the order of 1 arc-second. To fully exploit thecapabilities of a single telescope,
one needs to correct for the atmospheric turbulence using so-called adaptive optics (or, alter-
natively, using space instruments, effectively eliminating the atmosphere).

In the mid-infrared, the angular resolution of a (current) single telescope is too limited to spa-
tially probe the dust reservoir around evolved targets (seeabove). To resolve these structure,
one needs a telescope of∼ 50m equipped with adaptive optics, which is for practical and
financial reasons (currently) impossible to construct. Themost straightforward approach to
overcome the turbulent atmosphere and to obtain the required angular resolution is interfer-
ometry. In an interferometric setup, the light from two or more small telescopes is combined
to ’simulate’ a large telescope, which has the required spatial resolution. For an excellent
introduction to the application and interpretation of optical/infrared interferometry in astron-
omy, we refer toLawson(2000).

The output of an interferometric setup is not an image, but rather an interference pattern: the
so-called fringes. From these fringes, we obtain the interferometric observables: the ampli-
tude and phase of the visibility. The strength of this complex observable – the visibility – is
expressed in the Citterd-Zernike theorem:The (complex) visibility measured by an interfer-
ometer, is the Fourier Transform of the source intensity distribution on the sky. There is, in
other words, a one-to-one relation between the image of the astronomical source on the sky
and the observable measured by an interferometer.

If α andβ are the spatial coordinates on the sky,A the throughput of the interferometer
telescopes as a function of sky position andF the source intensity distribution, the complex
visibility can be written as:

V (u, v) =

∫

dαdβA(α, β)F (α, β)e−2πi(αu+βv)

∫

dαdβA(α, β)F (α, β)
, (1.3)

with u andv the spatial frequencies. These spatial frequencies are defined in terms of the
baseline between the telescopesB (i.e. the separation vector between the telescopes) and the
wavelength of investigationλ. They are most often expressed in units of cycles/arc-second
and are given by:

u =
Bx

λ
and v =

By

λ
. (1.4)

Expression1.3 and1.4 show that if the extent of the source intensity distributionis much
smaller than1/u and1/v, the visibility amplitude equals unity. If the interferometric setup
is such that the extent of the astronomical source becomes ofthe order of the inverse of
the spatial frequency, the source is called resolved and thevisibility amplitude is (generally)
lower than unity. The rule of thumb is: given an interferometric setup, a lower visibility
indicates a larger structure. Note that exceptions exist (e.g. binaries with components of
comparable brightness).
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Expression1.3 is the Fourier Transform of the source intensity distribution and, in principle,
the inverse Fourier Transform can be calculated to retrievethe source intensity distribution.
The current infrared interferometric instrumentation, however, typically combines the light of
only two or three telescopes. The direct inversion from the Fourier Plane to the real image on
the sky is therefore impossible. An unrealistic large number of measurements would be re-
quired to make the inversion process stable. The current instrumentation, therefore, requires
some a priori knowledge of the intensity profile. A confrontation between the interferomet-
ric observables and the simulated variables, based on the a priori model, provide additional
information on the target. Herein lies the strongest difficulty of the current interferometric
instrumentation in the infrared:the interpretation of the interferometric observables is (cur-
rently) always model dependent. In this thesis, we opted to constrain the properties of the
emission through models which are either as simple as possible (i.e. mostly assuming a uni-
form intensity distribution of variable size) or in which the structure and intensity profile is
determined fully self-consistently (based on the relevantphysics).

1.5.2 AMBER and MIDI

The basic principle of any interferometric setup is to combine the electromagnetic fields com-
ing from the different telescopes, and to visualize the resulting interferometric fringes on a
detector. The two most popular implementations of this process are the so-called “pupil-
plane” and “focal-plane” beam combination. Both implementations were used in this thesis
with respectively the MIDI and AMBER instrument. The full description of both instru-
ments can be found at their respective websites: http://www.eso.org/instruments/midi and
http://www.eso.org/instruments/amber.

The MIDI instrument is a pupil-plane beam combiner which combines the light of two tele-
scopes at a beam splitter. At the beam splitter plates, the electric fields from both beams are
added and the output is focused onto two detectors. Additionally, the beams are spectrally
dispersed to give on each detector a one-dimensional array of spectro-interferometric mea-
surements. The spectral resolution over the N-band (8 − 13 µm) is eitherR ∼ 30 using the
prism as dispersive element orR ∼ 230 using the grism as dispersive element. The inter-
ferometric fringes are visualized in a pupil-plane setup bydeliberately introducing an optical
path difference (OPD) between the beams as a function of time. The resulting temporal vari-
ations of the intensity in the pupil plane determine the visibility of the source at the specific
interferometric setup.

An alternative approach – a focal plane beam combination – isused by the AMBER instru-
ment. This instrument can combine the light from three separate telescopes and focus it into
a common Airy pattern that contains the interferometric fringes. Those fringes are spatially
coded by the internal setup of the AMBER fibers. The AMBER instrument observes in the
near-infrared J, H and K bands covering a total wavelength range from∼ 1 µm to∼ 2.5 µm.
Three different spectral resolutions are offered: low resolution (R ∼ 30), medium resolution
(R ∼ 1500) and high resolution (R ∼ 12 000). In the low resolution mode, the full wave-
length range can be imaged on the detector. For the other modes, the spectrum is dispersed
over a larger area than the detector size, which means that the desired wavelength range has
to be specified.



14 Chapter 1. Introduction

1.5.3 Phase information

The complex visibility is determined by its amplitude and its phase. While the visibility
amplitude is relatively easy to obtain, the visibility phase, i.e. the fringe location, is much
harder to measure due to the variability introduced by the turbulent atmosphere. The atmo-
sphere introduces unknown phase shifts above each telescope and makes the fringes move as
a consequence. The current optical/infrared interferometric instrumentation is not capable to
monitor this atmospheric fringe motion. Measurements of the phase of the interferometric
fringes do therefore not longer characterize the phase of the Fourier transform of the source
brightness distribution. For a thorough review on the spatio-temporal fluctuations introduced
by the atmosphere, we refer toRoddier(1981).

We focus on the those phase variables which remain resistantto the presence of wavefront
phase errors, the so-called “good observables”. We discussthese good observables for both
the MIDI and AMBER instrument and make use of them in the following chapters.

In a two telescope – a single baseline – setup, the original phase of the source is lost. Only
relative phases (or differential phases), that is, the difference in phase between the different
spectral channels can be accurately retrieved. If we make a simultaneous measurement of the
visibility function at two approximate wavelengths, the measured visibility phase will be the
true phase plus an unknown phase shift introduced by the atmosphere. Because the atmo-
spheric optical path difference is, to first-order, achromatic, the offset at one wavelength can
be related to that at the other wavelength. Hence, the phase shift measured at one wavelength
can be used to correct the phase shift at the others. The differential phase can be determined
accurately with the MIDI instrument (to a few degrees, e.g.Tubbs et al. 2004). This was
determined for each observed target which is presented in the following chapters. The differ-
ential phase we used differs from the standard definition since we used the phase output from
the EWS package (Jaffe 2004). This reduction software provides the phase signal which is
corrected for the changing index of refraction of air by subtracting a linear slope (linear in
frequency space) so that the mean phase over the N-band is zero. This phase, although dif-
ferently defined than the standard differential phase, contains the same physical information
on the source morphology.

With three or more telescopes, the situation changes drastically. When the baselines form a
closed loop connecting three telescopes, the sum of the observed fringe phases – the closure
phase – is independent on the atmospheric error terms and it is therefore a good observable.
This is illustrated in Fig.1.2. An atmospheric phase delay introduced above telescope2 will
result in an atmospheric phase shift of[φ(2)−φ(1)] in the fringe detected between telescopes
1 − 2. A phase shift is introduced, however, between telescope2 − 3 as well and this shift
is equal in strength but opposite in sign to the one for baseline1 − 2. Taking the sum of the
corrupted fringe phases, between1 − 2, 2 − 3 and3 − 1, is therefore insensitive to the phase
delay above telescope2.

Closure Phase(1 − 2 − 3) = Φ(1 − 2) + Φ(2 − 3) + Φ(3 − 1)

= Φ0(1 − 2) + Φ0(2 − 3) + Φ0(3 − 1),

with Φ andΦ0 the observed and intrinsic phase of the source respectively. The argument
holds for an arbitrary phase delay above any of the three telescopes. In general, the sum of the
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Figure 1.2 — Phase errors introduced at any telescope in an array cause equally large but opposite
phase shifts, canceling out in the closure phase, which is the sum ofΦ(1 − 2), Φ(2 − 3) andΦ(3 − 1)
(seeReadhead et al. 1988).

three phases around a closed triangle of baselines, the closure phase, is a good interferometric
observable. Since the AMBER instrument combines the light of three telescopes, it has
the unique capability of measuring the closure phase. As such, 33% of the original phase
information can be restored.

Although the interferometric phase is difficult to obtain, it contains extremely useful in-
formation on the source intensity distribution. If, for example, the intensity distribution is
point-symmetric, the phase must be zero or 180 deg. Measuring a non-zero and non-180 deg
differential or closure phase immediately proves the asymmetry of the intensity distribution.

1.6 This thesis

The research presented in this thesis addresses the key question of the structure of the circum-
stellar discs around binary evolved targets, the formationof which is likely strongly linked to
the binary nature of the central target. In all chapters, this circumstellar environment is stud-
ied at unprecedented spatial resolution through interferometric measurements, as explained
above. Moreover, by the study of a significant sample, we supercede the star-to-star analy-
sis and address the general characteristics of the sample. As such, we can discuss possible
evolutionary effects and constrain the formation and evolution of the systems.

In Chapter2, we present a case-study on the spatial characteristics of the N-band emission re-
gion of two binary post-AGB stars: HD 52961 and SX Cen. We demonstrated that the N-band
emission is coming from a very compact region and that the dusty circumstellar environment
must be stored in a stable disc structure. Since the dust surrounds the central stars, the disc
is circumbinary. Moreover, the N-band spectra show that thedusty environment is extremely
processed, both in grain growth and degree of crystalline grains. For the only target which
was resolved, even with the MIDI interferometer, HD 52961, the degree of crystallinity is not
homogeneously distributed. In this target, the crystalline emission is confined to the inner
most regions of the circumstellar environment. The data of this Chapter was obtained during
the so-called ’Science Demonstration Time’ of the new instrument at ESO. This period is
used to illustrate the overall European astronomical community the sensitivity and capabili-
ties of a new instrument.
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In Chapter3, we study IRAS 18006-3213, which belongs to the class of silicate J-type C-stars
for which binarity is hypothesized. The O-rich circumstellar environment around this C-giant
shows many similarities with that of HD 52961. The dusty environment is similarly compact
and must be stored in a stable disc environment. The disc around IRAS 18006-3213, is most
likely circumbinary although the orbital parameters of thesystem could not be retrieved.
Moreover, the dusty disc contains strongly processed O-rich material and the emission feature
of the crystalline grains is also for this target stronger inthe inner most regions of the disc.
The spatial resolution at which IRAS 18006-313 was observedcovers a wide range and at the
highest spatial resolution measurements, a significant non-zero differential phase is observed.
This proves directly that the N-band emission is asymmetricand puts strong limits on the
emission geometry. The data presented on IRAS 18006-3213 strongly favours dust trapped
in a circumbinary disc, which was formed through a binary interaction. The end-result of
this interaction, the circumbinary disc, shows many similarities with those observed around
post-AGB binaries.

In Chapter4, we present the first multi-wavelength interferometeric study of the circumstellar
environment of a binary post-AGB star, IRAS 08544-4431. Theobject was observed at high
spatial resolution in both the K and N-band, with the interferometers AMBER and MIDI.
These high spatial resolution measurements are combined with the broad band SED of the
source, to determine the dust geometry. We resolved the object in both wavelength regimes
and could measure a strong, wavelength dependent closure phase in the K-band. The mea-
surements were confronted with a 2D disc model based on radiative transfer, of which the
setup is based solely on the spatially unresolved broad bandcharacteristics of IRAS 08544-
4431. We found that this disc reproduces the interferometric observables extremely well. The
wavelength dependent nature of the circumstellar environment is reproduced with great preci-
sion and even the asymmetric nature of the source is in agreement with the measured closure
phase. The dusty environment of binary post-AGB stars must be that of our model: a passive,
circumbinary disc with a significant scale height and a puffed-up inner rim. The stringent
constraints from both near and mid-IR visibility measurements as well as the detection of a
strong non-zero closure phase was selected for an ESO press release (ESO 43/07).

In Chapter5, we investigate further on self-consistent disc models forthe group of binary
post-AGB stars. We construct a typical disc model, in which the setup is based on the un-
resolved characteristics of the sample of binary post-AGB targets (see above). The model is
that of a passive circumbinary disc with a large inner hole. The scale height of the model is
determined self-consistently and the disc consists of a large puffed-up inner rim. We investi-
gate the SED of this model as well as the interferometric output for the MIDI instrument and
that for various aspect angles. Moreover, the effect of different input parameters in the initial
setup is investigated on both observational probes. We find that combining the broad band
SED and the N-band interferometric measurements provides astrong insight in the structure
of the discs around post-AGB binaries.

In Chapter6, we present a mid-infrared interferometric survey on the circumstellar environ-
ment around post-AGB binaries. For eleven targets, we gathered MIDI interferometric data
and could determine the spatial structure of the circumstellar environment in the N-band. We
find that all targets are surrounded by a compact and stable circumbinary disc reservoir. The
N-band emission region is extremely compact and is found to be asymmetric, even in the
N-band. We find that the discs around the various targets havesimilar physical dimensions
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and display a very similar wavelength dependent visibilityslope. The typical diameter of the
N-band emission is only∼ 40 AU.
We confront the spatial information provided by the MIDI instrument with the self-consistent
model for a ’typical’ post-AGB binary surrounded by a circumbinary disc, which was de-
veloped in Chapter5. Although our disc model is based on the unresolved characteristics of
the global sample of post-AGB binaries, it reproduces the interferometric observations very
well, and that for all targets of the sample. The dusty discs around the post-AGB binaries of
the sample present a homogeneous group interferometrically: the physical dimension of the
wavelength dependent intensity profile is very similar for the different targets.
However, significant star-to-star differences are found inthe strength of the intensity profile:
the surface brightness temperature spans a wide range from∼ 200K to > 900K for the dif-
ferent targets. Given the similar physical dimension of theintensity profile, the large spread
in the surface brightness temperature can only result from adifferent absorption/re-emission
efficiency of the circumstellar environment. Although the parameter space is large, we show
that this is likely the result of a different mineralogy in the various discs. Those discs which
show a lower surface brightness temperature likely consistof larger grains.
By evaluating the sample as a whole, we find that the surface brightness temperature corre-
lates with the orbital period of the binary system. Those targets with a long orbital period
show a lower surface brightness temperature. In other words, the absorption efficiency of
the circumbinary disc is linked to the orbital period, such that the discs around long period
binaries are less efficient in absorbing the stellar radiation. We show that this correlation is
likely not the result of a different formation history, depending on the binary separation. The
trend likely probes the evolution of the system after the formation of the circumbinary disc.
The targets with the longest binary periods (AC Her, IRAS 17038 and HD 52961) seem to
confirm this evolutionary hypothesis. In those targets, an extreme mineralogy is observed
with possibly a very strong grain growth and even the formation of macro-structures in the
circumbinary disc.

We end this book with a general evaluation and an outlook to the questions which will drive
future research.
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Chapter 2
Resolving the dusty discs around
binary post-AGB stars: a case study

This chapter is published as

Resolving the compact dusty discs around binary post-AGB stars using
N-band interferometry

P. Deroo, H. Van Winckel, M. Min, L.B.F.M. Waters, T. Verhoelst, W. Jaffe, S. Morel, A.
Richichi, P. Stee and M. Wittowski, A&A 2006, 450, 181-192

Abstract: We present the first mid-IR long baseline interferometric observations of
the circumstellar matter around binary post-AGB stars. Twoobjects, SX Cen and
HD 52961, were observed using the VLTI/MIDI instrument during Science Demon-
stration Time. Both objects are known binaries for which a stable circumbinary disc
is proposed to explain the SED characteristics. This is corroborated by our N-band
spectrum showing a crystallinity fraction of more than 50 % for both objects, point-
ing to a stable environment where dust processing can occur.Surprisingly, the dust
surrounding SX Cen is not resolved in the interferometric observations providing an
upper limit of 11 mas (or 18 AU at the distance of this object) on the diameter of the
dust emission. This confirms the very compact nature of its circumstellar environment.
The dust emission around HD 52961 originates from a very small but resolved region,
estimated to be∼35 mas at 8µm and∼55 mas at 13µm. These results confirm the
disc interpretation of the SED of both stars. In HD 52961, thedust is not homogeneous
in its chemical composition: the crystallinity is clearly concentrated in the hotter inner
region. Whether this is a result of the formation process of the disc, or due to annealing
during the long storage time in the disc is not clear.
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2.1 Introduction

The fast stellar evolution connecting the Asymptotic GiantBranch (AGB) to the Planetary
Nebulae (PNe) phase is still poorly understood (e.g.Van Winckel 2003). Many detailed stud-
ies of individual transition objects (post-AGB stars) exist, but it is not clear how these objects
are related by evolutionary channels. Moreover, there is general agreement that binary in-
teractions must play a significant role in many well studied sources. Binarity is for instance
invoked in the physical models to understand the observational characteristics of some spec-
tacular geometries observed in PNe. More recently, also thegeometries and kinematical
structures around resolved post-AGB stars might be linked to binarity (Balick & Frank 2002,
and references therein). Since many uncertainties remain in our understanding of the final
evolution of single stars, it is no surprise that this is evenmore the case when the star is a
member of a binary system.

Direct detection of the binary nature of central stars of resolved nebulae is often difficult due
to the high obscuration. Moreover, in crossing the HR-diagram, the stars must pass the pop II
Cepheid instability strip, in which pulsational instabilities occur. This makes radial velocity
variations not a straightforward signature of orbital variations.

In the sample of optically bright post-AGB stars, binaries are being detected, however, and
for an overview we refer to (Van Winckel 2003, and references therein). One of the important
observational characteristics of those binaries is the shape of their SED. They show a dust-
excess starting near sublimation temperature, irrespective of the effective temperature of the
central object and this despite the lack of a current dusty mass loss (De Ruyter et al. 2005,
2006, and references therein). Moreover, when available, the long wavelength fluxes show a
black-body slope which indicates the presence of a component of large mm-sized grains. It
is argued inDe Ruyter et al.(2006) that in all the investigated objects, gravitationally bound
dust is present, likely in a Keplerian disc. Note that only for the most famous example,
the Red Rectangle, this dust emission is resolved and it shows a clear disc structure, both in
the near-IR and in the visible (Men’shchikov et al. 2002; Cohen et al. 2004). Moreover, the
gaseous component was spatially resolved using mm-interferometry (Bujarrabal et al. 2003,
2005). The latter observations clearly demonstrated the Keplerian rotation of the disc. In all
other cases, the presence of a disc is postulated. More detailed studies of individual cases
can be found: examples are 89 Her (Waters et al. 1993), HR 4049 (Waelkens et al. 1991a;
Dominik et al. 2003) and IRAS 08544-4431 (Maas et al. 2003). Given the orbits detected so
far, one of the conclusions is that it is clear that most binaries cannot have evolved along
single star evolutionary tracks.

The high spatial resolution of the mid-IR instrument MIDI mounted on the VLTI interferom-
eter of ESO makes this an ideal instrument to probe the circumstellar material around these
binaries for two reasons: (i) the discs are likely compact sohigh spatial resolution measure-
ments are needed to resolve the discs and (ii) the discs are shown to emit a significant part of
their total luminosity in the N-band. We therefore carefully selected 2 binary post-AGB stars
for which there is significant indirect evidence for the presence of a stable circumstellar dust
reservoir. The data presented in this contribution are taken during Science Demonstration
Time to illustrate the potential of MIDI coupled to the VLTI to study the compact circumstel-
lar environment suspected in those evolved stars.
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In Sect.2.2, we introduce both objects and refine the orbital parameterspublished in our
previous papers. The observational log is presented in Sect. 2.3 while the reduction of the
interferometric dispersed fringes is reported in Sect.2.4. We discuss our findings in Sect.2.5
and come to our conclusions in Sect.2.6.

2.2 HD 52961 and SX Cen: global characteristics

SX Cen and HD 52961, having both a spectral type F-G (Kholopov et al. 1999; Shenton et al.
1994; Waelkens et al. 1991b), are located in the pop II instability strip with SX Cen known as
a very regular RV Tauri star with a period of 32.9 days, while HD 52961 shows a photomet-
ric periodicity of 72 days. They are members of the chemically anomalous post-AGB stars
for which the photospheric abundances of the different elements are closely linked to their
condensation temperature (Waelkens et al. 1991b; Van Winckel et al. 1992, 1995; Maas et al.
2002). Members of this class show higher photospheric abundances for chemical elements
with a lower condensation temperature. In fact, HD 52961 is one of the most extreme exam-
ples of this class of objects. It is a highly metal-poor object ([Fe/H] = -4.8, Waelkens et al.
1991b) which has more zinc than iron in absolute (!) number ([Zn/Fe] = +3.1, Van Winckel
et al. 1992). There is general agreement that this abundance pattern iscaused by a chem-
ical fractionation process caused by dust formation in the circumstellar environment. After
decoupling of the gas and dust, reaccretion of the gas causesthe observed abundance pat-
tern. Waters et al.(1992) proposed a scenario in which the circumstellar dust is trapped in
a stable disc. The occurrence of such a disc likely implies binarity for post-AGB stars. In-
deed, radial velocity measurements proved that all the extremely depleted objects are binaries
(Van Winckel et al. 1995). In the following we refine our previously published Spectral En-
ergy Distribution (SED) as well as the orbital elements of both objects.

2.2.1 Spectral energy distribution

The SED of SX Cen is discussed in the literature (Goldsmith et al. 1987; Shenton et al. 1994;
Maas et al. 2002) where a total reddening of E(B-V) = 0.3±0.1 is found. They find a broad
infrared excess starting already at K which, in combinationwith the confirmed binarity, is
interpreted inMaas et al.(2002) as a signature of a dusty disc, not an outflow. The SED
is reproduced in the top panel of Fig.2.1 in which the ISO/SWS spectrum is overplotted.
This spectrum shows a broad silicate emission feature at 10µm, inside the MIDI wavelength
range. Due to the low flux levels at longer wavelengths, we cannot be conclusive about the
origin of the feature around 18µm. This is possibly an artifact, although it is present in both
scans. The distance of SX Cen can be estimated comparing the intrinsic luminosity with the
integrated flux of the scaled Kurucz model. The luminosity ofSX Cen is estimated using the
period-luminosity relation derived for the LMC RV Tauri variables (Alcock et al. 1998) to be
about 600±400 L⊙. The large uncertainty is a relic of the scatter in the P-L relation. This
provides a rough distance estimate for SX Cen of 1.6± 0.5 kpc.

For HD 52961, we constructed a SED using IUE data (0.115µm – 0.320µm), Geneva optical
photometry, near-IR JHKLM photometry (Bogaert 1994) and far-IR IRAS photometry. In
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addition, one SCUBA (Holland et al. 1999) observation was made to obtain a continuum
measurement at 850µm, providing F850µm = 2.8 ± 1.9 mJy with Mars as flux calibrator.

As the object suffers photometric variations over time, we constructed the SED for photo-
metric maximum only. The colour excess due to interstellar and circumstellar extinction
was estimated by searching the best correspondence betweenthe appropriate Kurucz model
and the dereddened SED in the optical and UV. The SED was dereddened using the aver-
age interstellar extinction law ofSavage & Mathis(1979) and the Kurucz model was chosen
according to the stellar parameters given inWaelkens et al.(1991b), i.e. Teff = 6000K,
log(g)= 0.5 and [Fe/H]= −4.5. The result is shown in Fig.2.1, where the Geneva photome-
try at photometric minimum is overplotted using grey crosses. While the photometry and the
Kurucz model are consistent in the UV and optical, a clear IR excess due to dust is observed
at longer wavelengths. This excess distribution, in combination with the confirmed binarity
(Van Winckel et al. 1995, and refinements in Sect.2.2.2) and the lack of a current dusty mass
loss, is also interpreted as evidence for a dusty disc instead of an outflow. The luminosity of
HD 52961 is estimated as 1900± 1300L⊙ using the same period-luminosity relation as for
SX Cen, providing a distance of 1.4± 0.5 kpc.

In the MIDI wavelength range (8 – 13µm), the amount of flux emitted by the stellar pho-
tosphere with respect to the total flux is only 1 % for SX Cen and5 % for HD 52961. In
addition, both objects show a clear silicate resonance in emission in the N-band (see the
ISO/SWS spectrum in the top panel of Fig.2.1and the MIDI spectra in Fig.2.4). Therefore,
the MIDI instrument, providing spectrally dispersed visibilities over the N-band, is ideally
suited to probe the circumstellar geometries of the dust around both objects.

2.2.2 Orbital elements

We refined the orbital elements which were published alreadyin Van Winckel et al.(1999)
andMaas et al.(2002) for HD 52961 and SX Cen respectively. Our accumulation of data
is now such that we covered close to 3 (HD 52961) and 2 (SX Cen) orbital cycles. The
heliocentric radial velocity data folded on the orbital periods are given in Fig.2.2 and the
orbital elements are listed in Table2.1.

The data sampling of HD 52961 is not very extensive and in the residuals no clear modulation
on the pulsational period is found. For the RV Tauri star SX Cen, the pulsational amplitude in
radial velocity is significant. After pre-whitening of the orbital solution, the pulsational period
of 16.46d is clearly recovered (Fig.2.3). We cleaned the original data with a harmonic least
square fit of the 16.46 days pulsation period and three harmonics. The variance reduction of
the pulsation model is 81%. After cleaning the original datawith this pulsation model, we
redetermined the orbital elements. The eccentric orbit wasfound to be significant according
to the classical Lucy and Sweeney test (Lucy & Sweeney 1971).

As shown in our previous papers, both objects show a long termtrend in their photometric
light-curve which is due to variable circumstellar reddening in the line of sight towards the
object. For SX Cen this long term trend is periodic with a period of 615 days (O’Connell
1933; Voûte 1940), very close to the orbital period. For HD 52961 it was not very clear
whether the subtle effect is periodic or not.
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Figure 2.1 —The SED of both programme stars. On top, the SED of SX Cen is provided according to
the parametrization given in the literature while at the bottom, the SED of HD 52961 is shown. The solid
line is the scaled Kurucz model with stellar parameters determined in the literature (Teff = 6500 K,
log(g)= 1.5 and [Fe/H]= −1.0 for SX Cen (Maas et al. 2002) and Teff = 6000 K, log(g)= 0.5 and
[Fe/H]= −4.5 for HD 52961 (Waelkens et al. 1991b)). The photometric measurements are shown
with plus symbols, black for photometric maximum, grey for photometric minimum. For SX Cen,
the ISO/SWS spectrum is overplotted up to 25µm. The MIDI wavelength range is indicated by a grey
box.

If the circumstellar material is indeed mainly stored in a disc around the objects and assum-
ing this disc is located in the orbital plane, the inclination of the disc cannot be very small.
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Table 2.1 — The orbital elements of the program stars. All symbols have their usual meaning. The
number of measurements (N) and the number of covered orbitalcycles in our monitoring program are
also given.

unit HD 52961 SX Cen

P days 1297± 7 592± 13

To JD 2448591± 38 2452107± 10

K km s−1 13.3± 0.9 22.9± 0.5

γ km s−1 7.4± 0.5 19.1± 0.4

e 0.22± 0.05 0.16± 0.02

a sin i AU 1.54 1.23

f(M) M ⊙ 0.29 0.70

N # 31 78

cycles covered 2.9 2.0

Assuming an inclination varying between edge-on (i = 90o) up to 60o, and a mass of the
evolved component of 0.6 M⊙, the mass of the companion varies between 0.8 – 1.1 M⊙ for
HD 52961 and 1.4 – 1.9 M⊙ for SX Cen. The unseen companion is probably an unevolved
main sequence star, since the lack of an UV excess and of any sign of symbiotic activity
make the presence of a massive compact object very unlikely.Moreover, the orbital charac-
teristics in period and eccentricity make it very unlikely that the companion is a post red giant
(Van Winckel 2003).

Neither stars are filling their Roche Lobe now, but in both cases it is clear that the actual
orbit is too small to accommodate a full grown AGB star. The stars must have suffered an
evolutionary phase with severe binary interaction when at giant dimensions.

2.3 Observations

The VLTI/MIDI interferometer (Leinert et al. 2003a) was used to combine the light coming
from the UT2 and UT3 telescopes. The observations of the targets, SX Cen and HD 52961,
were performed in three nights of Science Demonstration Time in February at a projected
baseline in the range of 40 to 50 meters. A detailed log of the observations of the science
targets is presented in Table2.2.

The following observing sequence was carried out, according to the standard procedures for
MIDI, and repeated for target stars and calibrators. First,acquisiton images are obtained
by both telescopes independently (i.e. without beam combiner and prism) to ensure over-
lap of the beams, which is required for interferometric combination. Then, the MIDI beam
combiner, the slit and the prism are inserted. This producestwo spectrally dispersed interfer-
ometric outputs of opposite phase. The zero optical path difference (OPD) is searched for by
scanning a range of a few millimeters around the expected value. When found, MIDI uses
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Figure 2.2 — The radial velocity curves of SX Cen and HD 52961 folded on their binary period. The
data of SX Cen were cleaned from pulsationally induced variations as discussed in the text. The crosses
are the measurements while the solid line is the orbital solution.

its piezo-driven mirrors to keep the fringe pattern at a fixedposition within a≈ 200µm scan
length, while the VLTI delay lines compensate for the drift in OPD position due to sidereal
motion and for the slow component of atmospheric piston. Fringes are integrated for about
1-3 minutes. Finally, photometric data are recorded using one telescope at a time, with the
same optical set-up but using chopping to subtract sky and background.

To correct for optical imperfections and atmospheric turbulence, a calibrator of known diam-
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Figure 2.3 — The radial velocity variations induced by pulsation for SX Cen. The data indicated with
crosses is pre-whitened with the orbital solution. The solid line is a harmonic least square fit of the
16.46 days pulsational period and three harmonics.

eter is measured as well. The time-lag between the measurement of this calibrator and the
science object is about 30 min. However, considering the present accuracy per single visibil-
ity measurement of about 10 %, we can also use calibrators observed in the same mode one
or two hours earlier or later (see e.g.Leinert et al. 2004). A list of the calibrator observations
is given in Table2.2.
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Table 2.2 —A summary of the observations with the MIDI instrument of SX Cen and HD 52961. For each science target, the calibrators used to calibrate
the visibility are given (the flux calibrators are given in Table 2.4). The angular diameter in the Limb Darkened Disc approximation is obtained from
Verhoelst(2005) (cf. http://www.ster.kuleuven.ac.be/∼tijl/MIDI calibration/mcc.txt). The reported flux for the calibratorsources is the IRAS 12.5µm
flux. Nomenclature: UT = Universal Time, PB = Projected Baseline and PA = Projected baseline Angle

night science UT PB PA airmass calibrator UT spectral diameter flux
yyyy/mm/dd target hh mm ss (m) (o) target hh mm ss type (mas) (Jy)
2004/02/09 HD 52961 02 20 02 39.7 45 1.2 HD 49161 02 45 52 K4 III 2.44± 0.01 10.35

SX Cen 07 37 52 44.6 41 1.1 HD 67582 06 24 15 K3 III 2.30± 0.01 9.33
HD 67582 07 13 39 K3 III 2.30± 0.01 9.33
HD 107446 08 08 53 K3.5 III 4.43± 0.02 32.42

2004/02/10 HD 52961 04 13 04 46.1 46 1.4 HD 67582 03 46 12 K3 III 2.30± 0.01 9.33
SX Cen 07 37 52 44.6 41 1.1 HD 107446 08 16 44 K3.5 III 4.43± 0.02 32.42

2004/02/11 SX Cen 08 03 25 43.6 46 1.1 HD 120404 08 27 38 K7 III 2.96± 0.02 13.28

Table 2.3 — The composition and grain sizes of the dust in the circumstellar environments around SX Cen and HD 52961 as derived from our fitting
procedure. The olivine and pyroxene grains are amorphous while the forsterite and enstatite are crystalline. For HD 52961 56% of the dust mass is in the
inner disk region. It should be noted that, as explained in the text, the temperatures determined for the inner and outer disc spectra of HD 52961 are not
realistic.

Star Tc Cryst. Large Olivine [%] Pyroxene [%] Forsterite [%] Enstatite [%] Silica [%]

102 K [%] grains [%] Small Large Small Large Small Large Small Large Small Large

SX Cen 6.8
+0.3
−0.3 78

+17
−23

93
+3
−4

- 21
+24
−17

- 1
+6
−1

7
+3
−3

25
+9
−9

- 46
+12
−15

1
+1
−1

0
+2
−0

HD 52961 (inner) 12
+2
−2

79
+10
−12

63
+7
−12

6
+13
−6

4
+16
−4

- 1
+15
−1

31
+3
−3

1
+7
−1

0
+6
−0

47
+9
−11

- 9
+3
−3

HD 52961 (outer) 14
+1
−1

19
+4
−3

59
+18
−17

- 5
+10
−5

22
+16
−17

20
+19
−16

19
+3
−3

- - 0
+4
−0

0
+1
−0

34
+4
−3
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2.4 Reduction

2.4.1 Incoherent vs coherent analysis

We used two different methods for the MIDI data reduction. The first method is based on
power spectrum analysis (hereafter called incoherent analysis), while the second method re-
duces all frames to the same OPD and adds them coherently (hereafter called coherent anal-
ysis). For the incoherent analysis of the data, we used the MIA package (MIDI Interactive
Analysis, http://www.mpia-hd.mpg.de/MIDISOFT/)developed at the Max-Planck Institut für
Astronomie in Heidelberg, while for the coherent analysis we used the EWS package (Expert
Work Station) developed by Walter Jaffe at the Leiden observatory (Jaffe 2004).

During the incoherent analysis, we separated the differentscans in those with and without
fringes, where each scan is Fourier-transformed from OPD tofringe frequency space. Con-
sidering the wavelengths present in the band and the rate at which the OPD is changing, the
power is calculated in the correct frequency interval. The total power of all measured scans
with fringes is then averaged and an estimate of the noise is subtracted. This noise estimate
is based on the frames without fringes. This provides a valueof the instrumental visibility
squared of each channel. Contrary to the coherent method, the major difficulty of this method
is that an accurate estimate of the off-fringe noise power isneeded. Since our science targets
have small fluxes in the 10µm window, a reliable estimate of the noise power is difficult to
obtain and we focused during data reduction on the coherent method (see below). Our inco-
herent analysis was only used to check the results obtained by a coherent analysis and both
methods give consistent results.

2.4.2 Coherent analysis

We first investigated the photometric datasets. The averages of the target and sky frames
are calculated and subtracted, providing a raw two-dimensional spectrum of the object. The
position and width of this spectrum is determined and a spatial mask is constructed from the
location and average width of the spectrum at each wavelength position. After multiplication
of the detector images with this mask, the rows are added providing a one dimensional raw
spectrum of the object (i.e. not corrected for the atmospheric transmission and instrumental
efficiency).

The spatial mask is then used to extract the information of the interferometric observations
as well, in the assumption that all instrumental parametersstay the same between the inter-
ferometric and photometric observation. The two detector spectra with opposite phase, are
subtracted, resulting in one interferometrically modulated spectrum. In this way, the back-
ground is reduced by approximately 90 percent.

Contrary to the incoherent method which allows the summing of scans where the relative
OPD is not known, the coherent method needs an accurate determination of the atmospheric
delay. The large wavelength coverage of the N-band ensures that this can be accurately
done by measuring the fringes in frequency space (rather than in OPD space which is done
in an incoherent analysis, e.g.Tubbs et al. 2004). As a first step, the known instrumental
delay is removed from each frame after which the (previouslyunknown) atmospheric delay
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Table 2.4 —A summary of the calibrators used to flux calibrate the spectrum of SX Cen and HD 52961.
All calibrators listed were observed on February, 10. The reported flux is the IRAS 12.5µm flux, and
the diameters are taken fromVerhoelst(2005).

calibrator UT airmass spectral diameter flux

target hh mm type (mas) (Jy)

HD 67582 02 37 1.09 K3 III 2.30± 0.01 9.33

HD 67582 03 46 1.07 K3 III 2.30± 0.01 9.33

HD 49161 04 43 1.56 K4 III 2.44± 0.01 10.35

HD 107446 08 16 1.24 K3.5 III 4.43± 0.02 32.42

is retrieved using a group delay estimation. At this point, the data is not yet fully coherent
because of the instrumental phase imposed on the data (e.g. the varying index of refraction
of water vapor imposes variations in phase that are not removed by a group delay fitting).
These phase shifts are almost constant as a function of frequency and can be approximated as
a constant phase shift over the N-band (Jaffe 2004). Finally, the data can be added coherently
to obtain the final visibility amplitude and differential phase.

The instrumental visibility is then calculated dividing the fringe amplitude by the non-inter-
ferometric, photometric exposures. Repeating this procedure for a calibrator enables to es-
timate the instrumental visibility loss and thus determining the calibrated visibility of the
science object.

2.4.3 The data

2.4.3.1 Photometry

A raw spectrum is obtained each night by subtracting the masked target frames from the
masked sky frames. This spectrum is flux calibrated and corrected for atmospheric trans-
mission using the calibrator spectra observed during the same night. For the calibrators, the
intrinsic spectra were synthetised fromMARCS atmosphere models (Gustafsson et al. 1975,
and further updates), using the temperature, surface gravity and angular diameter determined
in Van Boekel(2004). This approach is preferred over a Rayleigh-Jeans approximation of
the calibrator spectrum, since the SiO first overtone band head is not negligible in a K gi-
ant N-band spectrum. The 12µm flux of this synthetic spectrum is well within 1σ of the
color corrected IRAS 12µm flux. For both objects, the absolute flux calibration has been
performed with the data of 10 February only, using the calibrators listed in Table2.4. Both
reduced spectra (R∼ 30) are shown in Fig.2.4, where they are compared to independent
spectra taken by the ISO/SWS (R∼ 248) and the SPITZER/IRS (R∼ 127) instrument.
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Figure 2.4 — The MIDI single telescope spectra of both programme stars are shown using black
crosses. For the flux calibration, we only used the data of 10 February. In the upper panel (SX Cen),
the full line shows the ISO/SWS spectrum. The dotted line is the result of our chemical model (Sect.
2.5.3), while the contribution of different individual dust components of the fit are given as well: the
dashed-dotted line for the continuum and the dashed line forthe crystalline component. In the lower
panel, the full line shows the SPITZER/IRS spectrum of HD 52961.

2.4.3.2 Interferometry

We start this discussion with an error estimate on the observed visibilities. The main source
of error is the varying overlap between the interferometricbeams due to imperfect source
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acquisition and residual image motion (see e.g.Leinert et al. 2004). This reduces the visibility
for calibrator and/or science object by an unknown amount. The shape over the N-band,
however, remains the same. The visibility variation withinthe spectral band is therefore
much more reliable than its absolute value.

To get a quantitative estimate of the absolute uncertainty on the visibility, we look at all
calibrators (∼point sources) observed during one night. If the interferometric efficiency is
constant throughout the night, all calibrator measurements should yield the same instrumental
visibility. In Fig. 2.5, the mean instrumental visibility of all six calibrators observed in the
prism mode during the night of February 9 is plotted. The variance on the mean is overplotted.
It is clear from this figure that the instrumental loss of visibility is much higher at 8µm than at
13µm and that the uncertainty on the absolute value of the visibility is about 15 %. However,
when calibrating the visibility of the science source usinga calibrator source observed in
direct concatenation, this quantitative error is an upper limit. In the following, we use an
error of 15 % on the absolute visibility, which is therefore aconservative estimate.

Figure 2.5 —The mean instrumental visibility of the six calibrators taken in prism mode on February
9. The variance on the mean is overplotted and for each wavelength interval of 1µm, the mean variance
is written below. The variance gives an estimate of the absolute error on the visibility, however the
relative visibility is more reliable (∼5%).

Calibrated visibilities are obtained dividing the raw visibility by the instrumental visibility. To
calibrate the measurement of SX Cen observed at 9 February, we used the mean instrumental
visibility as obtained from the three last calibrator measurements. Unfortunately, such a mean
could not be used for the other measurements. Instead, we employed the calibrator closest in
time to calibrate the visibility of the science source (see Table2.2). The resulting calibrated
visibilities are shown in Figs.2.6and2.7.
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2.5 Discussion

2.5.1 Visibilities

Because the angle between the projected baselines is the same to within 5 degrees for both
objects, no large effects due to a possible asymmetry in the source morphology are expected.
Therefore, as a first-order approximation, we modelled the circumstellar environment of ob-
jects using a uniform disc. The visibility in this assumption is given byV = 2J1(x)/x,
wherex = 2πθB/λ with θ the diameter of the disc andB the projected baseline length.
This function is smoothly increasing with wavelength, as long asx < 1.22π. The increase
is however different for various amounts in resolving power, a steeper increase is observed if
the source is more resolved. Assuming a temperature distribution in the disc, with the colder
dust located further away from the star than the hotter dust,the gradient decreases. For an
unresolved source, the value of the visibility remains constant at unity.

The disc around SX Cen is unresolved in all measurements evenusing a 45 m baseline. The
visibility is close to unity and shows a flat distribution over the passband. The mean calibrated
visibility for all measurements is shown in Fig.2.6. Because all measurements are observed
at approximately the same projected angle (ranging from 41 to 46 degrees) this means that in
that particular orientation, the structure is smaller than11 mas at 8µm and 17 mas at 13µm
in a uniform disc approximation. Using a gaussian distribution modelling, the FWHM gives
respectively 7 mas and 10 mas as upper limits.

Figure 2.6 — The mean calibrated visibility of SX Cen. The value close to unity and the flatness of
the profile over the passband show that SX Cen is unresolved atthe particular orientation and baseline
setting.

HD 52961 shows quite a different picture. For this source, the visibilities are low (see
Fig. 2.7), thus the source is clearly resolved. Immediately noted isthe fact that we do not get
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an increase in visibility amplitude which is quite linear (expected for a uniform disc model in
the observed visibility range). Instead we see a “bump” in the visibility pattern ranging from
9 to 12µm. The geometry of the disc around this object can clearly notbe modelled with
the same uniform disc at all wavelenghts (see also Fig.2.8). Using a uniform disc approxi-
mation for each wavelength independently is however instructive. For each wavelength bin,
we made aχ2 minimalisation between the observed visibility at both baselines and a uniform
disc model. This fit is shown for three representative wavelengths in the upper panel of Fig.
2.8. The diameter of the source at all wavelength bins in a uniform disc approximation is
shown in the lower panel of Fig.2.8. The measurements at both baselines are very consis-
tent in a uniform disc approximation for each wavelength independently (the mean reduced
chi-square over the wavelength band is as low as 0.09) and provide a diameter increasing
from∼35 mas at 8µm to about∼55 mas at 13µm. In a gaussian distribution modelling, the
FWHM gives respectively∼23 mas and∼34 mas (and a mean reduced chi-square of 0.22).
The increase towards longer wavelengths is consistent witha dust-distribution for which the
temparture decreases further away from the star. We howevernote that the observed increase
in size is not smooth over the wavelength band. There is an increase in size from 8µm to 8.5
µm and onwards 11.5µm, while in between a sort of plateau exists. We interpret this plateau
as resulting from a non-homogenous distribution of the radiating silicates which contribute
most in the inner regions close to the central star, thus lowering the overall size (see also the
following sections).

For both objects we interpret the small angular scales of thedust around the objects as another
clear indication that the circumstellar dust is stored in a compact Keplerian disc around the
system.

Figure 2.7 —The calibrated visibilities for HD 52961 as obtained in bothmeasurements. The projected
baseline (PB) is given in meters and the projected angle (PA)in degrees. Different symbols were used
for both measurements.



34 Chapter 2. Resolving the dusty discs around binary post-AGB stars: a case study

Figure 2.8 — Upper panel:The uniform disc fit to the data for three different wavelength bins. The
lines in the plot are the uniform disc models with different sizes while the symbols are the measure-
ments. Triangles were used for the measurements of 9 February while diamonds were used for those
of 10 February.Lower panel: The angular size of the dust around HD52961 as determined using a
uniform disc model for each wavelength bin.

2.5.2 Spectra

The SED of both objects shows a significant near-IR excess, indicative of a hot dust compo-
nent, while there is no evidence for an ongoing dusty mass loss of those rather hot stars. In
De Ruyter et al.(2006), this is interpreted as originating from a hot inner rim near dust sub-
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limation temperature. Because no dust can survive at highertemperatures, this dust receives
head on radiation from the star and is therefore supposed to be puffed up (e.g. the wall model
for HR4049 elaborated byDominik et al. 2003). This is corraborated by the lower limit on
the opening angle of the disc as seen from the star of 13o for HD 52961 and 32o for SX Cen
(De Ruyter et al. 2006). In this model, we expect a highly centrally peaked intensity distribu-
tion which provides that the correlated spectra measured bythe interferometer are dominated
by the inner regions of the disc. However, because of the varying spatial resolution from 8
to 13µm, a slope is introduced in the correlated spectrum. To determine the magnitude of
this effect, a detailed modelling has to be performed, whichis out of the scope of this article.
For now, we assume that this effect is a smooth function of wavelength, thus having only a
marginal effect on any mineralogy determination.

Because SX Cen is unresolved at all employed baseline settings, the correlated spectrum is
identical to the single telescope spectrum and thus no additional information is available for
this object. However, for HD 52961, which is clearly resolved in both measurements, the
shape of the two correlated spectra is predominantly determined by the inner parts of the
disc. This means that we can construct independent spectra of geometrically different areas
of dust around HD 52961. The single telescope spectrum provides the full N-band spectrum
of all the dust around HD 52961. The correlated spectra sample smaller parts of the disc.
These spectra, each sampling a different geometrical part of the disc, are shown in Fig.2.9.
From this figure, it is clear that the shape of the correlated spectra is quite different from the
single telescope spectrum. This points to a different chemical composition of the inner part
of the disc and the outer part of the disc. To quantify this, wehave fitted the different spectra
independantly.

Figure 2.9 — The spectra of different parts of the dust around HD 52961. The solid line is the sin-
gle telescope spectrum sampling all the dust around HD 52961. The dotted and dashed line give the
spectrum of smaller parts of the disc around the object, namely the unresolved part of the disc in each
measurement.



36 Chapter 2. Resolving the dusty discs around binary post-AGB stars: a case study

2.5.3 Silicate mineralogy

In order to determine the mineralogy and sizes of the emitting dust grains, we made a fit to the
N-band spectra using calculated emissivities of irregularly shaped, chemically homogeneous
dust grains. The most important dust species causing spectral signature in the 10µm win-
dow are amorphous and crystalline olivine (Mg2xFe2−2xSiO4), amorphous and crystalline
pyroxene (MgxFe1−xSiO3), and amorphous silica (SiO2), wherex determines the Mg/Fe ra-
tio (x = 1 for the crystalline silicates,x = 0.5 for the amorphous silicates). The complex
refractive indices for the different grain species were taken from various authors listed in Ta-
ble2.5. To simulate the effects of particle irregularity we employa particular implementation
of the so-calledstatistical approachusing a distribution of hollow spheres. This distribution
is very successful in reproducing the measured absorption spectra of irregularly shaped par-
ticles (Min et al. 2003, 2005). In addition to the dust species causing the feature, we also add
a continuum contribution which accounts for emission by large grains and/or for the possible
presence of featureless components such as metallic iron and iron sulfide. This continuum
contribution is modeled using a constant mass absorption coefficient. In the 10µm region
we are mainly sensitive to the dust grains smaller than a fewµm. We represent the size
distribution of the particles by two different grain sizes,0.1 and 1.5µm. A similar method
was successfully employed by, for example,Bouwman et al.(2001), Honda et al.(2003),
Honda et al.(2004), van Boekel et al.(2004) andVan Boekel et al.(2005) to fit 10µm emis-
sion spectra of circumstellar discs. Particles larger thana fewµm contribute mainly to the
continuum. In addition we assume that the thermal radiationwe analyze originates from
optically thin parts of the disc, which allows us to add the contributions from the various
components linearly. For the emission of the outer parts of the disc, tentatively attributed to
layers directly heated by the stellar flux, this is a reasonable approximation. Because the stel-
lar radiation is incident under a high inclination, the temperature distribution in the surface
layer of the disc must be very sharp and therefore, the emission in the N-band comes likely
from optically thin parts. For the inner parts of the disc, the situation is more complex: a large
fraction of the radiation comes from the inner rim, which hasregions of both low and high
opacity. The fit, using an optically thin assumption for the different contributing minerals, is
therefore certainly too simplistic. We use it here as a first order estimate to show the chemical
gradient of the silicates in the disc, but a detailed 2D radiative transfer model with a gradient
in the physico-chemical condition of the dust grains will beneeded to quantify the results.
This is outside the scope of this paper.

We assume all dust grains, including the ones causing the continuum, to have the same tem-
perature distribution. Due to the limited wavelength rangethis temperature distribution can
be represented by a single Planck curve with a characteristic temperatureTc. This is justi-
fied because it is very likely that the dust grains of different species are coagulated, implying
thermal contact between the various components. The characteristic temperatures used in the
modeling are given in Table2.3.

The abundances of the dust components are determined by using a linear least square fitting
procedure with constraints on the weights to avoid negativevalues. The temperature of the
grains and the underlying continuum is varied from 0 to 1500 Kuntil a best fit is obtained.

The dust parameters derived from the unresolved spectrum ofSX Cen are given in the upper
row of Table2.3. The resulting best fit spectrum is shown as a dotted line in Fig. 2.4. The
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Table 2.5 —A list of the references of the complex refractive indices employed for the various grain
species.

grain species reference

Amorphous Olivine Dorschner et al.(1995)

Amorphous Pyroxene Dorschner et al.(1995)

Forsterite Servoin & Piriou(1973)

Enstatite Jäger et al.(1998)

Amorphous Silica Spitzer & Kleinman(1960)

grains in the circumstellar environment of SX Cen are highlycrystalline and also on average
relatively large compared to the interstellar grain population. This implies a large amount of
dust processing in the circumstellar environment.

For HD 52961, we fit the spectrum corresponding to the inner disk (the correlated spectrum,
angular size∼ 20 mas) and that corresponding to the outer disk (the total disk spectrum
from which the correlated spectrum is subtracted) separately. We focus here on the correlated
spectrum taken with the 40 m baseline. The resulting best fit model spectra are shown in
Fig. 2.10and the composition is given in Table2.3. The varying spatial resolution over the
N-band introduces an extra slope in the spectra which was notcorrected. Therefore, the
characteristic temperatures (Tc) derived for the inner and outer disc spectra are not realistic.
The influence of this slope on the determined chemical fractions is however expected to be
marginal (see e.g.van Boekel et al.(2004)). The average composition over the disk can be
derived by taking the mass weighted average of the inner (56%) and outer (44%) disk regions.
The overall composition of the dust in HD 52961 is∼50% crystalline, and contains∼60%
1.5 µm grains. Both are considerably less than what we find in SX Cen. It is also clear from
Table2.3 that the crystalline silicates are not uniformly distributed over the disk. The inner
disk has a much higher crystallinity than the outer disk.

In order to fit the prominent feature around 9.5µm in the total and the outer disk spectra
of HD 52961, we have to add large (1.5µm) silica grains. We have tried several other dust
components in order to explain this spectral feature, but found no spectral match using any
of them. We have no explanation for the presence of these amounts of large silica grains, and
thus its detection is debatable. However, its presence is also indicated from the Spitzer IRS
spectrum, which shows a weak feature around 21µm which is naturally reproduced using
large silica grains (not shown). For a full mineralogy, the broader wavelength range sampled
by our Spitzer data is needed which is outside the scope of this paper.

2.5.4 Formation history of the disc

The composition of the dust in the circum-binary disc as a function of distance from the
binary can give important clues to its formation history. Inprinciple, the disc could have been
formed by capturing a ”normal” AGB wind, or through non-conservative mass transfer in an
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Figure 2.10 — The N-band spectrum of the outer disc (top panel) and the inner disc (bottom panel)
of HD 52961, as obtained using a projected baseline of 40 m, are shown using solid lines. The best fit
models of these spectra are overplotted using a dotted line.The continuum and the emission produced
by crystalline particles are represented using a dashed-dotted and a dashed line respectively. For these
models, the detailed information is given in Table2.3. It is clear that the hot inner part of the disc is
much more crystalline than the outer parts.

interacting binary. In the wind scenario, it is not unreasonable to assume that most dust was
in the form of amorphous silicates, since this is the usual dust composition for O-rich AGB
stars with a moderate to high mass loss rate (see e.g.Sloan & Price 1995; Waters et al. 1996;
Cami 2002). In the interacting binary scenario, the dust may or may nothave formed before
the material entered the circum-binary disc, but in any casethe thermal history of that dust
would have been very different from that of the wind scenario: the grains were likely at high
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temperatures for a long period of time, increasing the chances of a substantial crystallisation.
Therefore the wind scenario predicts a predominantly amorphous silicate composition, while
the interacting binary scenario more likely produces (highly) crystalline discs.

Once in the disc, both grain aggregation and crystallisation may occur. Grain aggregation
is a strong function of density and thus would be most efficient in the inner disc regions.
Large grains settle quickly to the mid-plane thus creating acold mid-plane population of
grains, which we believe is responsible for the millimeter continuum emission (see e.g.
De Ruyter et al. 2006). The inner disc reaches temperatures above the glass temperature,
forcing the grains to anneal. Therefore, in both the wind andin the interacting binary sce-
narios the innermost disc regions are expected to be strongly crystalline. The two scenarios
predict strongly differing radial gradients in crystallinity however.

The present-day orbital parameters of the binary systems with circum-binary discs strongly
suggest that interaction took place when the current post-AGB star was on the AGB. There-
fore it seems difficult to imagine that a standard stellar wind formed the discs, and one would
expect the discs on average to have much higher crystallinity than typical AGB winds. The
recent spectral survey byDe Ruyter(2005) indeed suggests that the circumbinary discs are
much more crystalline than typical AGB outflows. One complicating factor is that at present
not much is known about the composition of the dust in AGB outflows in the dust forming
layers: by far most data are spatially unresolved and present the final outcome of the dust
formation process in O-rich AGB outflows.

Our MIDI observations indeed confirm that the inner disc region of HD 52961 is extremely
crystalline, and that the outer disc regions are less so. At first glance this would suggest the
wind scenario is more likely, but the orbital parameters indicate substantial AGB interaction.
These first MIDI observations thus raise interesting questions: is the outer disc of HD 52961
really amorphous and what kind of disc formation scenario could lead to amorphous grains?
Does this hold for all systems, or is there an orbital separation dependence? Clearly more
study is required to answer these questions.

2.5.5 Comparison with Herbig Ae/Be stars

In De Ruyter et al.(2006), it is argued that the broad-band SED characteristics of the discs
around binary post-AGB objects are very similar to the thoseof the Herbig Ae/Be group II
sources. Herbig Ae/Be stars are intermediate mass pre-mainsequence stars surrounded by
remnant material of the star formation process. For these objects, the existence of a passive
circumstellar disc is firmly established (e.g.Waters et al. 1998b; Eisner et al. 2003, and ref-
erences therein). The Herbig Ae/Be stars are subdivided in two groups (Meeus et al. 2001)
with the group I sources showing a rising mid-IR flux excess, while the group II sources only
show a modest mid-IR excess. The difference in SED characteristics between both groups is
attributed to disc geometry. The mid-IR excess of group I sources is indicative of the flaring
of the outer disc, while the inner rim of the group II sources shadows the whole disc and no
flaring occurs (Chiang & Goldreich 1997; Dullemond et al. 2001). Van Boekel(2004) used
the most recent models (Dullemond & Dominik 2004) of the discs around Herbig Ae/Be stars
to compute the visibilities to be expected in the MIDI wavelength range.Leinert et al.(2004)
on the other hand made observations with the MIDI instrumentof several of these objects.
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We make a comparison of the results obtained in these publications for the group II sources
and our observations under the assumption of the similarityof both source geometries.

Concerning the continuum radiation, the modelling performed inVan Boekel(2004) shows
that the size of the disc increases more rapidly from 8 to 13µm than the interferometric res-
olution decreases. This provides a visibility curve which is decreasing from 8 to 13µm. The
observations indeed show this qualitative behaviour, however some objects, e.g. HD144432,
show a rather horizontal slope. This very similar behaviouris observed for HD 52961 as well.
The slope of the continuum visibility does not increase as expected for a uniform disc, it is
instead rather constant with wavelength.

Concerning the visibility in the feature, the modelling performed byVan Boekel(2004) sug-
gests a lowered visibility for the silicate feature compared to for the continuum. The disc is
irradiated by the central object and therefore the disc surface is hotter than the disc midplane.
Because the opacity in the silicate resonance band is higherthan in the continuum, one looks
less deep into the disc in the resonance. This results in the fact that in the 10µm region,
a larger region in the resonance is seen than in the continuum. The observations of Herbig
Ae/Be stars show a similar qualitative behaviour, however the visibility decrease is less pro-
nounced. In fact,van Boekel et al.(2004) finds that for three Herbig Ae stars of the sample of
Leinert et al.(2004), there is a large radial gradient in the processing. The innermost region
of the proto-planetary discs has a substantially higher crystallinity degree with a shape very
similar to that of comets in our solar system, while the outerregion is clearly less processed.
Clearly, the homogenous distribution of dust adopted in themodelling of these discs is a very
crude approximation. For HD 52961, no visibility decrease is observed in the feature, instead
an increase is seen. The spatial distribution of the dust responsible for the resonance is not
homogeneously distributed, instead the hot inner region ofthe dust is much more crystalline
than the outer parts (Sect.2.5.3). This qualitative similarity in the distribution of the chemical
species in the discs around some Herbig Ae stars and HD 52961 is surprising in the context
of the completely different formation history of both.

2.6 Conclusions

The main conclusion of our presented MIDI observations is that they prove the very compact
nature of the circumstellar environments of HD 52961 and SX Cen. SX Cen is not resolved
using a 45 m baseline, which gives an upperlimit of only 18 AU at the estimated distance. For
the well resolved HD 52961, the angular size in the N-band varies between 35 and 55 mas in
a uniform disc approximation, which translates to a size of 50 and 80 AU.

Both stars have an effective temperature in the 6000 K range and since there is no evidence for
a current dusty mass-loss we interpret these results as a very stringent proof of the existence
of a stable reservoir near the star. A Keplerian disc seems the only plausible solution. The
dust sublimation temperature is reached much further out than the binary orbits, hence the
discs must be circumbinary. This is corroborated by the measured size of the dust-emission
region around HD 52961.

Given the size of the orbits, the discs were probably formed in a poorly understood phase
of strong binary interaction, when the star was at giant dimensions. Both discs are O-rich



2.6. Conclusions 41

and there is no evidence for a C-rich component. They were consequently formed prior to
the late AGB evolution where the stars could have changed into C-stars. The mass of the
companion of SX Cen (1.4 – 1.9 M⊙) is probably within the range of C-star progenitors. We
conclude that the normal single star AGB evolution was shortcut by the presence of a binary
companion. Clearly the formation of a stable Keplerian discis a key ingredient in the late
evolution of both binaries.

SX Cen is an RV Tauri star of photometric class b which shows a long term variability of
the mean magnitude with a period similar to its orbital period probably due to variable cir-
cumstellar extinction in the line of sight during orbital motion. The inclination cannot be
very small. Additional interferometric data on different projected angles will be necessary to
probe the expected asymmetries.

The characteristics of the dust grains seem to be very different from normal single star out-
flows. This is shown in the mineralogy of the silicate resonance feature which shows for both
objects a highly crystalline component and a size distribution with a much stronger compo-
nent of large (> 1 µm) grains than what is observed in outflows of AGB stars. It is not clear
whether this reflects the formation history of the disc or this is due to the longer processing
time of the dust in the Keplerian discs. Our analysis of HD 52961 shows that the crystallinity
is clearly concentrated in the hotter inner region of the disc. Crystallisation by annealing is
very temperature dependent and a similar picture arises as what is seen in the discs around
some young stellar objects: the grains in the hot inner region were subject to a much stronger
processing while in the outer region remained less processed. MIDI as a spectrally dispersed
N-band interferometer is an ideal instrument to study the chemo-physical structure of the
inner regions of these discs.
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Chapter 3
A circumbinary disc also around the
J-type C-star IRAS 18006-3213

This chapter is published as

The circumbinary disc around the J-type C-star IRAS 18006-3213
P. Deroo, H. Van Winckel, T. Verhoelst, M. Min, M. Reyniers and L.B.F.M. Waters, A&A

2007, 467, 1093-1101

Abstract:
CONTEXT: In the generally accepted, but poorly documented model, silicate J-type C-
stars are binary objects for which the silicate emission originates from a circumbinary
or a circumcompanion disc.
A IMS: We aim at testing this hypothesis by a thorough spectral and spatial observa-
tional study of one object: IRAS 18006-3213.
METHODS: We obtained, analysed and modeled high spatial resolution interferomet-
ric VLTI/MIDI observations on multiple baselines ranging from 45 m to 100 m.
RESULTS: All observations resolved the object and show the very compact nature of
the N-band emission (∼ 30 mas). In addition, the highest spatial resolution data show
a significant differential phase jump around 8.3µm. This demonstrates theasymmet-
ric nature of the N-band emission. Moreover, the single telescope N-band spectrum
shows the signature of highly processed silicate grains. These data are used to con-
firm the model on silicate J-type C-stars for IRAS 18006-3213. We show that the most
favourable model of the dust geometry is a stable circumbinary disc around the system,
seen under an intermediate inclination.
CONCLUSIONS: The data presented on the silicate J-type C-star IRAS 18006-3213
provide evidence that the oxygen rich dust is trapped in a circumbinary disc. The
formation of this disc is probably linked to the binary nature of the central star.
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3.1 Introduction

The 12C content in the atmosphere of asymptotic giant branch (AGB)stars is believed to
increase during the evolution along the spectral sequence M→ S→ C. This increase is the
result of mixing of He-burning material (mainly12C and s-process elements) by the convec-
tive envelope through the third dredge-up. This mixing process is thought to occur during
the relaxation after a thermal pulse. The recurrent operation of this dredge-up leads to the
creation of a carbon star, when carbon becomes more abundantin number than oxygen.

The spectral classification of carbon stars (Wallerstein & Knapp 1998, and references therein)
revealed, however, that different spectral groups could beidentified and only the C(N) stars
are now believed to be AGB stars, which are in the process of active dredge-up evolution.
Other spectral classes are much less understood.

The J-type carbon stars are genuine carbon stars (C>O), but they show very low12C/13C
values, at or near the CNO cycle equilibrium value of about 4.Moreover, J-type carbon stars
show no s-process overabundances and often large Li abundances (Abia & Isern 2000, and
references therein). All these chemical characteristics are at variance with the AGB chemical
models and it is fair to say that the class of J-type C-stars are chemically far from understood.
They do, however, represent a significant fraction of all C-stars (∼ 10 %) as was shown from
a recent survey of 1497 stars inMorgan et al.(2003).

Because of the stability of the CO molecule, O-rich stars create circumstellar envelopes
with silicate dust emission, while C-rich stars show C-richdust features. The detection by
IRAS/LRS of O-rich dust around C-rich photospheres came therefore as a huge surprise
(Little-Marenin 1986; Willems & de Jong 1986). Even more intriguing is the observation
that all C-stars showing silicate dust are spectroscopically of J-type (Lloyd Evans 1991).
No photospheric distinction can be made within the class of J-type C-stars, between the sil-
icate emitters and the others (Ohnaka & Tsuji 1999). The J-type C-stars showing silicate
dust emission are defined as “silicate J-type C-stars” and constitute about 10 % (Lloyd Evans
1991) of the J-type C-stars.

Despite 20 years of research, the evolutionary channel(s) leading to the formation of silicate
J-type carbon stars remain(s) a mystery.Little-Marenin (1986) suggested that silicate J-
type C-stars can be explained by assuming they are binaries consisting of a C-rich and O-
rich giant. However, no direct detection of this companion has ever been made, neither
spectroscopically (Lambert et al. 1990) nor with speckle interferometry (Engels & Leinert
1994). Willems & de Jong(1986) on the other hand suggest that these objects experienced
a recent transition from O-rich to C-rich by means of a thermal pulse. The O-rich matter in
this hypothesis is then the remnant of a previous mass-loss phase, when the giant was still
O-rich. This was criticized from an evolutionary point of view. Lloyd Evans(1990) argues
that such a transition object should only be observed duringa few decades, while some of the
silicate C-stars are known to have C-rich photospheres for over 50 years. Furthermore, it is
shown inYamamura et al.(2000) that the silicate feature of V778 Cyg did not change in the
14 years time interval between the IRAS/LRS and the ISO/SWS observation. Therefore, also
this scenario seems unlikely.

The general consensus now about these objects is that they are binaries with an unseen com-
panion, probably a main sequence star (Morris 1987; Lloyd Evans 1990; Yamamura et al.
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2000). While the star was an O-rich giant, the mass loss was captured and stored in a disc,
either around the companion or around the system. Subsequently, the primary experienced
(a) thermal pulse(s) and evolved into a C-star. This scenario still does not account for the
chemical J-type nature of the silicate C-star.

Evidence of this hypothesis has been gathered over the years: The long-lived reservoir
has been inferred from very narrow rotational CO line profiles by Kahane et al.(1998) and
Jura & Kahane(1999), indicative of Keplerian rather than outflow velocities. Radial velocity
measurements of two silicate C-stars were consistent with the motion in a binary system. No
conclusive orbit could be detected, however (Barnbaum et al. 1991). A recent observation of
the water maser emission toward V778 Cyg at high angular resolution suggests the presence
of a rotating disc (Szczerba et al. 2006). From the angular separation between this emission
and a previous optical observation, the authors conclude that this (probably) provides support
for the circumcompanion model for this object (Yamamura et al. 2000).

Despite the more general consensus of the binary nature of silicate J-type stars, conclusive
direct evidence on their binarity is still lacking. It remains also unclear whether one formation
channel does applies for all silicate J-type C-stars. An open question is also whether the
scenario developed for the silicate J-type C-stars, could apply for all J-type stars. Whether a
possible binary nature can have a direct impact on the internal chemical evolution of one of
the components is yet another open question.

To investigate the silicate J-type star problems, we studied IRAS 18006-3213 at high angular
resolution using the MIDI instrument. IRAS 18006-3213 (CGCS 3935, Fuen C 270, FJF 270)
was identified as a C-star more than 25 years ago byFuenmayor(1981). Soon after, it was
realised byWillems & de Jong(1986) that this object belongs to the peculiar class of C-rich
objects showing an O-rich circumstellar environment. The J-type nature of the C-rich giant
was confirmed byLloyd Evans(1990). IRAS 18006-3213 is therefore a perfect candidate to
provide answers to the questions posed above. The distance to this object is uncertain and
was estimated to be 2.6 kpc byEngels(1994) based on the matching between the measured
energy emitted in the infrared, and the assumption that the luminosity is 5000 L⊙, which is
typical for thermally pulsing AGB stars.

The paper is organized as follows. In sect.3.2 we present the observations for which an
analysis is given in sect.3.3. The data provide constraints on the source morphology which
are discussed in sect.3.4. The conclusions are given in sect.3.5.

3.2 Observations and Reduction

3.2.1 Observations

Five interferometric observations of IRAS 18006-3213 wereperformed using the MIDI in-
strument at different physical baselines with projected baselines (PB) ranging from 40 m to
102 m. One of the observations (with a PB of 40 m) shows bad overlap between both beams
and is therefore discarded. A log of the successful observations is presented in Table3.1.
Each observation was performed using a prism (with spectralresolutionλ/∆λ ∼ 30) pro-
ducing spectrally dispersed fringes over the N-band (8 − 13 µm). The standard observing
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Table 3.1 —The log of the observations of IRAS 18006-3213. For each observation, the corresponding
visibility calibrator is given as well.

night telescope time PB PA visibility
yyyy/mm/dd combination hh:mm (m) (◦) calibrator
2004-04-08 UT2 - UT3 08:17 46.5 30 HD 165135
2004-06-27 UT1 - UT3 03:15 102.4 25 HD 134505
2004-06-27 UT1 - UT3 06:06 96.0 43 HD 139127
2004-06-28 UT1 - UT3 08:48 70.8 49 HD 165135

sequence was used, for which we refer toLeinert et al.(2004). To correct for instrumental
and atmospheric loss of coherence, a calibrator of known diameter is measured using the same
setup. The visibility calibrators of the different scienceobservations are given in Table3.1as
well.

3.2.2 Spectroscopic reduction

A traditional single telescope spectrum is obtained, together with each interferometric obser-
vation. We corrected for atmospheric transmission and obtained flux calibration using the
photometric observations of the calibrator stars. Theoretical N-band spectra of the calibrator
stars were synthesized using theMARCS code (Gustafsson et al. 1975, and further updates),
including the SiO opacity. Temperature, gravity and angular diameter of the calibrators were
derived from SED fitting byVerhoelst(2005)1. The spectrum of IRAS 18006-3213 obtained
for 2004-04-08 is shown in Fig.3.1. Overplotted in this figure is the IRAS low resolution
spectrum scaled on the basis of the IRAS 12µm photometry flux. Also shown in this figure
is the ISO/SWS spectrum of V778 Cyg.

3.2.3 Interferometric reduction

To reduce the interferometric data, two different methods were employed. The first method is
based on power spectrum analysis and was executed with the MIA package (MIDI interactive
analysis, version 1.3) implemented at the Max-Planck Institut für Astronomy in Heidelberg.
The second method reduces all frames to the same optical pathdifference (OPD) and was
performed using the EWS package (Expert Work Station) developed by Walter Jaffe. For the
details of both reduction packages, we refer toLeinert et al.(2004) andJaffe(2004) respec-
tively.

In Fig. 3.2 we show the visibilities obtained with the EWS method. The error bars consists
both of systematic errors and noise type errors. Because thesystematic contribution to the
errors is dominant, the actual point-to-point error on the visibility is much smaller than indi-
cated in Fig.3.2, i.e. the relative visibility between e.g. 8 and 9µm is much better determined
than the numerical value at either wavelength. The visibilities obtained with the MIA reduc-

1see also http://www.ster.kuleuven.ac.be/∼tijl/MIDI calibration/mcc.txt
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Figure 3.1 —Observed spectra of IRAS 18006-3213. The MIDI spectrum is plotted using a solid line
while the IRAS/LRS spectrum is shown using crosses. Clearlythe shape in the N-band region is very
similar between both spectra although the absolute level isnot identical. Overplotted using a dotted line
is the silicate J-type C-star V778 Cyg which is shifted up by 20 Jy for the sake of clarity. The 10µm
profile shows that the silicates around IRAS 18006-3213 are much more processed than the dust around
V778 Cyg.

tion scheme give very similar results. In the following, we will work with the EWS reduced
data because this method has the advantage that the relativephase between the different spec-
tral channels is preserved in the reduction. All first order information on the phase delay
is lost because it is necessary to compensate for OPD fluctuations and first-order dispersion
effects before co-adding the data (Jaffe 2004). Second order effects remain in the data and
they can be determined very accurately. An accuracy of 1 degree RMS phase error can be
achieved during stable environmental conditions (Tubbs et al. 2004). In Fig.3.4, we show the
instrumental phase of the different observing nights as measured for all calibrator objects ob-
served during the night. The instrumental phase is clearly very stable with an accuracy for all
nights of about 5 degree RMS phase error. The curvature in theinstrumental phase is a result
of the varying values of the index of refraction of air in the VLTI tunnels. The instrumental
phase is subtracted from the science target observations, largely removing this curvature. As
a conservative error on the relative phase, we took the RMS phase degree error on all calibra-
tor observations during the night. The resulting phase information on IRAS 18006-3213 for
the different observations is shown in Fig.3.3.
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Figure 3.2 — The calibrated visibilities for the different measurements of IRAS 18006-3213. In the
top panelthe visibilities for the short baseline configurations are shown while in thebottom panelthose
for the longer baseline settings are given. The error bars are the RMS value of the different scans
as estimated by the EWS method. The noise is determined mainly by the turbulence of the medium
through which the signal travels rather than the photon noise.

3.3 Analysis

3.3.1 Spectral energy distribution

To construct the spectral energy distribution (SED) of IRAS18006-3213, we used optical
photometry from the literature (Lloyd Evans 1990, 1991) and infrared data from 2 MASS,
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Figure 3.3 —The calibrated phase for the different measurements of IRAS18006-3213. Note that only
second order effects in the phase variation over the wavelength band can be retrieved. The same line
styles were employed as the ones used in Fig.3.2. Note that for the two short baseline measurements
(solid line and dashed line) the phase is centered around zero while for the long baseline measurements
(dotted and dashed-dotted line, a large phase jump is observed around 8.5µm. The error bars are the
RMS values on the instrumental phase during the night.

MSX and IRAS. The data are shown in Fig.3.5 using crosses. The SED shows a clear IR-
excess representing an amount of energy almost equal to thatemitted in the optical.

We note that the DENIS database lists a K magnitude of almost 0.7 ± 0.1 mag lower than
the one reported in the 2 MASS database whilst having compatible J magnitudes. This could
indicate that the (dust) excess emission in the infrared is variable. This is, however, incompat-
ible with both the spectral and photometric stability of themid-IR emission (see sect.3.3.2).
In what follows we did not take into account the DENIS K band magnitude.

In Fig. 3.5, the SED of IRAS 18006-3213 is compared to the SED of T Lyr, a J-type C-
star of similar spectral type but without silicate emission. Both objects are among the red-
dest members of the class and the spectral types (C5,3J (T Lyr) and C5,5J (IRAS 18006),
Bergeat et al. 1976; Fuenmayor 1981) indicate low effective temperatures in the range of
Teff = 2000 − 2500K (Lloyd Evans 1990; Lorenz-Martins 1996). While both objects show
comparable optical colours, in the IR the SED is completely different. IRAS 18006-3213
shows a large IR excess dominated by thermal emission of dust, while the IR spectrum of
T Lyr is dominated by molecular features and has a very different spectral slope. The total
mass-loss of T Lyr is quantified byBergeat & Chevallier(2005) to be8.10−7M⊙yr−1 and
there is no strong evidence for efficient dust production in the wind.

Since both T Lyr and IRAS 18006-3213 have very similar spectral type, and have very similar
colours in the optical, we can assume that also the photosphere of IRAS 18006-3213 does
not experience a large dust-driven spherical C-rich outflowand that the IR spectrum of the
underlying carbon star is very similar to the template T Lyr.In general, J-type objects show
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Figure 3.4 — The mean instrumental phase for the different observing nights. The curvature of the
instrumental phase is caused by the varying values of index of refraction of air in the VLTI delay line
tunnels. The error given is the RMS error on the different calibrator observations during the night.
The data for 2004-04-08 is shifted down by 10 degree while thedata for 2004-06-28 is shifted up
by 10 degree for the sake of clarity. Clearly the atmosphericconditions were very stable during the
observations giving rise to very small RMS errors of the order of only a few degree.

very moderate outflows (Lorenz-Martins 1996).

We conclude that the spectral energy distribution of IRAS 18006-3213 consists of a photo-
spheric contribution and a large infrared excess, likely completely dominated by oxygen rich
dust alone.

3.3.2 Mineralogy

In Fig. 3.1, the MIDI spectrum of IRAS 18006-3213 is shown together withits IRAS/LRS
spectrum. Both show good agreement, which indicates that the silicate emission must have
been stable for over 20 years. This is consistent with the stable emission found for the
two other silicate J-type C-stars of which the IR excess was observed at different epochs
(V778 Cyg and Hen 38,Yamamura et al. 2000; Ohnaka et al. 2006, respectively).

The band profile on the N-band silicate feature is a good tracer for the mineralogy of the dust
emission. Comparing the spectrum of IRAS 18006-3213 with that of V778 Cyg (also shown
in Fig. 3.1), another silicate J-type C-star, it is striking that the silicate emission profiles are
very different. The profile of IRAS 18006-3213 has the signature of highly processed silicates
(i.e. crystalline and/or large grains) while V778 Cyg showsevidence for an unprocessed
silicate environment (i.e. amorphous small grains).

In order to quantify the difference in mineralogy and sizes of the emitting dust particles
around both objects, we compute a fit through the N-band spectra using calculated emissivi-
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Figure 3.5 — The SED of IRAS 18006-3213 is shown using crosses while the SED of a comparable
J-type C-star without silicate emission, T Lyr, is overplotted using grey diamonds. Shown using a solid
grey line is the ISO/SWS spectrum of T Lyr and the MIDI spectrum of IRAS 18006-3213. While both
objects have similar colours in the optical, IRAS 18006-3213 shows a huge IR-excess in comparison to
T Lyr. IRAS 18006-3213 can not be experiencing a large spherical C-rich outflow.

ties of irregularly shaped, chemically homogeneous dust grains. We ignored the contribution
provided by their photospheres because this contribution and the effect on the slope of the N-
band spectrum is marginal. The most important dust species causing spectral signature in the
10µm window are amorphous (i.e. glass with olivine stoichiometry) and crystalline olivine,
amorphous (i.e. glass with pyroxene stoichiometry) and crystalline pyroxene and amorphous
silica. In the fitting, we added also a continuum distribution which accounts for the emission
by large grains and/or for the possible presence of featureless components such as metallic
iron, iron sulphide or carbon grains. This continuum contribution is modeled using a constant
mass absorption coefficient. For a reference to the method which is used and the assumptions
made, we refer toMin et al. (2005) andVan Boekel et al.(2005).

In the 10µm region we are mainly sensitive to the dust grains smaller than a fewµm. We
represented the size distribution of the particles by two grain sizes, 0.1µm and 1.5µm. This
size is the radius of the solid sphere with an equivalent volume as the hollow sphere (Min et al.
2005). Particles larger than a fewµm contribute mainly to the continuum. In addition, we
assumed that the thermal radiation we analyze originates from optically thin regions so that
we can simply add the different contributors to the spectralemission feature.

In the fitting process of the N-band spectrum, we assume all contributing dust grains, includ-
ing the ones responsible for the continuum, to have the same temperature distribution. Due
to the limited wavelength range, this temperature distribution can be represented by a single
Planck curve with one characteristic temperature,Tc. This is justified because it is likely that
the dust grains of different species are coagulated, implying thermal contact between the vari-
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Table 3.2 — The composition and grain sizes of the silicate dust in the circumstellar environment
around IRAS 18006-3213 (IRAS 18006) and V778 Cyg. The percentages for the different particles are
listed in mass fraction. The olivine and pyroxene particlesare amorphous while forsterite and enstatite
are crystalline particles. Two grain sizes were adopted in the fit: small particles are 0.1µm while big
particles are 1.5µm large. Also given is the total amount of big particles needed in the fit and the overall
crystallinity fraction. Clearly the dust around IRAS 18006-3213 is much more processed as V778 Cyg,
both in grain size and crystallinity.

unit value value

IRAS 18006 V778 Cyg

Tc K 400± 100 500± 100

small olivine % 0.1± 0.1 61.9± 3.9

big olivine % 57.4± 1.8 20.6± 6.4

small pyroxene % 0± 0 0± 0

big pyroxene % 0± 0 0.1± 0.1

small forsterite % 3.1± 0.3 1.9± 0.3

big forsterite % 15.5± 0.9 9.3± 1.2

small enstatite % 0± 0 0± 0

big enstatite % 15.7± 1.1 6.3± 1.4

small silica % 0± 0 0± 0

big silica % 8.1± 0.3 0± 0

summary

big components % 96.8± 0.5 36.2± 4.4

crystalline components % 34± 2 17.4± 2.4

ous components. The characteristic temperatures used in the modeling are given in Table3.2.
Note that this temperature can not be regarded as the temperature of the whole dust excess
but is only an approximation of the temperature of those particles responsible for the N-band
emission.

The abundances of the dust components are determined by using a linear least square fitting
procedure with constraints on the weights to avoid negativevalues. The temperature of the
grains and the underlying continuum is varied from 0 to 1500 Kuntil a best fit is obtained.
The errors on the resulting fit parameters are determined through a Monte Carlo simulation
on the spectrum. This method ensures that degeneracies between the fit parameters show up
as large errors in those parameters.

The dust parameters and its respective errors for IRAS 18006-3213 and V778 Cyg are given
in Table3.2. The resulting best fit spectrum is shown as a grey line in Fig.3.6.

The circumstellar silicates around both objects are clearly very different. The warm silicates
of IRAS 18006-3213 are much more processed than those of V778Cyg. While the fraction
of large grains for IRAS 18006-3213 is almost 100 % (their contribution to the spectrum is
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Figure 3.6 — The N-band spectra of V778 Cyg (top) and IRAS 18006-3213 (bottom) are shown us-
ing a black solid line. Overplotted using a grey line are the best fit models. Note the almost perfect
agreement between the fit and the spectrum. Also shown in the figure are: the continuum contribution,
the emission produced by 1.5µm sized particles (i.e. the big component), the crystallinecomponent
and the amorphous component. The dust around both objects isclearly very different. While the spec-
trum of V778 Cyg is reproduced mostly through features associated with small grains, the circumstellar
environment of IRAS 18006-3213 consists almost entirely oflarge (processed) grains.

shown using a dotted line in Fig.3.6), these grains represent only one third in mass for
V778 Cyg. Moreover, also the crystallinity fraction for IRAS 18006-3213 is twice as large as
the one determined for V778 Cyg.
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The presence of the high processing observed for IRAS 18006-3213, both with respect to
grain size and crystallinity degree, is indicative of dust stored in a stable disc (e.g.Molster et al.
2000; Van Boekel et al. 2005). In O-rich outflows observed around mass-losing objects, the
dust is mostly in the form of amorphous silicates (e.g.Sloan & Price 1995; Waters et al. 1996;
Cami 2002). The spectrum of V778 Cyg is compatible with the emission typically observed
in such outflows. The degree of processing of the circumstellar environment of silicate J-type
C-stars is clearly not uniform.

3.3.3 N-band visibilities

In this section we discuss the global characteristics of theN-band emission as constrained by
the visibilities shown in Fig.3.2. IRAS 18006-3213 is clearly resolved at all baselines. In
addition, a strong wavelength dependence is observed in thevisibility observations.

To quantify the global characteristics of the N-band emission, we modeled the visibility mea-
surements assuming using a simple geometry, i.e. a uniform disc intensity distribution. We
limit this part of the analysis to the two visibility curves at the lowest spatial frequency, be-
cause only these probe the large scale structure. The highest spatial frequency data yield
very low visibilities and their interpretation is therefore very sensitive to the exact unresolved
photospheric contribution. The possible presence of smallscale structures in the dust excess
like clumps, warped structure of the disc, etc.. are very poorly constrained with the limited
number of visibilities observed. The long baseline measurements are, however, used for their
phase information, see sect.3.3.4.

Figure 3.7 —The angular size of the emission in the N-band as determined using a uniform disc model.
The fit was performed using the two visibility measurements at the shortest baselines only and should
therefore only be considered as a rough first order estimate.Note that the point-to-point error is much
smaller than the error given in the plot.
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The resulting angular diameter of the N-band emission is shown in Fig. 3.7. The dust emis-
sion is clearly compact (25 mas at 8µm to 35 mas at 13µm) and it shows a clear wavelength
dependence. Globally, the size increases as wavelength increases. This is likely the result of
a temperature distribution, with the colder dust located ina larger structure than the hotter
dust. In addition, a clear dip in angular size is observed starting around 9µm. Since the error
bars in Fig.3.7 represent mostly a scaling uncertainty in the fluxes, the relative difference
observed between e.g. 8.5µm and 9.µm is significant. This dip in the derived angular size is
the result of the shape of the visibility curve, which increases rather steeply around 9µm and
flattens out till 11.5µm after which the visibility decreases (see top panel in Fig.3.2). Note
that a Gaussian intensity profile provides the same qualitative results.

Given the amount of emission and the size of the emission region at 8µm, which originates
from continuum emitting particles (see Fig.3.6), it is clear that thecontinuum emission must
come from an optically thick region, i.e. τ > 1: If the emission were to come from an opti-
cally thin region, the derived temperature would be inconsistent with the SED. For example,
if τ = 0.1, then a temperature> 1200K is necessary to reproduce the flux at 8µm. If τ > 1,
the temperature of the continuum emission ofT < 600 K is compatible with the SED.

IRAS 18006-3213 was identified as a C-star byFuenmayor(1981). Therefore, any O-rich
dust present in the circumstellar environment must have been ejected by the AGB giant at
least 25 years ago. Assuming a typical outflow velocity of 10 km s−1 and a distance for
IRAS 18006-3213 of 2.6 kpc (Engels 1994), the O-rich dust would need∼ 15 years to arrive
at the derived radius of the dust emission. This shows that the current size of the disc is in
contradiction with an outflow scenario, since the actual central carbon star will not produce
silicate dust.

The fact that the “feature” in the visibility profile has the same shape as the silicate emission
profile (see Fig.3.1) leads us to believe that the dip in the angular size comes from a silicate
emission feature originating from a smaller radius than theunderlying continuum emission.
Ohnaka et al.(2006) observes a similar trend for the silicate carbon star IRAS 08002-3803
and they show from a careful modeling that a two-species model can reproduce the obser-
vations. In their model, the silicate component has a steeper temperature gradient than the
other component due to the different opacities of both particles. Therefore, the emission from
the silicate component originates from a smaller angular size. However, this is not the only
possible interpretation. An alternative explanation for the observed “feature” in the visibility
curve is that different grain types do have a different spatial density distributions. This was
shown already in some discs around Herbig Ae stars (van Boekel et al. 2004) and for the disc
around the binary post-AGB object HD 52961 (see Chapter2).

In summary, the N-band interferometric observations clearly resolved the circumstellar envi-
ronment of IRAS 18006-3213 and revealed the compact nature of the emission region. The
size of the emission provides strong indication that the N-band emission must come from a
compact stable geometry in the system. Moreover, the observations show that the particles
responsible for the silicate emission feature must be emitting from a smaller region than the
particles responsible for the continuum emission.
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3.3.4 N-band phases

The calibrated phases (Fig.3.3) show a large phase-jump around 8.3µm for the two observa-
tions at the longest baseline. This phase jump does not equal180 deg and/or it is not accom-
panied with a visibility transition through zero2. Moreover, the smooth shape of the phase
curvature indicates that it is a slowly evolving feature. This phase information shows that the
source isnot centrally symmetric with an identical photocenter throughout the N-band.

The photospheric contribution at 10µm of the total received flux is 5±1 % (assuming a
blackbody with the expected Teff , see sect.3.3.1). At the longest baselines, the dust emission
is strongly resolved. The unresolved photosphere therefore becomes a significant contrib-
utor to the correlated flux of the system. The asymmetry in thesystem is therefore most
likely explained assuming an offset between the photocenter of the dust excess and the giant
photosphere.

A photocenter offset between both components (the unresolved photosphere and the resolved
circumstellar dust emission) results in the observed phasethrough the combination of the
following effects:

– The components, with different positions on the sky, have different spectral energy distri-
butions. Therefore, the flux of both sources will contributedifferent fractions of the total
received flux at different wavelengths, producing a phase difference between the spectral
channels.

– The components have different positions on the sky and this displacement is more re-
solved at 8µm than at 13µm, leading to a modulation of the phase signal with the spatial
resolution.

The probability that the phase-jump is explained solely by the second effect is very small,
since the same phase-jump is observed at different instrumental setups (see Fig.3.3). Indeed,
finding the same shape in phase with different projected baseline lengths and angles can
only be understood if we assume a very specific source geometry: the projected angle and
projected asymmetry of the source on the sky must be such thatthey cancel in the different
observed setups. The probability of this geometry is clearly extremely low.

To see how the shape of the phase over the N-band can be reproduced by different spectral
signatures of both components (in combination with the changing spatial resolution over the
wavelength band), we quantified a simple illustrative model.

The most important non-linear feature in the phase is centered around 8.3µm (see Fig.3.3).
For the observations at the longest baselines, a strong positive slope is observed before
8.3µm. Between 8.3µm and 9.3µm the phase strongly declines. In our model, an absorp-
tion/emission feature in the giant photosphere and/or the dust spectrum could cause these
slopes. The most straightforward identification is the silicate feature in the dust emission it-
self. This feature changes the flux ratio drastically between 8.3µm and 9.3µm (see Fig.3.6).

2Note that, due to the finite bandpass of MIDI, measuring a visibility which equals zero is impossible. In reality,
a monochromatic zero visibility would correspond in our polychromatic measurement with V∼ 0.008, which is
clearly not observed in the measurements.
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While the emission from the dust excess increases by almost 50 % over this spectral region,
the emission of the giant photosphere decreases by 20 % in theassumption of a Rayleigh-
Jeans law. Clearly, the global photocenter will shift rapidly toward the photocenter of the dust
emission moving from 8.3µm to 9.3µm. In the spectral region before 8.3µm, the presence of
a strong absorption/emission feature in the dust spectrum is excluded. The unresolved photo-
sphere is the only component for which a large change in flux contribution over that specific
spectral region would go unnoticed in the global N-band spectrum. The most likely source
is the presence of a molecular photospheric absorption banddue to C2H2 and HCN located
around 7.5µm. This feature appears to be omnipresent in C-stars as is demonstrated by ISO
(Aoki et al. 1999; Jørgensen et al. 2000; Yang et al. 2004; Gautschy-Loidl et al. 2004) and
Spitzer (Matsuura et al. 2006; Sloan et al. 2006; Zijlstra et al. 2006). As a template of what
this molecular band for IRAS 18006-3213 could look like, we took the ISO/SWS spectrum
of T Lyr, a J-type C-star of similar spectral type but withoutsilicate dust. Its photospheric
molecular band at 7.5µm is likely somewhat polluted by its moderate mass loss, but the band
shape is expected to remain the same. Moreover, the double-peaked shape of the band of
T Lyr (see Fig.3.5) is representative for the typical band shape due to C2H2 and HCN: see
e.g. the left panel of Fig. 11 inLagadec et al.(2006b), where the averaged spectra around the
7.5µm band of 14 SMC C-stars is shown.

Figure 3.8 — A model for the correlated flux ratio between the infrared excess and the photospheric
emission of IRAS 18006-3213. For the infrared excess we assumed a visibility of 5 % over the wave-
length band and for the photospheric emission we assumed thephotospheric emission of T Lyr as ref-
erence. To be able to compare with the observed phase behaviour over the wavelength band (see Fig.
3.3), we removed the first order behaviour of this ratio.

In Fig. 3.8 we show the correlated flux ratio between both components assuming an unre-
solved photosphere and a constant visibility over the wavelength band for the dust excess. In
order to compare directly the wavelength dependence of thisratio with the observed phase
(see Fig.3.3), we removed its first order behaviour over the wavelength band in Fig.3.8. The
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observed phase shape over the N-band is reproduced well withthe phase jump located at the
observed wavelength position. The strength of the phase jump around 8.3µm is enhanced if
we assume the infrared dust excess to have a lower visibility. The shape of the phase jump
observed at the longest baselines is therefore explained very well by: A shift of the global
photocenter toward the giant photosphere in the region between 7.8µm and 8.3µm, followed
by a shift toward the photocenter of the dust excess between 8.3µm and 9.3µm.

The low visibilities at the longest baselines are determined by a complex addition of an un-
resolved photosphere and a circumstellar dust component with a different phase. This dust
component has an unconstrained (inner) geometry. To provide nevertheless a quantified es-
timate of the offset between both components, we assumed in our model the following:(i)
The emission of the C-giant can be represented by the photospheric emission of T Lyr.(ii)
We assume that the wavelength dependence of the diameter of the dust excess obtained at the
shorter baselines (see Fig.3.7) is also applicable at the longest baselines.

Figure 3.9 —The inverseχ2 distribution of the minimalisation between our model and the observations
at the 96.0 m baseline. Four contours are shown ranging from 0.15 to 0.30 in steps of 0.05. Two
solutions are easily identified with distances between the giant photosphere and the dust excess of
2.4 mas and 23.5 mas. The optimum solution is compared to the observations in Fig.3.10.

Given the previous considerations and assumptions, we modeled the visibility and phase
observed at the 96.0 m baseline using two free parameters. The first parameter is a shift down
in the size of the dust excess as determined from the measurements at the shortest baselines
(see Fig.3.7), to simulate geometrical effects at high spatial resolution. The second parameter
is the offset between the giant photosphere and the photocenter of the dust excess. In Fig.3.9,
the inverseχ2 distribution is shown. Two solutions are found: The optimumsolution provides
a separation between both components of only 2.4 mas (χ2 = 3.1), while the other provides
a much larger separation of 23.5 mas (χ2 = 3.5). The resulting fit to the visibility and phase
for the optimum solution is shown in Fig.3.10. Both observables are reproduced very well
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considering the simplicity of the model. Modeling the measurement at the 102.4m baseline
provides similar results with best fit separations between both components of 4.7 mas and
14.9 mas. We remark that under the assumptions we made, the visibilities confirm the non-
zero phase which is measured. To model the shape and the absolute value of the visibility
amplitude, a complex (i.e. non-real) addition of the visibilities is necessary.

Figure 3.10 — The observed visibilities and phases at the 96.0 m baseline are compared to the best
fit model with a separation of 2.4 mas between the giant photosphere and the photocenter of the dust
excess. The model reproduces the characteristics of the data very well. Note that the worst part of
the fit is located before 8.3 micron, where the effect of the uncertainty in the shape and strength of the
molecular band in the giant photosphere is large.
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3.4 Discussion

3.4.1 Location of the dust

Silicate C-stars are identified as objects displaying a C-rich photosphere with an O-rich cir-
cumstellar environment. Within all the known silicate C-stars, large differences in silicate
mineralogy are observed. This was demonstrated in sect.3.3.2and apparent from the wide
variety in 10µm silicate profiles (see e.g. Fig. 4 inLloyd Evans 1990) for silicate J-type
C-stars. While some objects show a mineralogy which resembles the mineralogy observed
in O-rich AGB outflows (e.g. V778 Cyg and BM Gem), other show signatures of highly pro-
cessed grains (e.g. IRAS 08577-6035 and EU And). The object which is at the focus of this
study, IRAS 18006-3213, clearly belongs to the latter classand shows a crystallinity degree
of 35 % and a fraction of large micron sized particles of almost 100 %.

In Yamamura et al.(2000), it is shown that the geometry which best reproduces the ISO/SWS
observation of V778 Cyg, consists of an O-rich reservoir located around the companion star.
Because O-rich AGB stars typically show amorphous outflows,the material captured by the
component is likely dominated by amorphous grains. Once in the disc, part of the material
in the inner region close to the low luminosity companion maybe heated above the glass
temperature at which point it will become crystalline. The processed grains will likely not
provide a strong signature in the integrated spectrum and the spectrum will be dominated by
the evaporation of the amorphous outer layers of this circum-companion disc. This evapora-
tion is triggered by the strong radiation pressure of the primary AGB giant.

In this scenario it is, however, difficult to account for the high processing degree observed for
the circumstellar environment of IRAS 18006-3213. The alternative geometry is when the
circumstellar material is captured in a circumbinary disc.In this geometry, the inner material
facing the central binary is heated above the glass temperature and can become crystalline.
Because of the high-luminosity AGB giant, this region is significantly larger. The impact of
this material on the spectrum is therefore expected to be significant, thus providing an overall
processed feature.

The visibility measurements of IRAS 18006-3213 also favoura geometry where the dust is
stored in a circumbinary disc. If the silicate emission wereto come from evaporation of the
amorphous outer layers of a disc around the companion, this emission would be larger than
the underlying continuum. Instead, the opposite is observed for IRAS 18006-3213.

3.4.2 Asymmetry in the system

As shown in Sect.3.3.4, asymmetry is present in the source geometry. This asymmetry is in-
terpreted as originating from a photocenter offset betweenthe contribution of the unresolved
C-rich AGB photosphere and the resolved thermal emission ofcircumstellar dust. An offset
between both components can be a natural result of either:

– the motion of the AGB giant in its (suspected) binary orbit

– the presence of a circumbinary disc seen under a non pole-on inclination
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– the presence of a disc around the companion

While these scenarios provide different physical offsets between the giant and the dust excess,
the expected asymmetries are compatible with the solutionsfound in sect.3.3.4. The MIDI
spectrum and the visibility amplitudes however point to theoccurrence of a circumbinary
disc rather than a circumcompanion disc. We therefore evaluate one of the first two options
more likely.

We conclude that – although the interferometric phase information is not conclusive – an
inclined circumbinary disc is the most probable source of asymmetry in the system, possibly
in combination with the binary motion of the AGB giant.

3.4.3 Comparison with binary post-AGB objects

IRAS 18006-3213 shows remarkable similarities to the binary post-AGB objects which are
known to be surrounded by acircumbinarydisc since the detected orbits are all within the
dust sublimation radius (for a recent review we refer toVan Winckel 2003). These objects
have similar high luminosities and it is shown that high processing degrees are observed
for a very high fraction of objects (over 60 % of the N-band spectra show a crystallinity
fraction larger than 40 %,De Ruyter 2005). Also the visibility measurements of IRAS 18006-
3213 provide a very similar size and spectral behaviour as observed for the only binary post-
AGB object resolved with MIDI (i.e. HD 52961, Chapter2). This is shown in Fig.3.11,
where the absolute angular diameter is given for both objects. The similarity between both
curves indicates that similar physical processes are active in both objects, providing again
evidence for the circumbinary nature of the disc around IRAS18006-3213. We do not expect
to see a similar phase jump for HD 52961 as for IRAS 18006-3213because the post-AGB
photosphere of HD 52961 is much hotter (and O-rich), making the photospheric spectrum
devoid of strong molecular lines.

3.5 Conclusions

The spectroscopic and interferometric data presented on IRAS 18006-3213 provide clear and
direct evidence that the oxygen rich reservoir is located ina compact region close to the star:

– The stability of the N-band spectrum and the observation that the circumstellar environ-
ment consists of highly processed silicate grains both indicate the existence of a long-lived
reservoir in the system where the processing occurred.

– The interferometric observations show the very compact nature of the N-band emission,
again providing strong evidence that this emission originates from a long-lived Keplerian
disc.

– The interferometric observations show an asymmetric N-band emission. This provides
direct evidence of the non-spherical nature of the emission.
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Figure 3.11 —The angular diameter of IRAS 18006-3213 (solid line) is compared to the angular di-
ameter of the dust emission around HD 52961 (squares). The latter object is a binary post-AGB object
surrounded by a circumbinary disc with a binary period of 1300 days (Chapter2). Clearly both curves
provide a remarkable similarity both in size and in spectralbehaviour.

Using the spectroscopic and interferometric data, we show that the geometry most favoured
by the data is a long-lived disc-like reservoir around the system which is seen under an in-
clination. The formation of this disc is likely linked to thestrongly suspected binary nature
of this object. We argued that the bimodal appearance of the silicate N-band profile in sil-
icate J-type stars (processed versus non-processed grains), could be the result of a different
location of the dust in the systems which is either circumcompanion (e.g. in V778 Cyg) or
circumbinary (e.g. in IRAṠ18006-3213). The testing of this will require direct detection of
the orbits, which will need extensive radial velocity monitoring campaigns and/or interfero-
metric measurements providing (closure) phase information.
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Chapter 4
The full disc structure through K and
N band interferometry

This chapter is published as

AMBER and MIDI interferometric observations of the post-AGB binary
IRAS 08544-4431: the circumbinary disc resolved

P. Deroo, B. Acke, T. Verhoelst, C. Dominik, E. Tatulli and H. Van Winckel, A&A 2007,
474, L45-L48

Abstract:

CONTEXT: For a large group of post-AGB binaries, the presence of a stable reservoir
of dust is postulated. Although this reservoir will influence the final evolution stages of
these objects significantly, its actual geometry and structure remains largely unknown.
A IMS: We aim at determining the dust morphology of a member of this group,
IRAS 08544-4431.
METHODS: We use the interferometric capabilities of the AMBER and MIDI instru-
ments, operating in the K and N-band respectively. The high spatial resolution mea-
surements are used in conjunction with the broad band spectral characteristics to de-
termine the dust geometry, based on self consistent 2D radiative transfer models.
RESULTS: We resolve the object in both K and N. Moreover, using the closure phase
capabilities of AMBER, we measure in the K-band a large asymmetry of the dusty en-
vironment. The interferometric data are clearly incompatible with a spherical outflow.
We model the dusty environment with a passive irradiated dusty disc model. Although
this model is constrained mainly on the basis of the spectralenergy distribution, it
reproduces simultaneously the amplitude and closure phaseof the visibilities, in both
wavelength bands.
CONCLUSIONS: Our model of a passive, irradiated disc in equilibrium givesan ex-
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cellent fit to both the K and N-band visibilities and closure phase. The dust around
this evolved binary star is indeed locked in a circumbinary disc with a significant scale
height. Grain growth, settling, radial mixing and crystallization are efficient in such
an environment. We conclude that the circumbinary disc of this evolved object, is gov-
erned by the same physical processes that govern the proto-planetary discs around
young stellar objects.

4.1 Introduction

The final evolution of low- and intermediate-mass stars is a rapid transition from the Asymp-
totic Giant Branch (AGB) over the post-AGB phase towards thePlanetary Nebula phase
(PNe), before the stellar remnant cools down as a White Dwarf(WD). The processes leading
to PNe formation are complex and poorly known (e.g.Balick & Frank 2002, and references
therein) and arguably the biggest challenge lies in understanding the origin of the remarkable
morphological and kinematical differences between AGB circumstellar envelopes and the
more evolved counterparts. The debate on which physical mechanisms are driving the mor-
phology changes has gained even more impetus with the findingthat resolved proto-planetary
nebulae (PPNe) display a surprisingly wide variety in shapeand structure, very early in their
evolution off the AGB (e.g.Sahai et al. 2007, and references therein). A heavily debated
topic in the recent international PNe conferences was the growing evidence that the physics
of Planetary Nebulae creation may be dominated by processesrelevant only in binary stars
(e.g.Moe & De Marco 2006; Zijlstra 2007).

Testing of the binary hypothesis is severely hampered by thelack of direct observational in-
formation on binarity in PNe and PPNe, in combination with our poor theoretical understand-
ing of the possible binary interaction processes and their impact on the shape and shaping of
the circumstellar environment.

To study late stellar evolution in binary systems, optically bright, less obscured post-AGB
stars are ideal candidates and in recent years it became clear that binarity is a rather widespread
phenomenon (Van Winckel 2003). In most sample stars, dust is observed near sublimation
temperature, despite the observed intermediate spectral types of the central stars which are
not likely to be in an active dust production phase.

Most objects of this sample are very distant, up to several kpc away. With the advent of
near- and mid-infrared (spectro-) interferometric instrumentation, we have now the unique
capability to probe directly these suspected very compact circumstellar structures.

In this letter we report on our results for IRAS 08544-4431 (V390 Vel, hereafter IRAS 08544)
using the combination of the spectro-interferometers AMBER (K-band) + MIDI (N-band).
The closure phase capabilities of the 3-beam combiner AMBERallows to detect directly
asymmetry in the dust emission and this on milliarcsecond scales. The object is selected as
an ideal test case because the binary nature (orbital periodis 499± 3 days) is well established
(Maas et al. 2003) and it is bright in both wavelength bands. It is an O-rich post-AGB star of
spectral type F with very low amplitude V-band variability.Its distance, based on an assumed
luminosity of 5000 L⊙, is 0.8 ± 0.2 kpc (De Ruyter et al. 2006).
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Table 4.1 —The log of the interferometric observations of IRAS 08544. For each observation we give
the physical baseline set (using VLTI-station nomenclature), the projected baseline length (PB), the
baseline angle (PA) and wavelength band (λ-band). Note that the AMBER observations (K-band) are
obtained simultaneously on a closed triangle.

night UT baseline PB PA λ-

yyyy/mm/dd hh:mm config [m] [◦] band

2006/11/14 07:59 D0-G0 31.2 49.2 N

2006/12/17 06:34 G0-H0 31.8 57.8 N

2005/12/22 08:09 U2-U3 43.4 42.7 K

2005/12/22 08:09 U3-U4 62.6 111.2 K

2005/12/22 08:09 U2-U4 87.6 85.2 K

In Sect.4.2we outline the observations and the reduction process. Thereafter, we discuss the
compatibility of different geometries, constrained by thespectral energy distribution (SED),
with the interferometric observations. We draw our conclusions in Sect.4.4.

4.2 Interferometric measurements

IRAS 08544 was observed interferometrically in both the N (8- 13µm) and K-band (1.8 -
2.5µm), with the MIDI and AMBER instrument respectively. The logof these observations
is given in Table4.1.

With MIDI, we observed the object at two different physical baselines with a similar projected
baseline of∼31 m. The observations were performed in HIGHSENS mode using a prism as
dispersive element, resulting in a spectral resolution of R∼ 30. The data were reduced using
the MIA+EWS reduction software (version 1.5.2). For more information on the reduction
process we refer to the previous chapters. To calibrate the data, we used observations of Sirius
obtained with the same setup and observed in concatenation with our science exposure. The
resulting calibrated visibilities are shown in Fig.4.2.

With AMBER (Petrov et al. 2003), we studied the K-band morphology of IRAS 08544 on the
closed baseline triangle U2-U3-U4. The observations were performed in the low resolution
setup (R ∼ 30) with an integration time of35 ms per frame.

To extract the AMBER observables (i.e. 3 spectrally dispersed visibility amplitudes and a
closure phase), we followed the standard procedure described inTatulli et al.(2007). Since
the observations were made in low spectral resolution, the visibilities have to be corrected for
the loss of coherence induced by the atmospheric differential piston. The latter was computed
using the differential phase estimator as proposed inTatulli et al. (2007). To determine the
interferometric observables, we used only those frames that allow the computation of the in-
stantaneous piston (∼ 70 % of the total number of frames). The closure phase was determined
using a “classical” bispectrum analysis (Tatulli et al. 2007; Kervella et al. 2004).
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The above procedure was adopted for the calibrator (HD 78959) and the science target, after
which calibrated visibility amplitudes are obtained. Notethat the calibrator is essentially
unresolved at the baseline triangle with a diameter of only0.94 ± 0.01mas (Mérand et al.
2005) providing visibilities of respectivelyV = 0.99, V = 0.98, V = 0.96. The calibrated
visibilities and phases are shown in Fig.4.2. The data were limited to the spectral window
2 − 2.4 µm because the calibrator flux outside this window was too low.To estimate the error
on the obtained visibilities, we took the typical AMBER error of 6% on the amplitudes. The
error on the closure phases was obtained using the standard deviation of the closure phase of
the calibrator.

4.3 Modelling

In Fig. 4.1, we reproduce the SED, with the data given inMaas et al.(2003). IRAS 08544
shows a clear infrared excess originating from a circumstellar environment containing both
hot and cold dust. The total reddening, assuming the interstellar extinction law, is E(B-
V) = 1.3± 0.1 of which the interstellar medium contributes at least0.7. This is derived from
the saturated DIBs (Maas et al. 2003).

Maas et al.(2003) proposed that the dust is confined in a stable disc instead ofa spherical
outflow. The problem of determining the different dust geometries based on the broad band
SED is degenerate. We took the SED as a starting point to determine the relevant parameters
in both a spherical outflow as well as a disc, after which we confront the models with the
interferometric observations.

4.3.1 A spherical shell model

Spherical dust shell models were computed withMODUST (Bouwman et al. 2000), in which
the shell and dust parameters are strongly constrained by the SED: we require either amor-
phous carbon or very large dust grains (10 − 300 µm with α = 3.5) to generate the observed
large excess with little circumstellar extinction (E(B-V)< 0.6). We find the inner radius
of this dust to be∼ 30 R⋆. Although the broad band SED can be reproduced well with
this model, it is far too extended to be compatible with the interferometry: the simulated
AMBER observations show almost exclusively correlated fluxfrom the central star and as a
consequence the only possible origin of asymmetry, the offset of the primary star in its binary
orbit, produces closure phases (CPmodel < 5◦) an order of magnitude smaller than observed.
Also, the simulated MIDI visibilities are too low by a factorof 2. There is no possibility to
match a more compact shell to the observed SED, which leads usto the clear conclusion that
a spherical dust shell cannot reproduce the observations.

4.3.2 A disc model

Compliant with the energetics of the source, we assume a passive (i.e. non-accreting) disc,
consisting of a mixture of gas and dust, with a large inner hole. This hole occurs because dust
cannot exist above sublimation temperature (∼ 1200K). The main consequence of this inner
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Figure 4.1 — The SED of IRAS 08544. The observed and dereddened (E(B-V) = 1.3) photometry is
shown using crosses and diamonds respectively. The disc model fitted to the dereddened SED (under
an inclination of 45 deg) is overplotted using a solid line (Kurucz-model and infrared excess). Using
a dotted line, we also show the SED of the passive disc model reproducing the interferometry best
(inclination = 57.5 deg), with constraints given by the one fitted to the SED. Although not taken into
account, we also present the relative AMBER and the N-band (TIMMI) spectrum in grey.

hole is the occurrence of a vertical boundary irradiated directly by the stellar flux. Indeed, the
resulting high temperature of this region will cause this inner disc rim to be puffed up by gas
pressure. Depending on the optical depth, this could resultin the shadowing of the material
directly behind this inner rim, leading to a decrease in discscale height. At larger distances,
the disc height may be large enough again and emerge from the shadow.

We used a 2D radiative transfer code developed byDullemond(2002, and further updates) to
compute the temperature and vertical density structure of the disc. For a given structure, the
temperature is determined by radiative transfer through a Monte Carlo method, which is then
used to determine the density structure based on the equations of hydrostatic equilibrium.
This procedure is iterated to obtain the full disc structure. For more details on this code, we
refer toDullemond(2002) andDullemond & Dominik(2004).

As a first step, we determined a model reproducing the broad band SED of IRAS 08544. We
limited the parameters to be fitted to the SED as (1) the inner radius of the disc and (2) the
total amount of mass in the disc. For the other parameters involved, we took representative
values for the group of binary post-AGB objects, discussed below.

The primary was taken to be a 5000 L⊙ giant with a spectroscopically determined temperature
of 7250 K. The secondary is ignored since it is too faint. The mass of the central binary
was taken as 1 M⊙ (i.e. 0.6 M⊙ for the primary, 0.4 M⊙ for the secondary, in line with
the observed mass function,Maas et al. 2003). The dust input parameters are based on the
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constraints from the larger sample where high crystallinity fractions and large grains, up to
850µm, are observed (De Ruyter et al. 2005). We took the fraction of crystalline particles
(i.e. forsterite) as 50 % and represented the grain size distribution from 0.1 to 850 micron,
as a power law with power index -3 (i.e. the mean value suggested for circumstellar discs in
D’Alessio et al. 2001). The outer radius and the density distribution of the dustydisc were
taken to be the same as for the gas distribution in the Keplerian disc of the Red Rectangle (as
measured by CO lines inBujarrabal et al. 2005): The outer radius was set at 560 AU and the
surface density distribution was presented by a power law with index−2.

With these parameters, we fitted the inner radius and total mass of the disc to the dereddened
SED. For this initial SED fit, we assumed an inclination of45◦. We find a best fit for an inner
radius of 9 AU and a total mass of the circumstellar environment of 0.015M⊙. The resulting
fit to the broad band SED is shown in Fig.4.1. The disc model consists of a large puffed up
inner rim with scale heightH/R = 0.22 (total height = 2H = 4.0 AU) at the inner radius.
The dust environment is shadowed from direct stellar light by this large puffed up inner rim
until 70 AU. From 70 AU onwards, the disc emerges from the shadow and reaches a scale
height of 0.43 at the outer radius.

The fit of our disc model to the SED determines almost all parameters relevant to the visi-
bility fit: the distance of the system, the angular scale of the inner radius, the scale height
of the disc etc. The only free parameters are now: (1) the inclination of the disc and (2)
the orientation of the inclined disc in the plane of the sky. Note that inclinations producing
circumstellar extinction in the line of sight cannot be excluded, since part of the reddening
could be circumstellar (see above).

For a large set of inclinations, with a step of∆ = 2.5◦, we made images which we rotated
under different orientation angles (∆ = 1◦) on the sky. For every grid point we reproduced
the interferometric observables after which we compare them to all observations (N and K
amplitudes and K closure phase). We find the minimalχ2 = 4.8 for an inclination of58+5

−30
◦

and an orientation of186 ± 10◦ East of North. With the current uv-coverage, the inclination
of the orbit is not too well constrained which is reflected by the large error bars. The resulting
images at 2µm and 10µm for the best fit are shown in Fig.4.3. The comparison between
the measured and modelled visibilities is shown in Fig.4.2. The agreement between the
interferometric data and the model is very good, despite thefact that we only fit the inclination
and orientation of the disc to the interferometric observables. The disc model was entirely
constrained by the SED and it agrees with the spatially resolved measurements both in the K
and N-band. The interferometric observables show that our physical model of a disc structure
with a large puffed-up inner rim, is correct. However, it is clear that there is still room for
some fine-tuning which will require a better uv-coverage. The discrepancy for the MIDI
visibilities around9.8 µm is related to the spectral features of amorphous silicates, which
is natural since we chose to focus on global geometry and not specific spectral features.
Moreover, the observed slope of the MIDI visibility curves are very steep showing that the
intensity distribution is very compact even at 13µm. This could be linked to an even steeper
density distribution or a disc which is more compact.
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Figure 4.2 — top panel:A comparison between the observed (diamonds with error bars) and the mod-
elled (solid line) visibility amplitudes (left) and closure phase (right) in the K-band.bottom panel:The
same but now for the N-band. Different colours are used for both measurements: red for 2006/11/14
and black for 2006/12/17. The physical model, which was constrained only by the SED, predicts the
size of the emission in both wavelength regimes, as well as the asymmetrical nature in the K-band.
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4.4 Discussion and conclusions

The combination of MIDI and AMBER interferometric measurements is a powerful tool to
study the geometry of the circumstellar material around binary post-AGB stars.

We could easily eliminate a spherical model. Assuming a passive irradiated dusty disc in
equilibrium instead, we constrained a self consistent model of the circumstellar material
around IRAS 08544 which fits the observed SED. The interferometric test of the model is
very constraining: the size in both wavelength regimes mustbe accurately determined, as
well as the asymmetry (the non-zero closure phase). Moreover, the morphology change be-
tween both wavelength regimes, related to the temperature distribution, must be reproduced.
Clearly all of these requirements are met with our disc model.

We therefore argue that we presented direct evidence for a stable disc around IRAS 08544.
The SED, the non-zero closure phase and the visibilities show that this disc is circumbinary
with a large puffed up inner rim.

This object was selected as a prototype of a larger sample of binary post-AGB objects all dis-
playing evidence for a stable Keplerian disc. All orbits determined so far (e.g.Van Winckel
2007, and references therein) are too small to accommodate a fullgrown AGB star. The ob-
jects must have been subject to severe binary interaction during their evolution. We postulate
that our result of this particular object may be representative for the whole group of binaries.
Note that only for one binary of the sample (HD 44179 and its Red Rectangle nebula) the
Keplerian rotation has been directly detected (Bujarrabal et al. 2005).

Dust grains in stable discs are subject to several physical processes like efficient annealing,
grain growth, gas-grain chemical interactions etc., very much like the dust evolution in proto-
planetary discs around young stellar objects. Refinements of the disc model presented here
will need to include these effects, especially if we want to study the evolution of these ’proto-
planetary’ discs in the rapidly changing radiation field of the central evolved star. This will
need in depth (interferometric) studies of a larger sample of objects as well as theoretical
studies on the formation and evolution of the discs which play a lead role in the final evolution
of the presented binaries.
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Figure 4.3 — The morphology of the circumstellar environment of IRAS 08544 in the K-band (2µm, left panel) and the N-band (10µm, right panel):
North is up and East is to the left. The position angles of the baselines in the K-band are 43, 85 and 112 deg and in the N-band 49 and 58 deg. The images
are contour plots using 25 equally spaced levels which are filled in greyscale. The position of the giant is indicated by the cross. The brightest region is the
inner wall on the far side.
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Chapter 5
Modelling the structure of a
circumbinary disc

Abstract: To explain the SED-characteristics of the sample of post-AGB binaries, a
circumbinary stable disc is proposed. In this chapter, we construct self-consistent mod-
els for the such discs, assuming that the energetics are governed by the radiation of
the central star alone: the disc is passive. The models are used to simulate the SED
as well as the spatially resolved measurements of the MIDI interferometer. We con-
struct a standard model based on the general characteristics of the group of binary
post-AGB stars and investigate how different input parameters influence the spatially
resolved N-band visibility curves and unresolved SED measurements. We find that in
the N-band, both the SED and the interferometric visibilities are most sensitive to the
inner most structure, consisting of a large puffed up inner rim. Furthermore, the sim-
ulations demonstrate that interferometric measurements with the MIDI instrument can
probe the asymmetrical nature of the N-band emission, but likely only for these discs
seen under a high inclination. This can be done even with a single baseline measure-
ment through the differential phase. An orientation dependent size can be probed as
well, but requires multiple measurements. We conclude thatthe SED combined with
interferometric measurements present a strong probe of thedisc structure.

5.1 Introduction

With the advent of a new near- and mid-IR interferometric instrumentation (often referred
to as optical interferometry), it has now become possible toobserve the – proposed but pos-
tulated – circumbinary discs around binary post-AGB stars with unprecedented spatial reso-
lution. Currently, the number of baselines offered to the interferometric community is still
limited, making it impossible to cover the Fourier space sufficiently as to allow for complete
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image reconstruction. This makes optical interferometry very different than radio interfer-
ometry or single telescope observations. The interpretation of the data requires the use of
detailed physical models, preferentially with as much realism and self-consistency as pos-
sible. A confrontation of interferometric observations with such simulations will allow to
determine the structure and setup of the discs.

In this chapter, we develop self-consistent disc models in line with the spatially unresolved
measurements of post-AGB binaries. These models, constrained by the relevant physics, are
used to produce images on the sky of the circumstellar environment. From these images,
we simulate the interferometric observables, i.e. the wavelength dependent visibility ampli-
tude and the wavelength dependent phase. We focus on the 10µm atmospheric window (the
N-band), probing thus the peak of the infrared excess. The interferometric simulations are
targeted for the MIDI instrument (Leinert et al. 2003b,a), a single-baseline N-band interfer-
ometer, providing a spatial resolution down to10−2 arcsec (or 10 mas). We evaluate the
visibility to be expected over the N-band and how the MIDI interferometric measurements
can constrain the physical structure of the disc.

We start by describing the input physics of our models and construct a disc with typical input
values. We then investigate the influence of different disc structure parameters on the SED
and the interferometric observables. We end with a discussion and conclusions.

5.2 Modelling discs around binary post-AGB stars

5.2.1 Computing a self-consistent disc

The objective of radiative transfer modelling is to retrieve the density and temperature struc-
ture for a given initial setup of the circumstellar environment. We use such a radiative trans-
fer code to determine these values self-consistently assuming the circumstellar material is
confined in a disk around the irradiating body. The modellingis performed using a 2D (ax-
isymmetric) monte carlo irradiation method and is described in detail in Dullemond et al.
(2001); Dullemond(2002); Dullemond & Dominik(2004). The code was initially developed
to study passive circumstellar discs found around young stellar objects. The disc is assumed
to be heated only by the irradiation of the central star(s), i.e. no viscous heating due to ac-
cretion is taken into account, nor is there any coupling assumed between the dynamics of the
central binary and the disc. Since most orbits are only≤ 1 A.U., both components are very
well inside the sublimation radius of the dust. In the literature these discs are called: “passive
dusty discs”.

To construct a self-consistent model describing the circumbinary discs around post-AGB bi-
naries, a (large) set of input parameters is required to describe the setup of the circumbinary
disc. From these input parameters, the 2D radiative transfer code (RADMC) will then deter-
mine the structure of the disc based on the relevant physics.As our coordinate system, we
adopt polar coordinatesR andΘ (whereΘ = 0 means pole on andΘ = π/2 is the equator)
and assume axial symmetry. The input parameters defining thesetup of the disc are:

– Stellar input parameters.The irradiation of the circumstellar environment is simplified to
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the irradiation by the central post-AGB giant only, which ismodelled using a KURUCZ
model (Kurucz 1979) with the appropriateTeff , L∗, log(g) and solar metalicity. The irra-
diation contributed by the secondary (presumably main sequence) star will be marginal.
The mass of the central binary is an input parameter for whichwe use the sum of the
masses of both stellar central components.

– Chemical composition of the disc.The disc is assumed to be composed of gas and dust
with a standard ratio of 100. The dust chemistry can be taken either carbon or oxygen
rich, depending on the C/O ratio. The dust composition, the grain size, the fraction crys-
talline/amorphous grains are input parameters as well.

– Total mass of the disc.

– Distribution of the mass in the disc.This is modelled by assuming that the surface density
in the disc is a function of radiusΣ(R), and that this can be parameterized by a power
law:

Σ(R) = Σ0

(

R

R0

)p

(5.1)

with p the power law index. The normalization factorΣ0 at the reference distanceR0 is
determined by the total mass in the disc and the power law index p.

– Dimension of the disc.The dimension of the disc is constrained by two input parameters:
the inner radius (Rin) and outer radius (Rin). At the inner radius, the disc has a discon-
tinuous density distribution while at the end of the disc, weallow it to extend a bit further
than the outer radius, but with a very steep power law,p = −12.

Given the input setup of the disc, the process of irradiationof the environment is modeled
using 2D axisymmetric radiative transfer that solves for the dust temperature as a function of
R andΘ. We neglect the opacity provided by the gas and assume that the gas and dust are
thermally coupled. The full radiative transfer problem is,in other words, reduced to solving
the dust continuum radiative transfer problem only.

To determine the vertical density profile of the disc self-consistently, an iteration process is
used. At the start, we set an (reasonable) initial guess for the density distributionρ(R, Θ) ,
which is consistent with the surface density distributionΣ(R). We apply the radiative transfer
code to this structure to find the temperature distribution everywhere. Using this temperature
distribution and the equation of vertical hydrostatic equilibrium,

∂P

∂z
= −ρ

GM∗

R3
z (5.2)

wherez is defined asz = R(π/2 − Θ), a new vertical density structureρ(R, Θ) is found by
integrating5.2in the vertical direction. Having found the new density structure, the radiative
transfer calculation is repeated for the next iteration step. In this manner, a solution for the
structure of the disc is found in which both theρ(R, Θ) andT (R, Θ) are consistent with each
other after a couple of iteration steps. We found a self-consistent disc structure by iterating
between the radiative transfer and the vertical pressure balance equation. Using this density
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and temperature structure, a ray-tracing method (RADICAL)is then used to produce the SED
and the images of the intensity distribution at various wavelengths.

An important aspect for our synthetic disc is that the very inner part of the disc is assumed to
be not only dust-free (it is within the sublimation radius ofthe dust grains) but also that the
gas which may be present is optically thin. The dusty disc hasan abrupt inner edge and the
closed position of this edge is set there where the dust sublimation temperature (T ∼ 1200K)
is reached. Since the gas inward of this dusty edge (if present) is optically thin, the inner dust
rim receives head-on radiation from the central star, making it puffed-up. Depending on the
optical depth of this puffed-up rim, it may cast a shadow overa large region of the disc. In
our model, the position of the puffed-up inner wall is one of the input parameters of the disc
model (i.e.Rin).

5.2.2 Spatially resolved visibilities

Once the structure of the circumbinary disc is determined iteratively, synthetic images on
the sky are produced using ray tracing (using RADICAL). Since the Citterd-Zernike theorem
states that the visibility is the Fourier transform of the intensity distribution of the source, this
radial intensity output can simply be transformed to Fourier space to retrieve the interfero-
metric observables. In this chapter, we simulate the interferometric observables for a fixed
distance of 1 kpc, meaning that 1 AU translates to 1 mas (milli-arcsec) on the sky.

Since we focus in this chapter on observations with the MIDI instrument, an important vis-
ibility curve is the visibility in function of wavelength. Such a curve is retrieved in a single
measurement at a single baseline with the MIDI instrument. To compare our 2D model with
the MIDI observable, we generate the visibility signal by collapsing the image, for each
wavelength, as a 1D flux distribution onto the direction of the baseline. The visibility for
each wavelength is the complex value of the Fourier transform of these 1D distributions, nor-
malized to the zero frequency value. This enables a direct comparison between the MIDI
observable, obtained using a specific baseline (orientation and length), and the given model.

An important aspect of the N-band is that it covers prominentspectral features attributed to
the Si-O stretch of silicates. This stretch introduces a sharp rise in the extinction coefficient
which is strongly dependent on the exact mineralogy and grain size distribution of the smaller
silicates (e.g.Min et al. 2003, 2005). Since the dust grains in some objects are very pro-
cessed, both in grain aggregation and in crystallinity (Molster et al. 2002c; De Ruyter et al.
2006; De Ruyter 2005; Gielen et al. 2007), the integrated extinction coefficient in the N-band
will vary significantly from source to source. The interpretation of the visibility curve over
the full N-band does require a detailed knowledge, not only of the structure and orientation,
but also on the exact mineralogy and grain size distributionof the object.

We therefore opted to focus in this chapter on two spectral windows outside the strong silicate
emission bump, which are then giving the most straightforward and general tracer for the
disc structure itself. We have chosen the wavelengths 8.3µm and 12.7µm: both fall mainly
outside the Si-O stretch and cover the blue as well as the red part of the wavelength band
sampled by the MIDI instrument. Note that for both wavelengths, the intensity distribution
will not only change because of the specific structure of the disc, but it will also change
because of the wavelength dependent spatial resolution of the interferometer (∼ λ/B, with
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B the projected baseline length). This makes the interpretation of the measurements not
straightforward.

5.3 A standard disc model

5.3.1 The physical model

As a first step, we compute the structure of what may be seen as a”typical” disc around a
binary post-AGB star by choosing input parameters which arerepresentative for the broad
sample. We simulate a disc around a post-AGB giant ofM = 0.6 M⊙, L = 5000 L⊙ and
Teff = 6000K and assume solar metalicity. The mass of the main sequence companion is set
to beM = 0.4 M⊙, resulting in a central mass of1 M⊙.

The input parameters of the disc are chosen such that the resulting model is consistent with
the spatially unresolved measurements of the group of binary post-AGB stars surrounded by
a circumstellar disc. In an extensive SED study presented inDe Ruyter et al.(2006), it is
found that global characteristics of the SED are similar:(i) the SED shows a large infrared
excess which starts near sublimation temperature (the H or K-band) and(ii) when available,
the long wavelength fluxes show a black-body slope indicating the presence of a significant
component of large mm sized grains.

To model the first global characteristic, we start the dusty inner rim at an inner radius of
10 AU, consistent with a dust temperature of about 1200 K. This is in good approximation
the dust sublimation temperature. As outer radius of the disc, we take an ad hoc radius
of 500 AU. The influence in the N-band of the occurrence of grains beyond this radius is
marginal.

The second global characteristic of the SED implies that we must include a significant fraction
of ”large” grains, for which we take 1 mm sized grains. Small grains can, however, not be
neglected since they produce the observed features in the infrared. A typical size of these
smaller grains is found to be 1µm in De Ruyter(2005). Another conclusion of this study is
that a significant fraction of crystalline grains must be present in order to explain the shape of
the N-band feature. This was even more clearly demonstratedby Gielen et al.(2007) in the
analysis of high-resolution Spitzer infrared spectra. In the mineralogy studies obtained so far
(Molster et al. 2002c; De Ruyter et al. 2006; Gielen et al. 2007), the silicates are dominated
by the Mg-rich end members of mainly olivine and to a less extend pyroxene. In our standard
model, we assume that 20 % of the small grains are crystalline(i.e. forsterite).

Since the large dust grains are expected to settle on short timescales (Gielen et al. 2007) in
the equatorial region, our disc model is composed of two components: a midplane filled with
large, 1 mm sized, grains and a normal, non-settled, structure consisting of 1µm sized grains.
We assume that 90 % of the dust mass is stored in large grains. The total mass of the disc is
taken to be 0.01M⊙.

To set the distribution of the mass of the disc, we took a powerlaw index ofp = −1, which
represents the surface density distribution for accretingα-discs, as derived from theoretical
considerations (D’Alessio et al. 2001). Moreover, it is the intermediate value of what can be
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expected in an outflow (p = −2) and a constant distribution (p = 0).

5.3.2 The aspect angle

Obviously, a disc is largely non-spherical and the observables of a given model will strongly
depend on the aspect angle. The projection of the disc on the sky, i.e. the inclination and
the orientation with respect to the projected baseline of the disc, will strongly influence both
the interferometric as well as the single telescope measurements. To test the influence of the
inclination of the disc, we will sample three different inclinations for the standard model:
20o, 45o and70o.

The images on the sky, computed for 10µm, for the standard model under three different
inclinations are shown in Fig.5.1. The intensity distribution is asymmetric and the asymmetry
increases with increasing inclination. This is due to the bright inner wall and the obscuration
optical depth of the part closest to the observer. We refer tothe horizontal axis in these images
as the major axis and to the vertical axis as the minor axis.

5.3.3 Structure and SED

The emerging SEDs of our standard model for the different inclinations are shown in Fig.5.2.
The SED shows a large infrared excess starting around the H-band. The amount of energy
reprocessed by the circumstellar environment is large, amounting toLir/L∗ = 0.6 for i =
45◦. While for the lowest inclinations no circumstellar extinction is found, our model shows
that for higher inclinations (i = 70o) a significant circumstellar line-of-sight extinction is
obtained. This will affect the UV and optical fluxes considerably. The shape of the N-
band spectrum is also quite different for the highest inclination with respect to the lower
inclinations. The feature over continuum ratio has loweredat i = 70o, since the circumstellar
self-extinction becomes stronger in the silicate band.

The scale height of the disc in function of distance is shown in Fig. 5.3. Our model consists
of a large puffed up inner rim withH/R = 0.19 at the inner radius (total height= 2H =
3.8 AU). The scale-height increases slowly towardH/R = 0.38 at 500 AU. The optical depth
of the inner rim is not high enough to shadow the surface layers from direct stellar light.

5.3.4 Visibility analysis of the standard model

Due to the asymmetric intensity distribution (see Fig.5.1), not only the projection on the sky
of the disc is important, but also the orientation of the baseline will have an influence on
the simulated interferometric measurements. We investigate this by simulating the visibility
for a baseline oriented along the minor as well as along the major axis. The 1D collapse
of the image onto the major axis is always symmetric, while the strongest asymmetric 1D
collapse is found along the minor axis. By studying both axisin our simulations, we sample
therefore the range of observables and develop a feeling forthe impact of the asymmetry in
an interferometric study.



5.3. A standard disc model 79

Figure 5.1 —The mor-
phology at 10µm for
the standard model as
seen on the sky for
three different inclina-
tions (i = 20◦, i =
45◦and i = 70◦).
The images are contour
plots using 25 equally
spaced levels which are
filled in grey scale.
The brightest region in
these images is the hot,
puffed-up, inner rim lo-
cated on the far side.
The position of the gi-
ant is indicated by a
cross. The horizontal
axis is referred to as
the major axis while the
vertical axis is referred
to as the minor axis in
the text.
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Figure 5.2 —The SED for a standard disc surrounding post-AGB binaries. The SED is shown for three
different inclinations:i = 20◦, i = 45◦andi = 70◦. While for the lowest inclinations the spatially
unresolved photometry is hardly distinguishable, a significant circumstellar line-of-sight extinction is
found for the highest inclination.

5.3.4.1 Visibility predictions in function of baseline length

In Fig. 5.4, the simulated visibility amplitude versus baseline is shown for the different in-
clinations of our standard model. We repeat that in the plot,we assume a distance of 1 kpc,
meaning that 1 AU translates to 1 mas on the sky. The visibility curves are shown for both
continuum wavelengths, 8.3µm and 12.7µm. Since the intensity distribution is inherently
different along the minor and major axis, we show the visibility curves for both. The visibil-
ities along the major axis are be shown in black, while those along the minor axis are plotted
in grey.

The visibility curve for the different aspect angles shows agradual decrease in amplitude
with increasing baseline length. This reflects the absence of much substructure in the radial
intensity profile. If the disc were to be strongly self-shadowed, a changing slope in the visi-
bility curve could be observed from the baseline length onwards where the shadowed region
starts to be resolved. Moreover, most visibility curves pass the null meaning that the intensity
distribution has a rather abrupt edge compared to a Gaussianprofile (which could be expected
in an outflow scenario). At the null transition, the phase of the visibility (the visibility is a
complex value) will make an abrupt 180◦phase jump. The position of the transition through
zero visibility is therefore easiest retrieved in the visibility phase rather than in the visibility
amplitude. Note that at a 10 m baseline, the disc will only be marginally resolved for all
aspect angles. Even the largest single dish telescope can, in other words, not resolve the discs
in the N-band at this distance.
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Figure 5.3 — The scale height of the standard model. The model shows a steadily increasing scale
height with distance. The standard model is a so-called flared disc with a large puffed up inner rim.

The visibility amplitude is a measure of the extent of the emission region on the sky along the
projected baseline. The angle dependent size of the disc, increases strongly with increasing
inclination. While fori = 20◦, the visibilities along the major and minor axes are hardly
distinguishable (comparison between grey and black curves), at an inclination ofi = 70◦, a
visibility difference of a factor two could easily be observed.

5.3.4.2 Spectral visibility predictions

The MIDI instrument does not measure in one exposure the visibility as a function of baseline,
but rather (or easier) the visibility as a function of wavelength. The interpretation of thisV (λ)
curve is not straightforward (as explained above), since multiple effects come into play. A
changing intensity distribution with wavelength, a changing spatial resolution and a steeply
varying extinction coefficient will influenceV (λ) curve. In a detailed modelling as the one
presented here, these effects can be understood. In Fig.5.5, we present the visibility versus
wavelength curve for a specific set of baselines. Each of these V (λ) curves is essentially a
vertical cut through Fig.5.4with a more extensive sampling in wavelength.

When we only focus on the continuum wavelengths, 8.3µm and 12.7µm, and compare the
visibility slope between both wavelengths, the visibilitydecreases for the shorter baselines
while at longer baselines, the standard model predicts an increasing visibility curve (see also
Fig. 5.4). This means that the apparent size of the disc increases more rapidly than the
decreasing interferometric resolution over the band for the lower spatial frequencies, and
vice versa for the higher spatial frequencies.
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Figure 5.4 — The
simulated visibility
amplitude versus base-
line length for the
standard model as seen
under three different
inclinations. The
simulated visibilities
for a baseline oriented
along the major axis
are shown using a
black line, while those
for a baseline oriented
along the minor axis
are given using a grey
color. We show the
visibilities for two
different wavelengths
outside the silicate
features, 8.3µm and
12.7µm, using a solid
and dashed linestyle
respectively.
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Figure 5.5 — The
visibility versus wave-
length for different
baselines as predicted
by the standard model
inclined under different
angles. We show the
predicted behaviour
over the wavelength
band for three baseline
lengths. The visibilities
for baselines along the
major axis are shown
using a black line while
those along the minor
axis have a grey line. In
most curves, a clear dip
in the visibility curve is
observed in the silicate
feature region. This
dip is strongest for the
highest inclination.
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On top of this continuum visibility curve, a clear dip in the visibility curve is generally found,
which correlates with the silicate feature. This is not surprising and is related to the opacity
difference inside versus outside the silicate feature. In the feature, the opacity is higher and
we look at regions higher up in the disc, which are hotter. In afirst approximation one can
expect that the disc therefore appears larger in the featurethan outside the feature, resulting in
a lowered visibility amplitude in the feature wavelength region. Moreover, the photo-center
position of the emission region of the silicate feature compared to the underlying continuum
could become different. The visibility is a complex value and the addition of feature and
continuum visibilities is done in complex space, where not only the amplitude but also the
phase is important. An offset position between both emission regions will result in a lowering
of the visibility amplitude in the silicate feature wavelength region. We note in this context
that the lowering in the feature of the visibility amplitudeis most pronounced for the highest
inclination. This seems surprising since the total flux residing in the feature is smaller than
for the lower inclinations (see Fig.5.2). For this inclination, the phase is however strong
and correlates with the feature (see next paragraph). We however stress that both effects are
important since also for face-on models (i = 0◦) a lowering in the visibility curve is observed
in the feature, while the photo-center position of feature and continuum emission is identical.
We conclude that we expect to retrieve a lowered visibility in the feature wavelength region
and that the strength of this lowering is an indication for the inclination of the disc: the
stronger the feature is retrieved in the visibility curve, the higher the inclination.

5.3.4.3 Correlated spectra

In a highly centrally peaked intensity distribution, the correlated spectrum (i.e. visibility×
total flux) is dominated by the flux coming from the inner most regions of the disc (see e.g.
Chapter2). Hence, for such an intensity distribution, the correlated spectra will trace the
mineralogy of the more inward regions of the disc (e.g.van Boekel et al. 2004). TheV (λ)
curve is, however, dependent on many different effects likethe changing spatial resolution
over the wavelength band, as shown above. Given the complex nature of the visibility curve,
we verify in this section how valid it is to use correlated spectra to probe the mineralogy of
the inner disc regions for a standard model of the disc. We do not perform an in-depth study,
but merely attempt to show the complex nature of correlated spectra.

For the typical disc model at an inclination ofi = 45◦, we calculated the correlated spectra
for the baselinesB = 10m andB = 25m along the major axis. To compare these spectra
to the real spectra of the inner most regions of the disc, we extracted the flux coming from
a specific circular region on the sky centered around the post-AGB star. The extent of this
circular region on the sky was determined by requiring an equal amount of flux in the real
and correlated spectrum at 9µm. This flux compatibility request results in real spectrum
coming from a radius of 28 AU and 14 AU for theB = 10m andB = 25 m respectively. The
comparison between both spectra is shown in Fig.5.6.

From Fig.5.6, it is clear that although the correlated spectra and the real spectra show simi-
larities, a strong slope is introduced in the correlated spectra arising from the changing spatial
resolution over the wavelength band: the correlated spectrum at shorter wavelengths probes
a smaller structure than the correlated spectrum at longer wavelengths, resulting in a higher
flux at longer wavelengths. This effect will be important forthe determination of the miner-
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Figure 5.6 — A comparison between the correlated spectra and the real spectra for the typical model
at an inclination of 45◦. In solid, the simulated single telescope spectrum is givenfor comparison.
For each correlated spectrum (grey lines), a real spectrum is shown in black. This real spectrum is
the spectrum originating from within a radius of 28 AU and 14 AU for theB = 10 m andB = 25 m
respectively. The spatial scale for these spectra was determined by requiring an equal amount of flux at
9µm for the correlated and the real spectrum. Clearly both typeof spectra have a different shape over
the wavelength band, mainly due to the changing spatial resolution.

alogy based on the correlated spectra and the effect is different for different grains species.
It should be easier to establish the spatial distribution for narrow features, as is the case for
crystalline grains, than for broader bands like amorphous grains. One of the consequences of
the change of spatial resolution concerning the amorphous silicates will be that the feature in
the correlated spectrum will resemble more that of large amorphous grains rather than small
amorphous grains.

If the baseline configuration is such that low visibilities are measured, lower than aboutV ∼

0.2 (e.g.B = 50 m for the typical disc at 1 kpc, see Fig.5.5), the correlated spectra are even
more difficult to interpret. At these high spatial frequencies, the visibility and thus also the
correlated spectrum will be determined strongly by the geometry of the disc. If, for instance,
a visibility null is crossed, the correlated spectra cannotbe interpreted as “normal spectra”.
In this respect, we would like to refer to Sect.6.6, where it is shown that the spectral shape
of the (low)V (λ) curves of AC Her are determined mainly by the geometry instead of the
mineralogy.

We conclude that correlated spectra can be extremely usefull to get a first qualitative idea of
the distribution of the mineralogy at least if the visibility amplitude is rather high and if the
spectral features are narrow. To interpret the correlated spectra quantitatively, the structure
of the disc has to be known accurately and detailed modellingis needed so that the different
effects influencing theV (λ) curve can be understood. Since in Chapter6, we did not perform
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a star-by-star analysis to fine-tune the appropriate disc model for each target, we did not
perform an analysis of the correlated spectra for the different targets.

5.3.4.4 Differential phase

Information on the source structure is stored in the phase aswell. Since the phase of a point
symmetric source is always zero, measuring a non-zero phaseis important to comprehend our
(asymmetric) disc structure. The MIDI instrument is not able to observe the absolute phase,
however. This is due to the changing atmospheric conditionsduring the measurements. The
relative phase between the different spectral channels, onthe other hand, can be retrieved.
We call this phase the differential phase, which is the phasewhere only second order effects
remain. In Fig.5.7, we show the differential phase associated with the visibility amplitude
curves shown in Fig.5.5.

Since the collapsed image onto the major axis of all models isalways symmetric, the phase
associated with measurements along that axis is always zero(see black lines in Fig.5.7).
Along the minor axis, the intensity distribution for a disc model (under non-zero inclination)
is not centro-symmetric and a non-zero (differential) phase could be retrieved.

The different components of our model are: the giant photosphere, the continuum component
and the feature component. These components will generallyhave a different photo-center.
The photospheric contribution is marginal (1%) in the single beam flux, but it is largely
unresolved and can become important at a high spatial resolution. With a different photo-
center for two or more of these components, a non-zero differential phase is achieved through
the following effects:

– The spatially distinct components have different spectralenergy distributions. The flux of
the sources will therefore contribute different fractionsof the total received flux at different
wavelength channels, producing a difference in phase between the spectral channels.

– The displacement between the components is more resolved at8µm than at 13µm, lead-
ing to a modulation of the phase signal with the changing spatial resolution.

Since there exists a clear correlation between the spectralshape of the silicate feature and
the spectral behaviour of the phase, the most important aspect is the different spectral en-
ergy distributions of the (offset) emission components. The photo-center position of the
feature emission region is clearly different than that of the continuum emission (and stellar)
photo-center. This is again a result of the different opacity in and outside the feature. At
the continuum wavelengths, we look deeper in the disc and observe a more symmetric (i.e.
with photo-center closer to the giant) midplane emission than the asymmetric surface layers
seen in the silicate feature. From Fig.5.7, it is clear that the resulting non-zero differential
phase becomes larger as the inclination increases, since the emission becomes more and more
dominated by the emission of one side of the disc (see Fig.5.1). We wish to note that the
180◦phase jump for the 50 m baseline simulation of the model ati = 20o is the result of the
transition through null of the visibility amplitude at thatwavelength. This is very similar as
explained above in the context of the visibility versus baseline curve, but now the baseline is
the same and the change in spatial resolution is due to the changing wavelength. Observing
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such a phase jump is possible for all inclinations, but longer baselines are necessary for the
higher inclinations.

We conclude that the phase over the wavelength band containsa clear non-linear factor (su-
perimposed to a linear factor) which relates to the disc structure. This phase jump could be
observed with the MIDI instrument, however likely only if the disc is seen under a high in-
clination. If observed, it proves directly the asymmetric nature of the emission, linked with
the disc structure, and this even with one single baseline measurement.

5.4 Observing the disc structure

Although the global characteristics of the sample of binarypost-AGB stars are similar, sig-
nificant differences are found even in the spatially unresolved SED. These differences likely
originate from a difference in the structure of the circumbinary disc, related to different input
parameters in our modelling. In this section, we model such changes by changing the set
of input parameters for our standard model, one at a time. We present four series of mod-
els, where we vary the most important input parameters in respect to those of the standard
model. One of the models is always the standard model, which can be used for comparison.
The inclination of all the models isi = 45◦. Similar conclusions can be drawn for different
inclinations. The model series are:

– Series A:Different disc models with equal mass (Mdisc = 0.01 M⊙) but with different
fractions of this mass for the large and small grains. We start with only small grains and
reduce the mass of these grains gradually. In this way, we simulate the effect of grain
growth in the disc.

– Series B:discs with a different surface density distribution (powerlaw ofp = 0,−1,−2,−3).

– Series C:discs with different outer radius (Rout = 500, 100, 50, 20AU). The mass of the
new discs is changed in such a way that an equal amount of dust (and gas) is present in
the different annuli as for the standard model.

– Series D:like the C series, but now with different inner radius (Rin = 10, 20, 50, 100AU).

The parameters of the different models are listed in Table5.1. The main objective is to see
the influence on the SED and the visibilities of the variationof the input parameters. The
SED and the visibilities for each of the series are shown in Fig. 5.8to Fig.5.11. In Table5.1,
we provide for each of the models the amount of energy reprocessed by the disc (Lir/L∗)
and the start of the infrared excess. Both quantities are derived from the SED, as would be
done when analyzing observations, and are therefore inclination dependent. For all models,
we compare the visibilities for baselines oriented along the minor axis, since this axis is most
sensitive to a changing disc structure. The results for the major axis are similar, however.
As the visibilities in the silicate bump will change from model to model due to a changing
feature strength from model to model, we choose as a general diagnostic the visibilities in the
continuum. We show for each series a visibility curve at 8.3µm in function of baseline and
also the visibility difference between both continuum wavelengths. The latter gives a strong
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Figure 5.7 — The
differential phase ver-
sus wavelength for
different baselines
as predicted by the
standard model for the
three different inclina-
tions. The baselines for
which the simulations
are presented have the
same baseline length
as the ones in Fig.5.5.
The differential phase
simulated for baselines
along the major axis
are shown using a
black line while those
along the minor axis
have a grey line. Along
the major axis the
1D collapse of the
source morphology is
symmetric resulting
in a zero phase for all
baselines. The asym-
metry observed with
an interferometer is
strongest for baselines
oriented the minor axis
and the simulations
show a clear non-zero
differential phase for
all baselines.
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Table 5.1 —The setup for the different model series. The parameters which are not provided in the
table are the same as for the standard model. For each of the models, we give the power law index
p of the surface density distribution, the amount of mass in the small (1µm) and large grains (1 mm)
and the inner and outer radius of the disc. We also provide theamount of energy reprocessed by the
disc (Lir/L∗) and the start of the excess, as derived from the simulated SED for a disc seen under an
inclination of 45◦.

p Mdust, 1 µm Mdust, 1mm Rin Rout Lir/L∗ excess

[M⊙] [M⊙] [AU] [AU] [µm]

A1 -1 10−4 0 10 500 1.18 1.3

A2 -1 10−5 9 × 10−5 10 500 0.59 1.5

A3 -1 10−6 9.9 × 10−5 10 500 0.16 1.9

A4 -1 10−7 9.99 × 10−5 10 500 0.04 3.0

B1 0 10−5 9 × 10−5 10 500 0.23 2.2

B2 -1 10−5 9 × 10−5 10 500 0.59 1.5

B3 -2 10−5 9 × 10−5 10 500 0.84 1.3

B4 -3 10−5 9 × 10−5 10 500 0.99 1.3

C1 -1 10−5 9 × 10−5 10 500 0.59 1.5

C2 -1 1.8 × 10−6 1.7 × 10−5 10 100 0.54 1.5

C3 -1 8.2 × 10−7 7.3 × 10−6 10 50 0.51 1.5

C4 -1 2.0 × 10−7 1.8 × 10−6 10 20 0.40 1.5

D1 -1 10−5 9 × 10−5 10 500 0.59 1.5

D2 -1 9.8 × 10−6 8.8 × 10−5 20 500 0.49 2.1

D3 -1 9.2 × 10−6 8.3 × 10−5 50 500 0.27 4.2

D4 -1 8.2 × 10−6 7.3 × 10−5 100 500 0.14 6.7

probe on the temperature distribution in the disc, since it samples whether the size of the disc
increases with respect to the changing interferometric resolution (∼ λ/B).

5.4.1 Grain growth and settling

In the A-series, the effect of grain growth and a subsequent settling of the large grains is
simulated. The results of our simulations for the unresolved SED and the visibilities are
shown in Fig.5.8 and a summary for the SED is presented in Table5.1. The strongest
influence of grain growth and a subsequent settling is observed in the SED, where the amount
of reprocessed energy changes from 118 % to only 4 % over the series. Note that in the
visible we observe theπ × R2 surface of the star, while the energy, which is reprocessed
in the IR, is absorbed over a full solid angle occupied by the disc as seen from the star.
Lir/L∗ > 1 is therefore possible. Moreover, while the position of the dust remains the same
for the different models, the change in grain size makes the grains at the inner radius colder,
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resulting in a near-IR excess starting at longer wavelengths. The line of sight extinction to
the photosphere is, under an inclination of 45◦, marginal hence the photospheric fluxes (UV
- visible wavelengths) remain the same.

While the change in the SED over the series is so dramatic, thevisibilities change much
less since the radial intensity profile of the different discs remain fairly similar. The overall
influence of grain settling is that the disc appears bigger with increasing grain growth. The
biggest difference in the visibility curve is found for the model with only small grains. This
model has a highly optically thick, puffed up inner rim whichshields part of the disc from
direct stellar radiation (until 40 AU). The rim dominates the emission and makes the emission
region more centrally peaked (and smaller). A noteworthy element is the fact that, although
the amount of small grains is decreased in the series, the feature linked to these small grains is
not reduced (it is even sometimes strengthened). This demonstrates that even a tiny, optically
thin layer of small grains is sufficient to produce a significant silicate feature. The model
with only small grains does not produce a significant feature, since the inner rim radiates
blackbody-like and dominates the total flux. The puffed up inner rim is clearly very important
to understand the visibility and spectral behaviour of the disc.

5.4.2 Disc surface density distribution

In series B, the effect of a different density distribution is investigated by changing the power
law indexp. The result of the simulations for the SED and visibilities are shown in Fig.5.9.
The most important aspect of changing the density distribution is that it generates a change
in the structure of the inner rim. With a constant surface density, the inner rim is optically
thin (for the given mass) and contributes only little to the total SED as opposed to discs with
a steeper surface density distribution. With a surface density p = −2 andp = −3 the rim
becomes highly optically thick and shadows strongly the regions behind the rim until90 AU
and150 AU respectively. For these surface densities, the rim is themain contributor to the
infrared excess resulting in a strong near-IR excess which is rather featureless, as the rim
is radiating as a blackbody. Note that even at long wavelengths, the opaquep = −3 and
p = −2 discs show the Rayleigh-Jeans tail of the blackbody radiator which is higher than the
flux received from the cold regions of the optically thinnerp = −1 andp = 0 discs.

Consistent with a sharper density distribution, the emission of the inner rim dominates more
and more the total flux. The N-band emission region thereforebecomes smaller with sharper
density distributions (because it becomes more centrally peaked) as a result. This is clearly
observed in the simulations where the visibility at the samebaseline is significantly higher for
those models with a sharper density profile, indicating a smaller emission region. Moreover,
a steeper density distribution produces a steeper temperature distribution, resulting in a more
positive slope with wavelength over the N-band for the same amount of resolving. Both
the SED and interferometric measurements in the N-band are strong probes to determine the
density distribution.
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5.4.3 Disc outer radius

In series C, we model the effect of the outer radius on the SED and the N-band visibilities.
In this series, we keep the mass in the different annuli of themodels the same as for the
standard model. The effect on both the SED as well as the visibility curve versus baseline at
8.3µm is only small, as apparent in Fig.5.10. In the SED, the effect is only noticeable at the
longer wavelengths, again proving that the N-band flux is dominated by the emission coming
from the puffed up inner rim. While the effect on the visibility amplitude at 8.3µm is only
marginal, the effect on the slope of the visibility curve is strong, with the effect becoming
stronger as the disc becomes more resolved. As the disc is smaller at a decreasing outer
radius, the slope of the visibility curve is increased significantly since the colder regions
radiating in the N-band are not present anymore. Only the redpart of the N-band emission is
influenced significantly by the absent outer regions of the disc (withR ≥ 30 AU).

5.4.4 Disc inner radius

In series D, a changing inner radius is modelled. The resultsof this modelling are shown in
Fig. 5.11. Clearly the SED and the visibility curve are very sensitiveto this parameter. When
the inner rim is located at a larger distance, the dust in thisrim will be colder, making the
near-infrared excess disappear. Moreover, the size of the N-band emission region is changing
strongly, showing dramatically different visibility curves. The further the inner rim, the lower
the visibility curve for the same spatial resolution. The shape of theV (B) curves remains,
however, very similar. A similar radial intensity profile isretrieved, but rescaled to the new
interferometric scale. The position of the inner rim withinthe system strongly affects the
N-band emission.

5.5 Discussion and conclusion

We have presented model calculations for the discs around binary post-AGB stars. In our
modelling, we took representative values for the differentinput parameters and constructed a
”standard” model for a circumbinary disc around a binary post-AGB giant. We then changed
the main parameters of the model to investigate the influenceof a different structure of the
disc on spatially unresolved measurements over a wide wavelength range (SED distributions)
and spatially resolved interferometric measurements in a limited wavelength range. This
work focuses on the N-band to see how the currently availableMIDI, single baseline, inter-
ferometer can probe the structure of the discs around binarypost-AGB stars.

From the models, we found that the bright puffed-up inner rimis very important to under-
stand both the SED as well as the interferometric observations in the N-band. The optical
thickness of the rim determines the strength of the silicatefeature and the amount of near-IR
excess. The general trend is that when the inner rim becomes more optically thick, the N-
band visibility is decreased since the source is more centrally peaked (and more compact).
The SED + interferometric N-band data obtained with an instrument like MIDI probe very
well the characteristics of the hot inner region of the discs.
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To verify the presence of a circumbinary spatially resolveddisc, the most convincing argu-
ment is certainly the observation of its asymmetric intensity distribution on the sky. The
modelling we presented shows that interferometric observations in the N-band can probe the
asymmetry linked to the disc nature. First, one can determine the visibility, or determine the
size of the emission region, along baselines with differentprojected angles. From Fig.5.4, it
is clear that for high inclinations, the difference in visibility amplitude is noticeable at most
spatial frequencies. Moreover, a single differential phase observation could show a phase ver-
sus wavelength behaviour which is correlated with the silicate feature. This is only possible
when the source geometry is asymmetric. Both methods provide definite proof for a non-
spherical emission. The possibility to detect this asymmetry is, however, most likely only
possible for those targets seen under a high inclination. Westress again that for measuring
asymmetry through the differential phase only a single observation is necessary. Measuring
the asymmetric size, however, requires at least two measurements along different projected
angles.

The modelling of discs with different input parameters demonstrates that visibility measure-
ments complimented by the broad-band SED provide very interesting possibilities to deter-
mine the structure of the disc. Clearly, to unambiguously establish the fine details of the
disc, which is only 1−100 mas on the sky, many measurements should be performed and
preferentially in different wavelength regimes. First estimates can, however, be made already
with a small number of interferometric pointings. Especially the addition of closure phase
measurements can put strong additional constraints on the geometry, since they do not only
probe the different position of different components, but also the structure of the disc as a
whole. The linear factor in the phase is not removed.

The models we developed for the discs around binary post-AGBstars are clearly only a
first step in our understanding of the surroundings of the sample. This geometry will serve
as a background onto which other processes can be modelled such as chemistry and grain
growth. In the sample of binary post-AGB stars we find strong dust-processing, both in size
and in crystallinity, which shows that the process of grain coagulation must be extremely
fast since the discs around evolved objects are expected to be short-lived (10000 to 100000
years) due to the fast evolution of the central star. These objects present a unique opportu-
nity to study dust-processing leading (possibly) to the formation of macro-structure (comets,
planetesimals or even planets) under different timescalesand physical conditions than during
the star-formation. The parameter space which influences the structure and intensity profile
over the N-band is vast and partly degenerate. So that understanding these processes will
require more in-depth modelling and to uniquely constrain the models, a (very) extended
UV-coverage will be necessary, currently rather difficult with the MIDI instrument.
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Figure 5.8 — The
simulated SEDs (top
panel) and visibilities
(bottom panel) for the
different models of se-
ries A, where the effect
of grain growth and
subsequent settling is
investigated. The vis-
ibility versus baseline
for the different models
is shown at 8.3µm as
well as the visibility
difference between
the 12.7 and 8.3µm
continuum points.
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Figure 5.9 —The same
as for Fig. 5.8 but
now for the B-series in
which the effect on the
SED and N-band vis-
ibilities is investigated
resulting from a differ-
ent density distribution.
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Figure 5.10 — The
same as for Fig.5.8but
now for the C-series.
In this series, we in-
vestigate the result of
a different outer radius
on the unresolved
SED and the spectrally
resolved visibilities.
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Figure 5.11 — The
SED and continuum
visibility for the differ-
ent models of Series D.
The different models
have a different disc
inner radius.



Chapter 6
Keplerian discs around binary
post-AGB stars: a survey

Abstract: We present a mid-infrared interferometric survey of the circumstellar envi-
ronment of post-AGB binaries. For all targets, the presenceof a compact dusty disc
is suspected on the basis of various spatially unresolved measurements. Our inter-
ferometric observations were performed with the MIDI interferometer mounted on the
VLTI at the ESO observatory in Paranal. We observed eleven targets with various
baseline configurations. We resolved nine objects. For the first time, the spatially
resolved observations proof unambiguously that all targets are surrounded by a cir-
cumbinary disc. The N-band emission region is extremely compact and is found to be
asymmetric, even in the N-band. We find that the discs around our sample stars have
very similar dimensions and display a very similar wavelength dependent visibility
slope. The typical diameter of the N-band emission region is∼ 40 AU. We compared
the spatial information provided by the MIDI interferometer with a self-consistent disc
model. This disc setup, although constrained solely on basis of the broad band SED
characteristics of the sample, reproduces the interferometric observations extremely
well. The intensity profile of our single ’prototypical’ disc must be consistent with the
real intensity profile for all targets. Significant star-to-star differences are, however,
found, especially in the surface brightness temperature ofthe targets. We find that this
difference is related to a different absorption efficiency of the discs around the various
targets, which is likely linked to the process of grain growth. For those targets in which
the dust grains have significantly grown, the absorption efficiency of the circumbinary
disc will be lowered whilst keeping the intensity profile fairly similar. Intriguingly the
absorption efficiency of the circumbinary disc is correlated with the orbital period of
the central binary. We discuss the relevance of this correlation in the formation and
evolutionary scheme of binary post-AGB stars. We postulatethat the correlation is
likely the result of an evolutionary effect after the formation of the circumbinary disc,
rather than of the formation history.
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6.1 Introduction

It is proposed that the peculiar class of binary post-AGB stars which display a broad infrared
excess, are objects which are surrounded by a stable, circumbinary, dusty disc (see Chapter1).
About the geometry of this dusty disc surprisingly little isknown. The usual approach to
derive the dusty geometry is to fit the spectral energy distribution. This spatially unresolved
probe contains little information about the geometry. Fitting a broad band SED is known to be
strongly degenerate. This is apparent in the literature, where the infrared excess in the SED
has been reproduced both with dust residing in a spherical geometry (e.g.De Ruyter et al.
2006) as well as with realistic disc models (e.g.Gielen et al. 2007). Excluding purely grey
extinction, the only probe to non-spherically symmetric circumstellar dust is the absence of
circumstellar reddening around stars with a strong IR excess.

With the advent of a new interferometric instrumentation inthe near-infrared, it has now
become possible to study the dusty environments of these targets at an unprecedented angular
resolution. Of much interest is the Very Large Telescope Interferometer (VLTI) because of
its accessibility to the European astronomical community and the possibility to combine the
light of both 8 m class telescopes as well as 1.8 m class telescopes. Moreover, the investment
of Belgium in the VISA array (the 1.8 m class telescopes) allowed us to gather much of the
data in the framework of Guaranteed Time allocation.

In this chapter, we present the results of the first interferometric survey of the circumstellar en-
vironment around binary post-AGB stars. The spatially resolved observations are performed
with MIDI, the Mid-Infrared Interferometric instrument (Leinert et al. 2003a), operating in
the N-band. It is a single baseline interferometer which measures spectrally resolved fringes
in the 10µm atmospheric window (from 8 to 13µm).

The N-band has the advantage that it traces the peak of the infrared excess of most post-AGB
binaries. The N-band also covers the emission bands due to the Si-O stretch of several sili-
cate grains, both amorphous and crystalline. Spectrally dispersed visibilities in the N-band
will determine not only the size of the bulk of the dust emission, but can also probe possi-
ble differences in the geometry related to dust mineralogy.Moreover, the spatially resolved
measurements can trace the asymmetric nature of a disc emission. Such detections will con-
firm the disc nature of the circumstellar environment, currently (convincingly) inferred from
spatially unresolved measurements for most targets. Spatially resolved measurements will
constrain the disc models developed in Chapter5 and greatly enhance our understanding of
the system. By studying a large sample of targets, we aim at gaining insight in the (possible)
relation between the disc and the stellar and binary characteristics.

This chapter is constructed as follows: in Sect.6.1 we introduce the sample of targets and
describe their interferometric observations in Sect6.3. We discuss the spectrally resolved
measurements and derive the global characteristics of the emission of the various targets
in Sect.6.4. In Sect.6.5, the measurements are confronted with the models developedin
Chapter5. We analyze possible correlations in the sample and end withour conclusions in
Sect.6.8.
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Table 6.1 —The list of binary post-AGB stars in our interferometric survey which display a large infrared excess. For each target, the stellar parameters of
the post-AGB primary and the orbital parameters are provided. We give for each target the coordinates and galactic coordinates together with the spectral
type retrieved from Simbad. We also provide the subclass of each target as described inDe Ruyter et al.(2006) under the column Type. We differentiate
between the confirmed RV Tauri tars (’RV Tauri’), the stars with infrared colours similar to those of the RV Tauri class (’New Sample’) and the classical
post-AGB binaries (’post-AGB’).

target Gal. coord. Gal. coord. α2000 δ2000 Spectral Type

l b [h m s] [ o ’ ”] Type

HD 52961 204.67 +07.57 07 03 40 +10 46 13 F6I post-AGB

AR Pup 253.02 -03.00 08 03 01 -36 35 47 F0I RV Tauri

IRAS 08544-4431 265.50 +00.39 08 56 14 -44 43 11 F3 New Sample

IRAS 10456-5712 286.87 +01.49 10 47 38 -57 28 03 K5 New Sample

SX Cen 297.87 +13.36 12 21 13 -49 12 41 G3V RV Tauri

IRAS 15469-5311 327.82 +00.63 15 50 44 -53 20 44 F3 New Sample

IRAS 17038-4815 339.79 -04.68 17 07 36 -48 19 08 G2p RV Tauri

IRAS 17243-4348 345.49 -04.99 17 27 56 -43 50 48 G2 RV Tauri

89 Her 051.43 +23.19 17 55 25 +26 02 60 F3I post-AGB

AC Her 050.49 +14.24 18 30 16 +21 52 00 F4I RV Tauri

IRAS 19125+0343 039.02 -03.49 19 15 01 +03 48 41 F2 New Sample
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6.2 Description of the sample

Our sample consists of eleven post-AGB binaries observed athigh angular resolution with
MIDI over the last three years. All targets belong to the peculiar class of post-AGB stars
surrounded by a stable dusty disc discussed inDe Ruyter et al.(2006). The presence of this
disc is postulated on the basis of several spatially unresolved measurements (see Chapter1).
The sub-sample selection is based on the flux limits imposed by the MIDI interferometer.
Since our observations were performed using both the large 8m unit telescopes (UT) and
the smaller 1.8 m auxiliary telescopes, the sample consistsboth of targets with moderate flux
in the N-band and targets with high fluxes. Considering that eleven of the fifty-one targets
of the sample described inDe Ruyter et al.(2006) are observed, this survey presents a very
extensive study of the spatially resolved nature of the circumstellar discs surrounding post-
AGB binaries. The target list is provided in Table6.3together with some basic parameters of
the different post-AGB binaries.

In De Ruyter et al.(2006) three subclasses are defined in their sample: (1) confirmed binary
post-AGB objects (’post-AGB’), (2) classical RV Tauri stars showing a large infrared excess
(’RV Tauri’) and (3) candidate RV Tauri stars with a similar position in the IRAS colour-
colour diagram as the classical RV Tauri stars (’New Sample’). In Table6.3we list the cor-
responding subclasses for our target sample. By now, it is accepted that all objects in the
sample belong to the same class of binary stars, whose evolution must have been influenced
by a binary interaction. We will therefore not use the discrepancy between these groups and
assume that the RV Tauri stars with infrared excess are comparable objects, which happen to
be located in the population II instability strip.

6.2.1 Spectral energy distribution

For all targets of the sample, we reproduced the SED using thedata presented in
De Ruyter et al.(2006). Since most objects show a (small) photometric variability in their
light curves, we used only the photometric data obtained at maximum brightness. To maxi-
mize the consistency in the photometric data for a single target, the optical data were limited
to one particular photometric system since these magnitudes were observed simultaneously.
Preference was given to the data in the Geneva system if data in different photometric sys-
tems were available. The Geneva system is well calibrated and very homogeneous. The
Northern sample was observed with the 1.2 m Flemish Mercatortelescope. In the infrared,
the amplitude of the photometric variability is much smaller and we used all available data. In
the infrared, we complemented the broad-band data presented in De Ruyter et al.(2006) with
N-band spectra observed with TIMMI (De Ruyter 2005). Various targets have high spec-
tral resolution infrared data over a large wavelength rangeobserved either with ISO/SWS or
SPITZER/IRS spectrography (reduced and kindly made available by C. Gielen). These ob-
servations are used as well. The ISO/SWS data were publishedalready (Molster et al. 2002b;
Deroo et al. 2006) and the SPITZER/IRS data will be published in (an) upcomingpaper(s) of
our group to which we refer for the data description. Some details on the reduction can be
found already inGielen et al.(2007).

To correct the observed fluxes for attenuation and reddeningby material in the line-of-sight,
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we used the standard extinction law ofSavage & Mathis(1979) which was extended in the
infrared with the theoretical extinction law ofSteenman & The(1989, 1991). The amount
of extinction was determined by minimizing the difference between the dereddened optical
fluxes and the latest KURUCZ model atmospheres (Kurucz 1979, and further updates). Since
the infrared excess of binary post-AGB stars typically starts already at the H- or K-band, we
limited this minimization to the wavelength regions beforethe H-band. The photospheric
parameters were taken fromDe Ruyter et al.(2006) and references therein. They are deter-
mined on the basis of high resolution spectra with the exception of IRAS 10456, for which the
parameters are derived from the spectral type. The stellar parameters are given in Table6.2.
We note that the companion star is unimportant in the SED modeling, since it is most likely
an un-evolved main sequence star of which the contribution to the total flux is too marginal
to be detectable. The derived total colour excess (E(B-V)) for the different targets is given as
well in Table6.2.

Under the assumption that the extinction is only due to the interstellar medium (i.e. the same
for the dusty environment as for the central star), we applied the reddening to the infrared
data as well. In this manner, we derived dereddened broad-band photometry and infrared
spectra for each target. Since part of the material in the line-of-sight could be circumstellar,
the applied dereddening should be considered as a maximal correction. The circumstellar
material is largely aspherical and we suspect only small over-compensations. Dereddening
the infrared data has a marginal influence on the total integrated infrared flux, but is impor-
tant for the shape of the N-band spectra. The dereddened N-band spectra are shown in the
top panel of Figs.6.3 to 6.13, where the original and dereddened spectra are shown using a
different color (grey scale for the original spectrum and black for the dereddened spectrum).
The most important influence of dereddening the N-band spectrum is situated in the spec-
tral region around 9.8µm, where strong spectral features associated with amorphous silicate
grains reside. The effect of ISM dereddening is that it lowers the ratio between the strength of
the peak at 11.3µm in relation to the peak at 9.8µm (see e.g. Fig.6.8). Since both peaks are
commonly used to determine the amount of crystalline versusamorphous grains in the disc,
dereddening the N-band spectra lowers the crystallinity degree (see Chapter2 and3). As the
decomposition of the ISM and circumstellar extinction is not known for the program stars at
the moment, one has to be cautious in the quantified interpretation of the N-band spectra of
strongly dereddened sources. In our sample this is the case for IRAS 08544, IRAS 15469 and
IRAS 19125.

From the SED we estimate the distance of the various targets.Since most post-AGB objects
are too far to obtain accurate parallaxes with astrometric satellites like Hipparcos, a lumi-
nosity has to be assumed. For the RV Tauri targets, the luminosity is determined using the
period-luminosity relation derived from the RV Tauri starsdiscovered in the Large Magellanic
Clouds (Alcock et al. 1998). We note that we updated the list of RV Tauri variables listed in
De Ruyter et al.(2006) to include also IRAS 17038 and IRAS 17243 for which photometric
RV Tauri like variability has been found inDe Ruyter(2005) and Kiss et al.(2007). The
P-L relation is calibrated using the fundamental period andwe updated theDe Ruyter et al.
(2006) values accordingly. For the other stars, we assumed a lowermass post-AGB star,
which is expected to have a luminosity between 1000 and 10000L⊙. We assumed a lumi-
nosity of 5000 ± 2000 L⊙ for the non RV Tauri variables, as was done inDe Ruyter et al.
(2006). Rescaling the dereddened fluxes to the KURUCZ model with the appropriate lumi-
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nosity gives the distance. Using the SED, we also determinedspectro-photometrically the
angular radius of the post-AGB photosphere. Since this value is determined in angular units
and is independent of the (poorly known) luminosity of the targets, this is a useful quantity
for comparison with our interferometric observables. The distances and the angular radii for
the various targets are provided in Table6.2.

The resulting SEDs for the targets of our sample are shown in Fig. 6.1. The parameters
derived from this broad-band diagnostic are given in Table6.2. The errors on these values are
determined through a Monte-Carlo simulation on the photometric data and the luminosity.
For the photometric data, we took a conservative error estimate of 0.05 mag on the optical
measurements and used a Gaussian probability distribution. In the simulation, we did not
take into account the uncertainty on the stellar photospheric parameters. This uncertainty
typically introduces an additional error on the reddening of 0.02. Our results do not differ
significantly from the values obtained inDe Ruyter et al.(2006), except for the fraction of
energy reprocessed by the circumstellar environment. We provide new results on the angular
radius of the primary and the amount of flux emitted by the post-AGB star in the N-band. We
also inspected in detail the effect of reddening on the infrared spectra and found this to be
non-marginal for the shape in the N-band.

The sample contains one exceptional case, AR Pup, from whichwe presumably do not receive
direct stellar light, but mainly scattered light (De Ruyter et al. 2006). This would be resulting
from a disc seen nearly edge-on and makes the aspect angle to the target very similar to the
well known example of the Red Rectangle, for which the stellar component is also observed
only in scattered light. This is in agreement with the exceptionally large polarization observed
for AR Pup inRaveendran(1999). Since the scattering efficiency is hard to determine, our
distance estimate based on the luminosity as well as the angular radius estimate are not very
relevant. The parallax of this target is rather well determined and puts it at a distance of
400629256 pc. If, however, the optical emission region proves to be resolved, then the parallax
measurement might be spurious as well, as is the case for the Red Rectangle. The distance
from the parallax presents in that case a lower limit to the distance. We determined the
distance of AR Pup also from the observed infrared excess. Ifwe assume that all photospheric
flux is re-emitted in the infrared, we determine an upper limit on the distance:800 ± 250 pc.
Since both distances are likely limits, in the following we use as (rough) distance estimate for
AR Pup600±200pc. This value is compatible with the distance derived from the comparison
between AR Pup and the Red Rectangle.

The defining characteristic of this sample and the more general group of binary post-AGB
objects is certainly the SED, which shows a large infrared excess already starting around H
or K. The dusty circumstellar environment redistributes onaverage 50 % of the total energy
in the system (see Tab.6.2). Since the photosphere of the post-AGB star is currently too hot
(typical spectral type: F-G) to accommodate a strong dusty mass loss, the infrared dust excess
must originate from a stable reservoir somewhere in the system. The remnant of a previous
AGB mass loss would have cooled significantly, even within the human timescales during
which most objects are known. Some objects are known in the HDcatalogue for∼ 100 years
and are listed there with similar spectral types. So even therecorded, quantified history of
some objects allows to put constraints on the mass loss history.
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Figure 6.1 — The SEDs for the different targets in our MIDI sample. In the optical, the dereddened
photometry is shown using diamonds while the scaled unattenuated stellar photosphere is plotted using
a solid line (i.e. a KURUCZ model). In the infrared, a large excess is found which redistributes about
50 % of the total energy for most targets. The SED of AR Pup is even dominated by the IR radiation.
The N-band spectrum obtained with TIMMI is given as well and complemented with SPITZER/IRS or
ISO/SWS spectra (AC Her and 89 Her). For IRAS 10456, IRAS 08544, IRAS 15469 and AR Pup, no IR
spectral information is available outside the N-band.
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Table 6.2 —A summary of the results from the spectral energy distribution analysis. The stellar parameters (Teff , log(g), [Fe/H]) of the post-AGB star, with
the exception of IRAS 10456, are determined through spectroscopic high resolution studies, for which we refer toDe Ruyter et al.(2006) and references
therein. The distances are based on the SED and the assumed luminosity with the exception of AR Pup (see text), for which wecould only determine
an upper limit from the SED. The SED was used to determine the angular radius of the evolved star (AR), the fraction of energy reprocessed by the
circumstellar environment (Lir/L∗) and the amount of flux emitted by the photosphere in the N-band (<F>∗,N ).

target Teff log(g) [Fe/H] E(B-V)tot AR L∗ d Lir/L∗ <F>∗,N

[K] [mas] [103 L⊙] [kpc] % %

HD 52961 6000 0.5 -4.8 0.00 ± 0.00 0.139± 0.001 2 ± 1 1.4 ± 0.3 13.5 ± 0.6 4.04 ± 0.08

AR Pup 6000 1.0 -1.0 0.47 ± 0.02 0.3 ± 0.2 2 ± 2 0.6 ± 0.2 530 ± 30 0.074± 0.004

IRAS 08544 7250 1.5 -0.5 1.28 ± 0.03 0.263± 0.008 5 ± 2 0.8 ± 0.2 58 ± 4 0.34 ± 0.02

IRAS 10456 4250 0.5 0.0 0.29 ± 0.02 0.88 ± 0.03 5 ± 2 0.7 ± 0.1 45 ± 4 2.1 ± 0.1

SX Cen 6000 1.0 -1.0 0.22 ± 0.02 0.076± 0.002 2 ± 1 2.5 ± 0.6 32 ± 2 1.11 ± 0.06

IRAS 15469 7500 1.5 0.0 1.29 ± 0.03 0.122± 0.004 5 ± 2 1.6 ± 0.3 71 ± 5 0.27 ± 0.02

IRAS 17038 4750 0.5 -1.5 0.21 ± 0.02 0.105± 0.003 2 ± 1 2.9 ± 0.7 62 ± 4 0.90 ± 0.05

IRAS 17243 6250 0.5 0.0 0.59 ± 0.02 0.073± 0.002 4 ± 2 3.4 ± 0.8 69 ± 4 0.44 ± 0.02

89 Her 6500 1.0 0.0 0.00 ± 0.00 0.262± 0.002 5 ± 2 1.0 ± 0.2 46 ± 1 0.79 ± 0.01

AC Her 5500 0.5 -1.5 0.02 ± 0.02 0.183± 0.005 2 ± 2 1.4 ± 0.4 39 ± 3 0.98 ± 0.06

IRAS 19125 7750 1.0 0.0 1.10 ± 0.02 0.099± 0.003 5 ± 2 1.8 ± 0.4 52 ± 3 0.36 ± 0.02
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Table 6.3 — The binary nature of the list of targets. All objects are confirmed binaries and the orbital solutions are given. The (preliminary) binary
solution derived from our ongoing radial velocity program is given for IRAS 17243 without a reference. Note that although the binary nature of AR Pup is
established from our radial velocity monitoring, no orbital solution could be retrieved at the moment. The orbital period for this target is derived from the
long term photometric variations in its light curve, the so-called RVb phenomenon. For each target, we provide in the last column whether the photometric
’b’ phenomenon, an attenuation of the light coming from the star in phase with the orbital motion of the evolved component, has been observed or not. We
also provide the mass function (f(M)) and the system velocity (γ).

target Pbinary a sin(i) f(M) γ ’b’

[days] [AU] [M⊙] [km s−1]

HD 52961 1297± 7a 1.54a 0.29a 7.4 ± 0.5a yesb

AR Pup 1165± 4c,h - - - yesc,h

IRAS 08544-4431 499 ± 3d 0.32d 0.03d 62.1 ± 0.2d -

IRAS 10456-5712 572 ± 6e 0.015± 0.001e 1.4 × 10−6 e - ?c

SX Cen 592 ± 13a 1.23a 0.70a 19.1 ± 0.4a yesj,k

IRAS 15469-5311 382 ± 1e 0.43 ± 0.01e 0.07e −14.7± 0.1e -

IRAS 17038-4815 1381 ± 16i 1.55i 0.20i −27.2± 0.3i yese

IRAS 17243-4348 483 0.18 0.003 −27.2 ± 1.5 -

89 Her 288 ± 1f 0.08f 8 × 10−4 f −28.7± 0.3f -

AC Her 1196± 6g 1.39g 0.25g −33 ± 1g -

IRAS 19125+0343 508 ± 3e 0.56 ± 0.01e 0.09e 67.2 ± 0.3e -
a Deroo et al.(2006) b Van Winckel et al.(1999) c Kiss et al.(2007)
d Maas et al.(2003) e Maas(2003) f Waters et al.(1993)
g Van Winckel et al.(1998) h Raveendran(1999) i Van Winckel(2007)
j O’Connell(1933) k Voûte(1940)
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6.2.2 Orbital elements

For all objects of our MIDI sample, the binary nature has beenconfirmed either by published
results or by our, as yet unpublished, radial velocity monitoring program. Those radial veloc-
ity data were obtained thanks to the Flemish-Swiss collaboration in exploiting the twin tele-
scopes Mercator-Euler, and the resulting observations of post-AGB stars with the CORALIE
spectrograph. In Table6.3we list the orbital data for the different objects. The preliminary
orbital solutions from our CORALIE radial velocity monitoring program are given without a
reference and are in preparation to be published in upcomingpapers by our group. For one
object, AR Pup, we can link the measured radial velocity variations to an orbital motion, but
our data is currently too scarce to determine the orbital elements.

For some post-AGB binaries, also the photometric behavior has been linked to their binary
nature. For the RV Tauri variables, a long term photometric variability was found for some
members already long ago (see e.g. The General Catalogue of Variable stars,Kukarkin et al.
(1971)), but only in recent years it was realized to be correlated with the binary orbit. RV Tauri
stars are (historically) classified in two photometric classes labeled ’RVa’ and ’RVb’. The
RVa class consists of objects with a constant mean magnitudeover different pulsation cycles,
while the photometric RVb class consists of objects with long-term variability in the mean
magnitude. Later, it was realized that the distinction between both photometric classes was
not related to a physical difference, but rather to a geometrical difference (Evans 1985; Fokin
1994; Van Winckel et al. 1999). The different classes originate from a difference in the view-
ing angle onto the flattened circumbinary material. For the binary objects with a high viewing
angle, the line-of-sight will go through the disc material and the amount of material in the
line-of-sight will be varying with the orbital motion of theprimary. The same phenomenon,
a long-term variation in the light curve which correlates with the binary orbit, has since been
found in the wider group of binary post-AGB stars (e.g.Waelkens et al. 1991a; Waters et al.
1997; Maas et al. 2003; Kiss et al. 2007).

The detection of such a long-term photometric variation presents an alternative means to de-
termine the binary period of the system. This approach is used for AR Pup. We derived the
likely orbital period of the system from the observed periodof the photometric RVb phe-
nomenon, which is given in Table6.3. Moreover, the detection of a variable circumstellar
extinction in the photometric light curve puts strong constraints on the possible inclinations
of the system: the system is surrounded by a flattened disc which must be seen under a high
inclination in order to see variable circumstellar extinction in the line-of-sight. In Table6.3
we provide whether the ’b’ phenomenon has been observed for each target or not. Four tar-
gets display this photometric phenomenon, while it is less certain for one case, IRAS 10456.
We remark the photometric ’b’ phenomenon of AR Pup. Here, thelong term variability
is very similar to the one detected in the Red Rectangle (i.e.a grey brightness variation,
Waelkens et al. 1996), where the scattering angle varies during orbital motion,making the
photometric integrated light vary with the same period (Pollard et al. 1996). Moreover, also
a strong polarisation is observed for AR Pup (Raveendran 1999).
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6.3 Observations and data reduction

6.3.1 Description of the data

All post-AGB targets were observed with the MIDI (MID-infrared Interferometric instru-
ment,Leinert et al. 2003a) instrument. It is mounted on the VLTI (Very Large Telescope
Interferometer) located in Paranal and operated by ESO. Thedata were observed during Sci-
ence Demonstration Time, Open Time and Belgian Guaranteed Time over the last three years.
The individual observations are listed in Table6.7.

The MIDI interferometer is a two-beam combiner operating inthe N-band (i.e. 8 -13µm). It
combines high angular resolution (up to a spatial resolution of 10−2 arcsec) capabilities with
spectral resolution over the N-band. The spectral resolution is achieved by inserting either a
prism or grism in the optical path of the beams. The prism provides a low spectral resolution
(i.e.R ∼ 30) while the grism gives an intermediate (i.e.R ∼ 230) spectral resolution.

After acquiring the target in both beams, a beam combiner (i.e. the heart of the interferom-
eter) is inserted into the beams. Two spectrally dispersed interferograms are now acquired
on the detector, which are of opposite phase. After adjusting the VLTI delay lines to zero
OPD (optical path difference), MIDI will determine the interferometric observable, the vis-
ibility, by modulating the internal delay and detecting theresulting temporal variations of
the intensity in the pupil plane (i.e. Michelson type interferometer). During this phase, it is
not needed to chop in order to remove the large background in the N-band. The background
is uncorrelated and will not produce interferometric signal in the reduction process. In this
manner the fringe amplitude is obtained and after division through the uncorrelated flux (i.e.
the flux in the single beams), we obtain the (instrumental+scientific) visibility amplitude.
The uncorrelated flux is determined separately by chopping between the object and the sky, a
standard observing technique for a normal mid-IR instrument. Repeating the procedure for a
calibrator object of known diameter, the instrument’s transfer function can be calibrated and
the real visibility of the science object is obtained, per wavelength channel.

First results on our MIDI sample are already presented in Chapter2 and4 andBujarrabal et al.
(2007). The targets were observed between 2004 and 2006 with baselines ranging from 30
to 130 m. Most observations were performed with the prism as dispersive element, while
for AC Her the grism was used to disperse the light. For all observations, we used the so-
called HIGHSENS mode (high sensitivity), meaning that the correlated and uncorrelated
flux are measured separately in time. Although this improvesthe sensitivity considerably (all
light can be used for fringe detection), the accuracy on the absolute value of the visibility
amplitude is lowered to typically 10 %. The differential accuracy, i.e. the relative visibility
per wavelength bin, is much better since the atmospheric turbulence effects are negligible
over the few nanometers difference between the spectral channels. In Table6.7, we give a
summary of the different observations for the various targets together with their respective
calibrator observation.
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6.3.2 Data reduction

To reduce the data, we used the MIA+EWS package version 1.5.2. This package consists
of two methods, MIA and EWS, which use a different approach toreduce the data. The
MIA method is based on power spectrum analysis (referred to as incoherent analysis), while
the EWS routine (Expert Work Station) reduces all frames to the same OPD and adds them
coherently (referred to as coherent method). The MIA reduction tool was deleveloped at the
Max-Planck Institut für Astronomy in Heidelberg while theEWS package is developed by
W. Jaffe from the Sterrenwacht Leiden (Jaffe 2004).

The reduction scheme consists of several steps. First we make a mask based on the position of
the photometric data. With this mask, we eliminate those areas of the detector not illuminated
by the science target but rather by the thermal and tunnel background. The same mask was
used both during the incoherent as well as the coherent method. Then, we determined the
difference between both oppositely phased interferogramsand this data is ordered in scans. In
this manner the background is already reduced by approximately 90 %. In the MIA reduction
scheme, each of the scans is Fourier-transformed from OPD tofringe frequency space. Based
on the wavelength and the OPD, the power is calculated in the correct frequency interval.
This value is then used to determine whether the scan was a ’good’ scan (around zero OPD
and containing interferometric signal of the target) or not. To determine the interferometric
flux, the power in those scans not centered around zero OPD is subtracted from the good
scans in order to remove the background noise. Note that the default observation starts with
a number of scans far away from zero OPD so that this subtraction can be performed. The
interferometric power is now divided through the uncorrelated flux to obtain the raw visibility.
The photometric flux is measured in concatenation with the interferometric observation and
the sky is subtracted by the chopping technique. This procedure is executed for both the
science target as well as the calibrator star. After correcting for the extended nature of the
calibrator target, the raw visibilities are divided to obtain the real visibility of the science
target. Note that the calibrators we used are essentially unresolved at the different baseline
settings, making calibration errors due to diameter uncertainties marginal.

Contrary to the incoherent analysis, which allows the summing of scans where the relative
OPD is not know, the coherent method needs to determine the atmospheric delay. Because
of the large wavelength coverage in the N-band, this can be done accurately by measuring
the fringes in frequency space (Jaffe 2004). As a first step, the known instrumental delay
is removed after which the atmospheric delay is retrieved through a group delay estimate.
The residual instrumental phase still present in the data (mostly due to the varying index of
refraction of water vapor) is removed by a constant phase shift over the N-band (Tubbs et al.
2004). Finally the data can be added coherently to obtain the interferometric power but
also the differential phase. From this point onwards, both reduction packages use the same
procedure to obtain the real visibility. The resulting calibrated visibility amplitudes of both
methods are consistent within a few percent. Since the coherent method provides, in addition,
a differential phase, we use the visibilities obtained withthe coherent method for the rest of
this chapter.

In Figs.6.3to 6.13, we show the resulting visibility for the different targetsunder the various
observational setups. In the middle panel, we provide the visibility amplitude while in the
bottom panel, we show the differential phase. The differential phase for most targets is still
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contaminated by the varying index of refraction of water vapor. It could not be entirely
calibrated, since the optical path is not identical for the science and calibrator targets. In
Fig. 6.2, we show the instrumental phase of a typical calibrator source. For most targets
where a non-zero differential phase is found, the shape resembles very much the instrumental
phase of a calibrator. Only for AR Pup and AC Her, a clear non-zero and non-instrumental
differential phase is retrieved. Tentatively, we argue that also for IRAS 17038-4815 a non-
zero differential phase is retrieved which is not related tothe varying index of refraction of
water. The signal is, however, quite small for this target.

Figure 6.2 —The instrumental phase measured for the calibrator HD 134505 on 2005/06/27. The shape
is typical and is caused by the varying index of refraction ofair in the VLTI delay tunnels. Although
under ideal circumstances this instrumental effect is removed after calibration, for most science targets
it is still present in the calibrated differential phase.

Most objects show visibilities much lower than unity over the wavelength band with two
noticeble exceptions: SX Cen and 89 Her. The mean visibilityof SX Cen is consistent with
unity (or unresolved) over the wavelength band. 89 Her may bemarginally resolved around
8µm. We note that the calibration of the data of 89 Her was extremely challenging due to the
low flux provided by the calibrator. The substructure in the visibility curve over the wave-
length band is entirely due to the structure present in the instrumental visibility curve (i.e. of
the calibrator). The raw visibility of 89 Her is a smoothly, lineairly increasing curve over the
wavelength band, typical for a calibrator source. Since thestrange shape of the instrumen-
tal visibility curve was not retrieved for any of the other calibrator stars and since the raw
visibility curve of 89 Her resembles very much a ’typical’ calibrator source, we argue that
the substructure is not real and that 89 Her is unresolved. Inthe rest of this contribution, we
treat 89 Her and SX Cen as unresolved objects with a measured visibility over the wavelength
band larger than0.7.
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Figure 6.3 — top panel: The N-band
spectrum of HD 52961. The dereddened
spectrum is shown in black while the
measured spectrum is given in grey. Note
that since no extinction is found for
HD 52961, these lines coincide.middle
panel: The visibility amplitude measured
with the MIDI interferometer. The dif-
ferent measurements are drawn using dif-
ferent colors and different linestyle.bot-
tom panel: The differential phase as mea-
sured for the different observations.

6.4 Global analysis

Although our survey consists of many targets, the number of interferometric observations per
target is limited (typically 3 measurements). Due to the lowdegree of coverage of the uv-
space, it is impossible to derive a detailed picture of the circumstellar environment for every
target. We focus in this section on the global characteristics of the N-band geometry for each
target. In the following section, we will confront our interferometric test with the standard
model for discs around binary post-AGB stars, which was developed in Chapter5.
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Figure 6.4 —Same as Fig.6.3but now for AR Pup. Figure 6.5 — Same as Fig. 6.3 but now for
IRAS 08544.

6.4.1 Size estimate of the N-band emission

With our interferometric data, we can, for the first time for many targets, determine the size
of the N-band emission. An important aspect of the N-band is that it covers spectral features
attributed to the Si-O stretch of silicates. From the singletelescope spectra of the different
targets, shown in Figs.6.3 to 6.13, it is apparent that all targets show prominent silicate
emission bands from∼ 9− 12 µm (see e.g. also Chapter2 and3 for more details). Since the
observed visibility amplitude in this emission band will depend on the structure of the disc as
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Figure 6.6 — Same as Fig. 6.3 but now for
IRAS 10456.

Figure 6.7 —Same as Fig.6.3but now for SX Cen.

well as on the exact mineralogy of the silicate grains and thedust distribution, we deduce the
global size of the emission region outside the silicate bands. As ’continuum’ wavelengths,
we have chosen the wavelengths 8.3µm and 12.7µm (with a∆λ = 0.4 µm for both).

As the photospheric contribution in the N-band is marginal (see Table6.2), we ignore it in
this first analysis. We interpret the data using a single-component model for which we use an
analytical and symmetrical model. The targets which are observed with different baselines
at different position angles are modelled separately, since asymmetry is suspected. Different
first order analytical models could apply for the intensity distribution of the expected disc
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Figure 6.8 — Same as Fig. 6.3 but now for
IRAS 15469.

Figure 6.9 — Same as Fig. 6.3 but now for
IRAS 17038.

structure: a Gaussian profile, a limb-darkened disc, a ring model or a uniform intensity pro-
file. Each model has its advantages, but with the limited uv-coverage for each target, it is
impossible to distinguish between these models. We used thesimplest model, a uniform but
wavelength dependent intensity profile (i.e. uniform disc,UD), to retrieve an estimate of the
size of the N-band emission. Using a Gaussian or a limb-darkened intensity profile provides
the same results. The absolute size will slightly differ, but the trend will be the same. A ring
model represents the geometry presumably better, because dust is likely not present above
sublimation temperature. This model, however, implies thedetermination of an extra param-
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Figure 6.10 — Same as Fig. 6.3 but now for
IRAS 17243.

Figure 6.11 —Same as Fig.6.3but now for 89 Her.

eter (i.e. the inner radius) which is under-defined with the current data. We will confront the
observations with the intensity distribution of a self-consistent model in Sect.6.5.

In the assumption of a uniform disc, the visibility is given by V = 2J1(x)/x, wherex =
2πθB/λ with θ the diameter of the disc (UDD),B the projected baseline length andJ1 the
Bessel function of first order. The visibility is a smoothly increasing function with wave-
length, as long asx < 1.22 × π. The increase is depending on how well the emission is
resolved: A steeper increase is observed when the emission is more resolved. As long as the
visibility amplitude is above 0.13, the transformation from visibility to diameter is unique,
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Figure 6.12 — Same as Fig. 6.3 but now for
AC Her.

Figure 6.13 — Same as Fig. 6.3 but now for
IRAS 19125.

while below this value, multiple solutions exist. We wish tonote that the binary nature of the
central star is unimportant for the MIDI visibilities, since the secondary main sequence star
is not observable (not even in the correlated flux).

In Table 6.5, we give the diameter of the emission region corresponding to the 8.3 and
12.7µm continuum points. The diameter is given for each measurement separately, since the
intensity distribution is likely not spherically symmetric. The size of the emission measured
on the sky is typically 30 mas (milli-arcsec), which proves that long baseline interferometry
is the only means of probing the spatial structure of the circumstellar environment. Using
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the (uncertain) distance and spectro-photometrically derived angular radius of the post-AGB
star, we transformed the angular scale as measured on the skyto physical units: astronomical
units (AU) andR∗ respectively. These physical size estimates are given in Table 6.5. The
error bars on these physical scales are much larger since theuncertainties on the distance and
the angular radius must be taken into account.

The interferometric size of the N-band emission is graphically summarized for the various
targets in Fig.6.14. For each target, we show the mean size of the emission at 8.3µm and
12.7µm. The N-band emission is extremely compact for all targets,with diameters smaller
than 60 AU at 8.3µm and only slightly larger at 12.7µm. In Fig.6.15, we show the histogram
of the UDDs for those targets which were resolved by the interferometric setup (nine out of
the eleven). The histogram is extremely narrow for both wavelengths and provides a mean
diameter of37±8 AU and48±12 AU at 8.3 and 12.7µm respectively. The extremely narrow
distribution in the physical size of the emission for the sample is striking: the observed spread
in the size is compatible with the typical uncertainty on this value introduced by the uncertain
distance (typically∼ 10 AU).

In Fig. 6.16, we graph the ratio between the diameter at both continuum wavelengths. We
show this ratio only for those sources which were resolved, since it has no physical meaning
for the unresolved sources. The ratio samples the wavelength dependent increase in size of the
disc from 8.3µm to 12.7µm. For all targets, the size of the emission region increasesmoving
towards the red part of the N-band. Such an increase is consistent with a dust-distribution
in which the colder dust is located further away from the star. In Fig. 6.16, we also show
the histogram of this ratio. Also for the increase in size between both continuum points, the
sample is very homogeneous. The mean ratio for the sample of the nine targets which are
resolved is1.3 ± 0.2. Note that for IRAS 10456, the value is around unity but is strongly
determined by the measurement at the shortest baseline for which the visibility at 12.7µm
approaches unity. Not including that point would lift the ratio for IRAS 10456 to 1.2 instead,
resulting in a mean ratio for the sample of1.3 ± 0.1. Of course the intensity distribution
of the objects is not a monochromatic uniform disc. The very narrow distribution indicates,
however, that a similar physical distribution is applicable for all targets.

We conclude that the circumstellar environments of our MIDItargets present a homogeneous
group in the interferometric observables. The targets showvery compact N-band emission
regions and of a very similar physical size. Moreover, also the increase in the size of the
emission region with wavelength is alike for the targets. The radial intensity profile of the
dusty discs around the various targets must be comparable, even as a function of wavelength.
We remark that although the derivation of the physical size of the emission is dependent on
the poorly known distance, this is not the case for the wavelength dependent variation of the
size.
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Figure 6.14 —A graphical summary of the physical size of the N-band emission as determined through
our interferometric measurements. For each target, the mean uniform disc diameter (UDD) in Astro-
nomical Units (AU) is given at 8.3µm and 12.7µm in the top and bottom panel respectively. For the
targets which were not resolved by the interferometric setup (SX Cen and 89 Her), an upper limit on
the size is provided. The N-band emission region is extremely compact for all targets, with a diameter
smaller than 80 AU over the N-band for all targets.
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Figure 6.15 —The histogram of the mean physical diameter of the N-band emission for those targets
which are resolved by our interferometeric setup (see Fig.6.14). In black, we show the histogram for
the diameter at 8.3µm, and we over-plotted the histogram of the size at 12.3µm in grey. As bin-size,
we chose 10 AU. The different targets display a very similar size of the emission region. The histogram
is strongly peaked around 37 AU and 48 AU respectively and thestandard deviation on the data is only
8 AU and 12 AU.
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Figure 6.16 —top panel:The ratio between the size of the emission derived at 12.7 and8.3µm. For all
targets, the ratio is larger than unity, indicating a dust-distribution with colder dust located further out
from the star.bottom panel:The histogram of this ratio. As binsize, we chose 0.15. The histogram is
strongly peaked around 1.3 and the standard deviation on thedata is only 0.2. The outlier is IRAS 10456,
which is hardly resolved at 12.7µm.
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Table 6.5: The size of the emission at the two continuum wavelength
regions. For each interferometric observation, we derivedthe angular
diameter in mas and converted these values to R∗ and astronomical units
(AU) using the results from Table6.2.

object PB PA uniform disc diameter at 8.3µm uniform disc diameter at 12.7µm

[m] [deg] [mas] [R∗] [AU] [mas] [R∗] [AU]

HD 52961 41.3 45.6 32 ± 1 228 ± 7 44 ± 9 47 ± 3 338 ± 21 66 ± 14

46.3 46.3 35.9 ± 0.5 258 ± 4 50 ± 10 50 ± 2 362 ± 12 70 ± 15

AR Pup 31.2 57.0 52.46 ± 0.09 175 ± 116 31 ± 10 67.3 ± 0.5 224 ± 149 40 ± 13

31.6 60.1 51.75 ± 0.08 172 ± 114 31 ± 10 66.6 ± 0.5 222 ± 147 40 ± 13

31.2 78.2 48.9 ± 0.4 163 ± 108 29 ± 9 56 ± 8 188 ± 128 34 ± 12

31.7 61.6 50.6 ± 0.1 169 ± 112 30 ± 10 58.3 ± 0.7 194 ± 129 35 ± 11

IRAS 08544 31.2 49.2 41.6 ± 0.3 158 ± 5 33 ± 8 51.9 ± 0.8 197 ± 7 42 ± 10

31.8 57.8 42.3 ± 0.1 161 ± 5 34 ± 8 54 ± 1 205 ± 7 43 ± 10

IRAS 10456 31.6 71.6 42.9 ± 0.6 49 ± 2 30 ± 4 56 ± 6 64 ± 7 39 ± 7

29.5 93.9 44.9 ± 0.6 51 ± 2 31 ± 5 47 ± 6 53 ± 7 33 ± 6

15.0 89.9 57 ± 1 65 ± 3 40 ± 6 41 ± 14 46 ± 16 29 ± 10

SX Cen 44.4 41.9 < 21 ∗ < 266 ∗ < 51 ∗ < 32 ∗ < 406 ∗ < 78 ∗

44.3 42.5 < 21 ∗ < 266 ∗ < 51 ∗ < 32 ∗ < 407 ∗ < 78 ∗

43.3 46.8 < 22 ∗ < 272 ∗ < 53 ∗ < 33 ∗ < 416 ∗ < 80 ∗

IRAS 15469 46.2 -0.8 23 ± 1 189 ± 10 37 ± 7 34 ± 1 279 ± 13 55 ± 10

44.7 35.1 27.8 ± 0.6 228 ± 9 44 ± 8 37.7 ± 0.7 309 ± 11 60 ± 11

96.1 29.1 19.86 ± 0.08 163 ± 5 32 ± 6 26.0 ± 0.2 213 ± 7 42 ± 8

34.6 69.1 22 ± 2 179 ± 18 35 ± 7 33 ± 3 266 ± 22 52 ± 10
∗ Assuming a lower limit of 70% on the visibility.
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Table 6.5: continued.

object PB PA uniform disc diameter at 8.3µm uniform disc diameter at 12.7µm

[m] [deg] [mas] [R∗] [AU] [mas] [R∗] [AU]

IRAS 17038 87.7 64.3 16.9 ± 0.1 161 ± 5 49 ± 11 22.5 ± 0.3 214 ± 7 65 ± 15

59.2 97.9 21.8 ± 0.2 208 ± 6 63 ± 15 27.8 ± 0.7 264 ± 9 81 ± 19

97.2 32.5 14.06 ± 0.07 134 ± 4 41 ± 9 17.4 ± 0.4 166 ± 6 51 ± 12

IRAS 17243 87.2 65.5 12.6 ± 0.2 173 ± 5 43 ± 10 16.9 ± 0.5 231 ± 9 57 ± 13

128.3 36.7 10.89 ± 0.04 149 ± 4 37 ± 9 13.4 ± 0.1 183 ± 5 45 ± 10

97.4 36.2 11.94 ± 0.07 164 ± 5 41 ± 9 15.1 ± 0.4 207 ± 8 51 ± 12

89 Her 31.1 77.3 < 19 ∗ < 71 ∗ < 19 ∗ < 26 ∗ < 97 ∗ < 26 ∗

30.1 80.1 < 23 ∗ < 84 ∗ < 23 ∗ < 56 ∗ < 212 ∗ < 56 ∗

15.5 77.8 < 52 ∗ < 196 ∗ < 52 ∗ < 67 ∗ < 254 ∗ < 67 ∗

AC Her 60.1 104.3 14.86 ± 0.01 81 ± 2 21 ± 6 22.8 ± 0.1 124 ± 3 32 ± 9

45.3 47.7 19.72 ± 0.04 108 ± 3 28 ± 8 30.20± 0.08 165 ± 5 42 ± 12

36.8 50.4 24.3 ± 0.1 133 ± 4 34 ± 9 37.1 ± 0.3 203 ± 6 52 ± 14

IRAS 19125 86.6 82.8 15.7 ± 0.2 158 ± 5 28 ± 6 22.3 ± 0.3 226 ± 7 40 ± 9

57.1 108.9 18.0 ± 0.3 182 ± 6 32 ± 7 26.0 ± 0.9 263 ± 11 47 ± 10

90.8 33.6 16.61 ± 0.05 168 ± 5 30 ± 7 23.5 ± 0.3 237 ± 8 42 ± 9
∗ Assuming a lower limit of 70% on the visibility.
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6.4.2 Surface brightness temperature

The visibility is the Fourier Transform of the intensity distribution on the sky (i.e. Citterd-
Zernike theorem) and is normalized to the visibility at zerospatial frequency. The interfer-
ometric observations thus provide an estimate of the angular extent of the source intensity
distribution on the sky, but not on the absolute strength of this intensity distribution.

If we combine the flux received at zero spatial frequency (i.e. as measured by a single tele-
scope) and the extent of the emission, we can derive a temperature of the emitting surface
assuming a blackbody radiator: the surface brightness temperature. This surface brightness
temperature, as measured at our two continuum wavelength positions, is shown in Fig.6.17.
The errors were Monte Carlo simulated using a Gaussian probability distribution on the basis
of the error on the flux and the error on the mean diameter. We remark that the surface bright-
ness temperature is independent of the poorly known distance of the targets, hence the small
error bars. The observed span in the surface brightness temperatures is large for the sample,
ranging from∼ 200 − 1000K.

In Fig. 6.18, we show the surface brightness temperature of the N-band emission in function
of the fraction of energy reprocessed by the circumstellar environment (Lir/L∗). We find that
both variables are clearly correlated. Those targets with ahigh surface brightness temperature
in the N-band have a strong overall infrared excess. Since the infrared excess is more than just
the N-band excess, the relationship between both variablesshows that the results obtained for
the N-band are most likely applicable to the wider wavelength range in which the infrared
excess is defined.

The most extreme case among the resolved targets is clearly HD 52961. While the size of
the emission region around this object is comparable to the rest of the sample, its SED is
completely different. The amount of flux coming from the emission region is much lower
than for the rest of the sample, resulting in aLir/L∗ ∼ 14% in contrast to the typical value
of Lir/L∗ ∼ 50%.

The other extreme case of the sample is 89 Her, which was not resolved even with the MIDI
interferometer. The temperature of the emission region is the largest of the sample with
temperatures as high asT ∼ 900 K. In the SED, it is indeed found that a hot component is
important, also in the N-band (see Fig.6.19). The other example is IRAS 10456.

We conclude that the infrared excess of all targets is broad and starts around the dust subli-
mation temperature (H or K-band). The emitting surface of this hot dust is different for the
various targets. While targets like 89 Her show that this hotdust still dominates the emission
in the mid-IR, other targets show that the bulk of the material which emits in the mid-infrared
is considerably cooler. Despite the very similar physical sizes of the N-band emitting surfaces
over the whole sample, the surface brightness temperaturesshows a much larger spread. The
absorption/emission characteristics of the dust environment must be significantly different
for the various targets. This conclusion is distance independent and illustrates that there must
be a range of physical properties of the circumstellar material.
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Figure 6.17 — The surface brightness temperature of the emission region at 8.3µm and 12.7µm is
shown in black and grey respectively. In the top panel, we provide this data for the various targets. For
those targets which were not resolved by our interferometric setup, only a lower limit can be provided.
The surface brightness temperature is independent of the (poorly) known distance of the targets, hence
the small error bars. In the bottom panel, a histogram is shown for those targets which were resolved.
The mean surface brightness temperature for the sample is found to be 600 K and 500 K at 8.3µm and
12.7µm respectively. The standard deviation on the derived temperatures for the resolved targets is
150 K and 200 K for both continuum points.
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Figure 6.18 —The surface brightness temperature of the N-band emission in function of the the fraction
of energy reprocessed by the circumstellar environment (Lir/L∗). In black, we show the values at
8.3µm, while those at 12.7µm are shown in red. The N-band surface brightness temperature is clearly
linked to the amount of infrared excess over the full wavelength region. Note that the target AR Pup
is not represented in the plot since itsLir/L∗ value is not representative for the fraction of energy
reprocessed by the circumstellar environment (only scattered light is seen from the central post-AGB
star).

Figure 6.19 —The SED for 89 Her with the same color and line coding as in Fig.6.1. To guide the
eye, in blue we plot a blackbody (T = 1000 K) which reproduces the blue part of the infrared excess.
A significant fraction of the 8µm flux is recovered by this component as well. For this target,we find
using the interferometric constraints a high surface brightness temperature in the N-band.
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6.4.3 Spectral analysis of the visibility amplitude

As shown already in the case study of HD 52961 (see Chapter2), the spectral shape of the
N-band single-telescope spectrum is retrieved in some visibility curves (see Figs.6.3to 6.13).
Assuming a uniform disc intensity profile, the visibility amplitude will increase over the N-
band due to the varying spatial resolution with wavelength.The measured visibility curves
are, instead, quite flat. On top of that, we see for many targets fine structure related to the
silicate emission feature. For many targets, we retrieve a ’bump’ or a ’dip’ in the visibility
pattern ranging from 9 to 12µm. Note that these visibility signatures are often hiding inthe
error bars on the data. The error bars, however, represent the uncertainty on the absolute
value of the visibility. The error on the differential visibility is much smaller and the recur-
rent spectral features in the visibility amplitude between9 and 12µm are evaluated to be
significant.

We showed in Chapter2 that the substructure in the visibility curve between 9 and 12µm
is related to a non-homogeneous distribution of the radiation residing in the silicate feature
compared to that of the underlying continuum, at least for HD52961. Spectral substructure
related to the silicate opacity bump is also found in the simulated visibility amplitudes of a
self-consistent disc model in Chapter5. Even with a homogeneous distribution of the dusty
mineralogy in a disc structure, the different opacity in thefeature and outside the feature
results in a modulation of the visibility amplitudes which correlates with the single telescope
spectrum of the source. A homogeneous distribution of the mineralogy results in a lowered
visibility amplitude between 9 and 12µm.

From Figs.6.3 to 6.13, it is clear that the observed behaviour of the visibility amplitude
with respect to the opacity bump is not similar over the sample. We observe for some
sources a lowered visibility amplitude with a spectral signature of the silicate emissivity (e.g.
AR Pup), while for others the silicate signature is in emission in the visibility amplitude (e.g.
IRAS 17038). To quantify the different spectral behaviour of the visibility, we need to corre-
late the visibility amplitude with the single telescope full spectrum.

We therefore worked as follows: we studied the ratio of the amount of flux in the feature
versus the amount of flux in the continuum in the correlated spectrum and this normalized
to the uncorrelated spectrum. By normalizing to the single telescope spectrum, we identified
the difference in strength of the emission feature in the various targets. In the assumption
of a centrally peaked intensity distribution, the correlated spectra are dominated by the inner
most regions of the disc, which are unresolved by the interferometer. The correlated spec-
trum is therefore, in first approximation, a spectrum of the inner most regions of the disc. We
identified the amount of flux in the feature by performing a lineair fit through the continuum
points at 8.3 and 12.7µm and adopting this fit as the continuum. We then determined the ratio
between the continuum and the feature emission at two wavelengths: 9.8µm and 11.3µm.
These wavelengths are at the peak of the opacity of amorphousand crystalline silicates re-
spectively. The substructure in the visibility amplitude related to the silicate opacity will be
strongest at these wavelengths.

The results of our analysis are shown in Fig.6.20. The errors bars are determined through a
Monte Carlo simulation on both the uncorrelated spectrum and the visibility amplitude. We
took as error bars on the visibility amplitude half of the error on its absolute value, since
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the relative error bars are much smaller (typically one-third). We did not include AC Her in
our analysis, since we will demonstrate in Sect.6.6 that the spectral shape of the visibility
amplitude is not due to the mineralogy but rather due to the structure of the disc. This is only
the case for AC Her, since this target was observed at extremely high spatial resolution.

In Fig. 6.20, most targets show a ratio which is below unity. This corresponds to a low-
ered visibility amplitude in the silicate opacity bump. Only two targets, HD 52961 and
IRAS 17038, have a stronger silicate emission feature in thecorrelated spectrum than in the
single telescope spectrum. We also find that for all targets,a lower/higher visibility amplitude
at 9.8µm results in the same behaviour at 11.3µm. At 11.3µm, the effect is, for most tar-
gets, weaker. The correlated spectrum resembles more the uncorrelated spectrum at 11.3µm
compared to 9.8µm. The noticeable exception is HD 52961, where the deviationfrom unity
is larger at 11.3µm than at 9.8µm. This lead us to the conclusion in Chapter2 that the inner
most regions of the disc around HD 52961 are more crystallinethan the outermost regions.
This seems, however, not at all a general characteristic of the discs around post-AGB bina-
ries. For the targets with a ratio below unity in Fig.6.20, one target stands out: AR Pup. This
target has an extremely low ratio, even below zero. For AR Pup, the silicate emission feature
is in absorption in the correlated spectrum rather than in emission. All other targets have a
silicate feature in emission in the correlated spectrum.

The differential spatial intensity distribution in the silicate emission region compared to the
underlying continuum, gives a very usefull probe to the discstructure and has the potential
to test the spatial dependence of the silicate mineralogy. We found that HD 52961, which
shows a stronger crystallinity feature near the star than further out, is an exceptional case.
Most targets show a visibility behaviour over the wavelength band which is consistent with a
homogeneous distribution of the mineralogy.

6.4.4 Asymmetry in the size of the emission

In this paragraph, we investigate whether the intensity distribution is asymmetric on the sky.
We determine whether the size of the N-band emission is dependent on the angle of obser-
vation. In principle this is straightforward and requires two measurements along different
projected angles. The situation is, however, more complex since the structure of the disc
is not known a priori. We require not only two baselines with different projected angles,
they should have the same projected length. Practically, this is a very stringent observational
challenge and generally not met.

The only target which was observed at different angles (∆PA= 21◦) but with the same pro-
jected baseline length (PB= 31.2m) is AR Pup . The size derived for both measurements is
considerably different: a difference of 3.6 mas at8.3 µm and 11 mas at12.7 µm, which is an
18σmeas and6σmeas detection of asymmetry respectively.

For the other targets observed at different angles, we have to take a different approach. To
determine asymmetry in the size of the emission, we will consider those targets, which were
observed with baselines at different orientations (with∆PA> 30◦), but with similar projected
length (with∆PB< 10 m). We find that four targets of the sample are measured with such
a setup: IRAS 15469, IRAS 17038, IRAS 17243 and IRAS 19125. Wecompare the diameter
of the N-band emission along the different angles of observation, to determine whether the
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Figure 6.20 —The ratio of the flux in the silicate emission feature and the flux in the continuum in
the correlated spectrum and this normalised to the same ratio in the single telescope N-band spectrum.
This ratio is shown for two wavelengths, 9.8µm (top panel) and 11.3µm (bottom panel), which are at
the peak of the opacity of respectively amorphous and crystalline grains. We color code the different
measurements for the various targets in the same way as in Figs.6.3to 6.13. The dashed line represents
the position where the strength of the silicate feature is the same in the correlated and the uncorrelated
spectrum. The measurements below unity show a lower visibility in the silicate emission feature com-
pared to the expected continuum visibility, while those above unity have a higher visibility in the silicate
opacity bump. We also include the ratios for the standard disc model (SD) described in Sect.6.5 and
Chapter5. The ratio is given for the standard model under three inclinations (i = 20◦, i = 45◦ and
i = 70◦). The colour codes correspond to different baseline lengths for which the visibilities were
simulated (red for a 10 m baseline, green for 25 m and blue for 50 m). The simulated ratio at 11.3µm
for the baseline of 25 m and 50 m are below the plotted range forthe standard model at an inclination
of i = 70◦.
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source is significantly asymmetric or not. In other words, weapproximate the real visibility
curve with that of a uniform disc, over a short baseline coverage.

To conclude whether the contrast in size at the different angles is significant, we probe a real-
istic error based on the observations of the other targets. In this manner, we do not only take
into account the intrinsic error, but also the stability of our method. We restrict ourselves to
the diameter determined at 8.3µm, since the visibility is more accurate in this region. The
targets which were observed with two baselines of which the length and angle differ less
than 10 m and 20◦, are not expected to show a strong difference between the measurements.
For the targets observed at such setups, we find a typical difference between the diameter
of the emission for the different measurements of5σmeas (with σmeas the internal error on
the measurement): HD 52961,4σmeas; IRAS 08544,4σmeas; IRAS 10456,5σmeas. For the
asymmetric target, AR Pup, the difference in size is larger between the different measure-
ments, even with very similar projected angle (9 − 14 σmeas). This∼ 5σmeas gives a good
estimate of the stability of the visibility results over observations spread over different nights
and with only slightly different setups (PA and PB).

For the four targets which were probed at significantly different projected angles (∆PA>
30◦), but with similar baseline lengths, the difference in sizebetween the measurements is:
IRAS 15469,8σmeas; IRAS17038,47σmeas; IRAS 17243,6σmeas; IRAS 19125,9σmeas. One
target therefore shows a very clear asymmetric emission region: IRAS 17038. We remark that
for this object, also the size at the shorter baseline is consistent with the asymmetric nature
observed at the longer baselines. The N-band emission increases in size moving from a
projected angle of 32◦ to 98◦ Easth of North. This is illustrated in Fig.6.21, where we show
the diameter of the emission over the full N-band for the three observations.

Figure 6.21 —The elongated emission of IRAS 17038-4815.Left: A schematic diagram of the differ-
ent angles under which the three measurements were performed. Right: The observed diameter of the
N-band emission along the different angles.

We summerize our results in Table6.6. The sample contains five targets for which we have
different measurements at different angles so we could probe asymmetry. For two of these
targets, we found that the N-band emission is indeed asymmetric: AR Pup and IRAS 17038.
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Table 6.6 —A summary of our results on the asymmetrical nature of the N-band morphology. We list
all targets of the sample and add in the various columns if evidence was found or not. We log our results
on asymmetry detected in the size of the emission region and those from the analysis of the differential
phase.

target asymmetrical size differential phase

HD 52961 - no

AR Pup yes yes

IRAS 08544-4431 - no

IRAS 10456-5712 - no

SX Cen - -

IRAS 15469-5311 no no

IRAS 17038-4815 yes yes

IRAS 17243-4348 no no

89 Her - -

AC Her - yes

IRAS 19125+0343 no no

For the other targets, the difference in angular scale is notsignificant.

6.4.5 Asymmetry determined through the phase

Since the visibility is a complex observable, not only its amplitude but also the phase traces
the morphology of the emission. With MIDI, it is impossible to determine the visibility
phase in absolute terms, however. The differential phase (i.e. the relative phase between the
spectral channels) on the other hand, can be retrieved. For most targets, the differential phase
is polluted by an instrumental phase introduced by the varying index of refraction of water
vapor. This instrumental effect should be removed by subtracting the calibrator phase, but for
most targets the optical path was not identical for the calibrator and the science observation
which results in residuals (see Sect.6.3.2). Only for three targets, a significant non-zero phase
is observed: AR Pup (Fig.6.4), AC Her (Figs.6.12and6.22) and IRAS 17038 (Figs.6.9and
6.23).

The detection of a non-zero (differential) phase is very constraining since for a point-symmetric
source, the phase is always zero or 180 degrees. The detection of a non-zero differential phase
is an immediate probe for the asymmetric structure of the N-band emission. In Table6.6, we
therefore added the differential phase as a probe to determine the asymmetrical structure of
the N-band emission. We note that the asymmetric circumstellar environment of AR Pup and
IRAS 17038 are now confirmed both by the detected asymmetry inthe size of the emission
as well as through the detection of a non-zero differential phase.

An important characteristic of the observed non-zero differential phases is that its spectral
behaviour correlates with the single dish spectrum. The photo-center position of the sili-
cate emission feature must be different from the photo-center of the underlying continuum.
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For AC Her, this is not immediately clear since the shape of the differential phase is likely
modulated by the specific geometry of this target (see Sect.6.6). For the longest baseline
measurement, the differential phase is also influenced by the global geometry (i.e. the large
phase jump), but this modulation is limited to the wavelengths before 8.5µm. At the longer
wavelengths, the shape of the spectrum is clearly retrieved, which is shown in Fig.6.22, where
we zoom in on this region. The resemblance between the N-bandspectrum and the differ-
ential phase is striking and that on a level of only a few degrees. The differential phase for
IRAS 17038 is small as well and we show a zoom in Fig.6.23. The example of AC Her and
the consistency between the differential phase measurements for AR Pup and IRAS 17038,
shows that the differential phase is a strong probe for the source morphology and that it gives
a direct measure of the photo-center differences between different dust components.

6.5 Confrontation with physical models

In this section, we compare our interferometric observations with physical, self-consistent
models for the circumstellar environment. Since the presence of a circumbinary disc seems
by now firmly established for our targets, we compare our observations with disc models.
This model was developed in Chapter5, to which we refer for additional details.

6.5.1 A prototypical disc

In Chapter5, we constructed a self-consistent model for a ’prototypical’ dusty disc surround-
ing a binary post-AGB star. Compliant with the energetics ofthe system, we assumed a
passive (i.e. non-accreting) disc consisting of a mixture of gas and dust. The disc has a large
inner hole, since dust can not survive within the dust sublimation radius (T ∼ 1200 K).

To construct this prototypical disc, we used the radiative transfer code RADMC described
in Dullemond(2002) andDullemond & Dominik(2004). Given the initial setup of the cir-
cumbinary disc, the code computes the self-consistent 2D density and temperature structure.
This is done in an iterative process, in which the temperature of the disc is determined through
a Monte Carlo radiative transfer computation. This temperature is then used to determine the
physically relevant vertical density structure of the disc, from the equations of hydrostatic
equilibrium. Having found the new density structure, the radiative transfer computation is
repeated for the next iteration step. In this manner, after afew iterations, a self-consistent
disc model is found. For the details on the modelling, we refer to Chapter5.

We modelled a dusty disc around the post-AGB primary with stellar parameters:M =
0.6 M⊙, L = 5000 L⊙, Teff = 6000K and of solar metallicity. The mass of the main
sequence companion is set to beM = 0.4 M⊙, resulting in a central mass of1 M⊙. We note
that the radiation of the companion is ignored since it is marginal.

The many parameters defining the disc setup were constrainedby SED and mineralogical
studies presented in the literature (Molster et al. 2002b,a,c; De Ruyter 2005; De Ruyter et al.
2005, 2006; Gielen et al. 2007). We assumed an O-rich circumstellar environment which
consists of both small grains (1µm) as well as large grains (1 mm), with 90% of the dust
mass stored in the large grains. The large grains are assumedto be located in the equatorial
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Figure 6.22 —The spectrum of AC Her is shown in the top panel, while in the bottom panel the differ-
ential phase measured with a 60 m baseline is shown. The bottom panel is a reproduction of the data
shown in Fig.6.12, but now we zoom in on the wavelength region zoom in on the wavelength region
red-ward of 8.5µm. We find that on a scale of only 5 degrees, the shape of the N-band spectrum (in
reverse) is retrieved very convincingly in the differential phase. As a visual aid, we mark the 11.3µm
wavelength region by a dashed line.

region because these grains will settle on short timescales(e.g.Gielen et al. 2007). The small
grains are stored in a normal, non-settled, disc structure.In our standard model, we assume
that 20% of the small grains are crystalline (i.e. forsterite).

The start of the disc was taken to be 10 AU, consistent with a dust temperature around sub-
limation temperature (T ∼ 1200 K) and with the start of the infrared excess around the H or
K-band. The disc is ended at the ad hoc outer radius of 500 AU. In the N-band, the influence
of the presence of dust outward of this radius will be marginal. The total mass of the disc
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Figure 6.23 — In the bottom panel, we zoom in on the two differential phase measurements for
IRAS 17038 in which the shape of the phase correlates most strongly with the N-band spectrum (in
reverse), which is shown in the top panel. The data in this figure is a reproduction of the data shown
in Fig. 6.9 but on a different scale. As a visual aid, we mark the 9.8µm and the 11.3µm wavelength
region by a dashed line.

was taken to be0.01 M⊙ and the surface density is distributed as a power law in the radial
direction:

Σ(R) = Σ0(
R

R0
)−1 (6.1)

In Chapter5, we computed, given this setup, the self-consistent vertical density and temper-
ature structure of the disc and made images using the ray tracing code RADICAL. These im-
ages are used to determine the SED and to simulate the visibility in the N-band. Since a disc
will be largely non-spherical and the observables of the model will depend strongly on the
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aspect angle, the model was evaluated for three different inclinations (i = 20◦, i = 45◦ and
i = 70◦). Moreover, the interferometric signal was evaluated bothalong the major axis and
the minor axis of the image, tracing the maximum difference in the simulated visibility due
to the asymmetry.

6.5.2 Confrontation with the observations

With our interferometric data, we can now confront the self-consistent disc model with the
radial information provided by our interferometric measurements. We limit our analysis to
the ’standard’ model. Although this ’prototypical’ disc isclearly insufficient to quantify
all the details of the individual targets, it puts strong boundaries on the sample as a whole.
We remark that the comparison of the simulated visibilitiesof the standard model with the
observations probes the intensity profile of the circumstellar structure, as projected on the sky
along the baseline. Although the different objects show a different SED, this intensity profile
could be the same. It is therefore possible to compare the sample as a whole in visibility
space, while the SEDs are different. A detailed study for each target should be performed
(carefully) in the future but is beyond the scope of this chapter.

To study the whole sample, we introduce the concept of the ’normalized baseline’. The
baseline length of an interferometric observation determines the angular scale at which the
measurement can resolve the geometry. Since the physical scale (for instance in AU) re-
lates linearly with the distance to the angular scale, it is convenient to define a ’normalized
baseline’ as:

normalised baseline =
baselinelength

distance
(6.2)

Objects observed interferometrically with the same normalized baseline will be observed at
the same physical resolution.

6.5.2.1 The size of the emission region

In this paragraph, we compare the simulated visibilities ofthe standard disc model with the
observed visibility amplitudes. This comparison is shown in Fig. 6.24and is performed for
both continuum wavelengths. As a probe on how constraining our interferometric obser-
vations are, we also simulated the interferometric result in a spherically symmetric outflow
model which produces a similar SED (see also Chapter4). These simulations are over plotted
in a green color in Fig.6.24.

From Fig.6.24, it is immediately clear that the observed size/visibilityof the circumstellar
environment is not compatible with a spherical outflow model. Our self-consistent ’proto-
typical’ disc model is much more successful in explaining the measurements: the observed
visibilities are compatible with the predicted visibilities for an inclined circumbinary disc
with an inclination betweeni = 20◦ andi = 70◦.

The goodness of fit between the observations and the model is different at both continuum
wavelengths: while the observed visibilities are confined extremely well by the model pre-
dictions at 8.3µm, the spread is much larger at 12.7µm. Since at 8.3µm, the visibility is
most sensitive to the inner most regions of the disc (see Chapter 5), the goodness of fit at
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8.3µm shows that the position and geometry of the inner most disc is reproduced extremely
well by our model. The colder regions are, in our standard model, less well predicted. The
observed visibility at 12.7µm is typically higher, meaning that the colder regions must be
situated closer to the central stars. We elaborate further on this in the following paragraph.

We conclude that the interferometric observations are clearly incompatible with an outflow
model. The size determined by the MIDI interferometer is, onthe other hand, well repro-
duced by our standard model at 8.3µm. The inner most regions of the discs around the
various targets, for which the 8.3µm visibilities are most sensitive, must be compatible with
our model. The goodness of fit is striking, since the model wasnot constrained by the in-
terferometric observations but solely on the basis of spatially unresolved measurements (see
Chapter5). Moreover, only a single disc setup was used to explain all the observations, even
for the different targets. The different targets must be surrounded by a very similar circum-
stellar disc.

6.5.2.2 The temperature distribution

The visibility difference between the continuum points at 8.3 and 12.7µm probes the wave-
length dependence of the intensity distribution along the projected baseline. Since the flux
received at 8.3µm comes in general from hotter dust grains than those responsible for the
emission at 12.7µm, the visibility difference between both wavelengths is a probe for the
temperature distribution in the disc. A decreasing visibility curve between both continuum
wavelengths means that the apparent size of the disc increases more rapidly than the decreas-
ing interferometric resolution (∼ λ/baseline) and vice versa for an increasing slope between
both continuum points.

In Fig. 6.25, we compare the observed visibility difference between thecontinuum points
with those simulated for our standard disc model. It is clearthat most targets show a larger
difference than the simulated difference. The temperaturedistribution in the discs around the
various targets must be steeper than that of our standard model. We remark that the error bars
on the visibility in Fig.6.25are a very conservative estimate, since they are based on theerror
on the absolute value of the visibility while the differential visibility is more accurate.

In Chapter5, we investigated the influence on the SED and the visibility of different disc
input parameters. We found that the largest influence on the slope of the visibility curve,
while keeping the visibility at 8.3µm constant, comes from a change in the outer radius of
the disc. When the disc is less extended, the visibility difference between both continuum
points increases, while the visibility at 8.3µm remains constant. Obviously, this is not the
only possible solution.

In Chapter4, we tuned the slope of the visibility curve by adopting a steeper density dis-
tribution power law (−2 instead of−1) and this for IRAS 08544. As the model still has to
comply with the broad band SED, a difference in the density power law index has to induce
a change in the other disc parameters. Even with a very steep power law index, we still failed
to reproduce the slope of the visibility curve for IRAS 08544(see Fig.4.2) unless we reduce
the outer radius of the disc. This is a general characteristic of the sample (see Fig.6.25). The
flat slope of the visibility amplitude in the whole sample calls for a small outer radius.
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Figure 6.24 —The model predictions at 8.3µm (middle panel) and 12.7µm (bottom panel) are com-
pared to the observed visibility amplitudes for the varioustargets. The simulated visibilities are shown
using lines while the observations are represented by errorbars. The observations for the various targets
are color tagged and the legend is provided in the top panel. The visibilities of those targets which were
unresolved by our interferometric setup are marked using a filled circle. The visibility for these targets
is consistent with unity. The simulated visibility amplitude for the spherical model is shown using a
green solid line. The standard disc model seen under an inclination ofi = 20◦, i = 45◦ andi = 70◦ is
shown using red, black and blue respectively. The solid lines give the visibilities simulated for mea-
surements along the major axis and those along the minor axisare given using a dashed line. The error
bars in the x-axis are determined by the distance uncertainties involved.
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Figure 6.25 — The difference of the continuum visibilities at 12.7µm and 8.3µm for the standard
model is compared to the observations of the various targets. The observed values are given with error
bars and are color tagged in the same fashion as in Fig.6.24. The error bars on the data are very
conservative since they are based on the error on the absolute value of the visibility, while the relative
error is much smaller. The visibility difference for the targets which are unresolved are not given in
the plot. The simulated visibility difference for our standard disc model seen under an inclination of
i = 20◦, i = 45◦ andi = 70◦ is shown using red, black and blue respectively. The solid lines give the
visibilities simulated for measurements along the major axis and those along the minor axis are given
using a dashed line.

Figure 6.26 —The different measurements for AC Her are shown in function of spatial frequency rather
than in function of wavelength (see Fig.6.12). The green and the blue curve now show the dip in the
visibility curve at the same position, while this was not thecase when plotting the visibility in function
of wavelength. This indicates that this dip samples the samegeometrical structure rather than a spectral
geometry dependence. The minimum visibility of the red curve is located at a different position.
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6.5.2.3 The spectral shape of the visibility amplitude

In Chapter5 we have shown that the simulated visibility versus wavelength curve displays a
spectral behaviour which correlates with the shape of the silicate emission. For the standard
model, the visibility curve is lowered in the silicate opacity bump, with respect to what is
expected from the visibilities at the continuum wavelengths. This is shown in Fig.5.5, were
the simulated visibility versus wavelength is given for thestandard disc seen under three
different inclinations. The lowering of the visibility in the silicate feature is not surprising
and is related to the opacity difference inside versus outside the silicate opacity bump. In the
feature, the opacity is higher and we look at regions higher up in the disc, which are hotter.
In a first approximation, one sees a larger disc surface in thesilicate feature emission than
outside that spectral region.

From the data presented in Fig.5.5, we determined the ratio of the flux in the feature and the
flux in the continuum, and this normalized to the uncorrelated spectrum, as we did for the
observations in Sect.6.4.3. The results are shown in Fig.6.20for three different baselines:
10 m, 25 m and 50 m. The baseline orientation for the simulation is along the minor axis of
the disc projected on the sky, but similar results are obtained with those oriented along the
major axis.

In Fig. 6.20, it is clear that the modelled ratios are below unity both at 9.8µm as well as at
11.3µm, which is consistent with the silicate feature appearing in absorption in the visibility
curve. A clear difference is observed between the models at different inclinations. While the
discs seen under an inclination ofi = 20◦ andi = 45◦ show very similar ratios which are
moderately below unity, the disc under an inclination ofi = 70◦ shows a much lower ratio.

Most targets show a lowered visibility amplitude in the silicate opacity bump and the ranges
which are detected are compatible with the model simulations (see Fig.6.20). One tar-
get, AR Pup, shows a very low ratio which is only expected assuming a high inclination.
This is compatible with the observed SED for this target, where only scattered light from
the post-AGB central star is observed and the confirmed photometric ’b’ phenomenon for
AR Pup. AR Pup must be seen at a high inclination and is probably a very similar object as
the Red Rectangle, at least concerning the aspect angle (seeSect.6.1).

Two targets, HD 52961 and IRAS 17038, show the silicate feature in emission, also in the
visibility amplitude. In none of the simulations of the standard model, nor in the full simu-
lation of the parameter space is this detected. In these two cases, the silicate emission must
come from a physically different region compared to most of the continuum emission. These
two targets are clearly outliers in the sample in which the assumptions of our disc models are
not applicable. We discuss this further in Sect.6.7.

6.5.2.4 The differential phase

The differential phase for the standard model is typically non-zero and has a shape which
correlates with the N-band spectrum (see Chapter5). The strength of the differential phase
is strongly dependent on the aspect angle of the system. Along the major axis, the differen-
tial phase is always zero, while the signal becomes strongertowards the minor axis of the
disc emission. The inclination of the system is also very important, with stronger non-zero
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differential phases retrieved at higher inclinations.

In Fig. 5.7, the simulated differential phase is shown for the standardmodel seen under dif-
ferent aspect angles. The maximum simulated differential phase over the N-band for our
standard model seen at an inclination ofi = 20◦ is less than 5◦ and amounts to 20◦ when
the disc is seen ati = 45◦. The strongest phase signal is found for the disc ati = 70◦,
where the simulated differential phase amounts to 50◦ over the N-band. Moreover, the mod-
els show that, when the source is observed with extremely long baselines, a∼ 180◦ phase
jump between adjacent spectral channels is retrieved, whencrossing a null in the visibility
amplitude. This is only shown for a model ati = 20◦ but is retrieved also for models at
higher inclinations observed with the appropriate spatialresolution.

The observations are compatible with these simulations. For most targets, we do not find a
significant differential phase over the N-band. This is not surprising since it is challenging to
see a differential phase of 5◦ on top of a non-zero differential phase introduced by the varying
index of refraction due to the water vapor. The objects with typically an inclination of less
than 45◦ and the objects observed with baselines oriented along the major axis of the disc
emission will therefore not show detectable differential phases.

Three targets, AR Pup, IRAS 17038 and AC Her, show a non-zero differential phase over
the N-band. For AC Her, a very strong phase jump is observed atthe longest baseline mea-
surement, which is compatible with a180◦ phase jump going through a null in the visibility
amplitude. The occurrence of this phase jump is related to a strong edge in the emission
pattern: a Gaussian/outflow emission profile will never showsuch a phase jump (although
other symmetric source distributions can). The differential phase observed for AR Pup and
IRAS 17038 is of the order of 20◦ and must be related to the aspect angle towards the system.
These objects must be seen under a high inclination, which iscompatible with the observed
photometric ’b’ phenomenon for both cases.

6.6 AC Her, a special case

The observations of AC Her should be analyzed with special attention, since they were per-
formed at a very high spatial resolution: it is the object of the sample for which the lowest
visibility amplitudes are observed. These visibility amplitudes will be very sensitive to the
details of the intensity profile and are therefore not straightforward to interpret.

The interferometric observables for AC Her are shown in Fig.6.12. The three visibility am-
plitude measurements have a similar shape over the N-band: over the wavelength band, the
visibility drops to a minimum value after which it increasesagain. For most targets of the
sample, such a drop in the visibility curve is linked to the emission in the silicate feature
originating from a larger region than the emission of the underlying continuum. This is not
the case for AC Her, since the drops in the visibility curves are occurring at different wave-
lengths. The spectral shape of the visibility must be linkedto the ’global’ geometry of the
emission and not to the silicate opacity bump. This is illustrated in Fig.6.26, where we plot
the visibility versus spatial frequency. In this figure, thedip in the visibility curve appears
at the same position for the baseline measurements with the shortest length and of similar
projected angle: the dip must be related to the structure of the disc.
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For all three measurements of AC Her, we seem to probe the appropriate spatial frequency
range, to witness a dip in the visibility curve. Since the dipoccurs at a larger spatial fre-
quency for the longer baseline measurement, we must probe the second null of the intensity
distribution at this baseline configuration. Moreover, theamplitude of the dips is different at
the different setups: the shorter baselines show a visibility amplitude which is significantly
higher in the minimum (0.055± 0.005) than the amplitude in the dip for the longest baseline
(0.020± 0.002).

In the standard model, the interferometric observations ofAC Her are difficult to interpret.
We can only explain the different visibility amplitude for the dips by a different observing
angle: a dip with a high visibility amplitude must be measured (more) along the minor axis
of the emission (see Chapter5). To reproduce the observations with our standard model,
we therefore aligned the shorter baseline measurements with the minor axis and the longer
baseline measurement with the major axis of the emission. The shorter baselines are indeed
measured along a similar projected angle. We then rescaled the intensity distribution of our
model, so that the minimum at the longest baseline occurs at the appropriate position. In this
manner, we find that we have to make the disc smaller by a factor1.42.0

1.2. The simulations are
compared to the observations in Fig.6.27. We remark that we show the results only for the
standard model at an inclination of 45◦, since the models ati = 20◦ andi = 70◦ are (even)
less compatible.

Our standard model is not very suited since the predictions do not match well with the ob-
servables. The simulated visibility for the longest baseline measurement is much too low
over the N-band to be compatible with the observations. Moreover, we have to assume a disc
structure which is more compact than our standard model. This seems very extreme, since
AC Her is the target of which the SED indicates the presence ofcolder dust in respect to
the other targets of the sample (see Fig.6.1). Since we did not have to rescale the intensity
distribution for the rest of the sample, making the disc of ACHer more compact is definitely
not easily justified. Moreover, the visibility minimum obtained along the minor axis is in this
setup not compatible with the observations. For the simulation at the shorter baselines, we
indeed cross the null at approximately the correct wavelength position, but this minimum is
hardly visible since it is very smooth due to the temperaturedistribution in our standard disc
model.

We are therefore encouraged to fit the longest baseline observation with our disc model
around the first null instead of the second null. As such, we get a much better match with the
shape and amplitude of the visibility over the N-band band, as shown in Fig.6.28. To position
the dip in the visibility at the correct wavelength, we rescaled the intensity distribution of our
standard model by a factor1.72.1

1.2 to make itbigger. Putting the dust disc further away is
indeed much more compatible with the observed SED. Althoughour standard model is now
compatible with the longest baseline measurement, it is by no means able to explain the dip
in the visibility at the shorter baselines.

To understand the geometrical constraints from the shorterbaseline measurements, we in-
troduce a two-component model for the emission and see whether such a simple model can
explain the observations. In our two-component model, the most extended component must
reproduce the shape of the visibility at the lowest spatial frequency, while the smaller com-
ponent must reproduce the shape of the visibility at higher spatial frequency. Because the
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Figure 6.27 — The observed visibilities (full line with error bars) are confronted with the simulated
visibilities (full line) of our standard model, which was rescaled such that the dip in the visibility curve
at the longest baseline coincides with the second null of themodel. In the top panel, the measurements
at the shorter baselines are shown while at the bottom panel,the longest baseline measurement is shown.
The colors of the different measurements are consistent with the colors used in Fig.6.12.

number of observations is very limited, we assume a symmetric emission and ignore the
wavelength dependence of the intensity profile. Our ’toy’ model is shown in Fig.6.29. The
two components in this model are two spatially separated annuli which contribute a different
amount of flux in the N-band. The visibility versus spatial frequency, even for this very sim-
ple model, displays the observed shape of the visibility amplitude: a two-component model
can reproduce the characteristics of the observed visibilities. Our first order model consists
of a compact annulus located at 10 mas from the central binaryand a more extended annulus
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Figure 6.28 —The visibility at the longest baseline is confronted with the simulated visibility of our
standard model which was rescaled such that the dip in the visibility curve coincides with the first null of
the model. The consistency between the measurements and model is strikingly better than in Fig.6.27,
where we overlaid the second null of the model.

starting at 30 mas. The annulus which is furthest away, contributes∼ 75% of the total amount
of flux in the N-band.

A recent mineralogical study of the ISO/SWS spectrum of AC Her is consistent with the idea
of a two-component model, even over a much broader wavelength range. InGielen et al.
(2007), it is found that the range of grain temperatures needed to explain the spectral features
over the wide wavelength range between 5 and 40µm, is extremely limited: only two different
dust temperatures are needed, grains of 800 K and grains of 100 K. The toy model for AC Her,
derived solely from the interferometric measurements in the N-band, is compatible with this
constraint coming from the infrared spectra.

Our interferometric observations and the mineralogical study of Gielen et al.(2007) show
that the physical structure of the disc around AC Her is most likely composed of two spatially
separated emission regions. Such an emission pattern can bereproduced in a realistic disc
model, if the inner rim of the disc is significantly opaque. Depending on the optical depth,
the inner rim could shield the material behind from direct stellar light (see also Chapter5).
This shadowed region will become significantly colder than the inner rim and relatively little
N-band radiation will be produced by this region. After the shadowed region, the disc might
emerge out of the shadow and produce a significant amount of N-band flux. The spatially
separated regions in such a self-shadowed disc model are thehot inner rim and the emission
coming from the outer disc regions, both directly irradiated by the central star.

One problem with a self-shadowed disc model for AC Her is its SED. If the inner regions
of the disc are sufficiently opaque to shield part of the disc from stellar radiation, it will
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Figure 6.29 — Intensity profile (top panel) and the corresponding visibility versus spatial frequency
(bottom panel) for the ’toy’ model of AC Her. To explain the N-band visibility measurements of AC Her,
we assumed two annuli with a different position and intensity. The flux ratio between the annulus further
away and this close to the star is in this model∼ 30%. We remark that this model, although reproducing
the general trend of the measurements (see Fig.6.26), should be considered only as a very crude first
order approximation of the N-band emission.

strongly radiate. AC Her is known to be one of the stablest RV Tauri pulsators with a constant
mean magnitude over the cycles. The viewing angle onto the system is not extreme and
we should see direct light from the hot puffed-up inner rim ifit were present. Although
the SED of AC Her shows a small near-infrared excess, its strength is hardly sufficient to
be compatible with a strongly opaque inner rim. It seems thatthe separation between both
emission components should be linked to a real depletion of dust in that region.

Our main conclusion is that the disc structure around AC Her must be complex. The in-
terferometric observables probe the disc at a very high spatial frequency and they are not
compatible with a smooth density profile. Instead it seems that a two ring model is much
more promising.
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Since the disc envelops a binary system, the disc-binary interaction is highly dynamic and in
such conditions, density waves may occur (e.g.Quillen et al. 2005). Whether dynamic disc
models are compatible with AC Her remains to be seen.

It has been stated in Chapter4 already, that the physical processes governing the passive
discs around our sample stars, show similarities to those ofthe discs around young stellar
objects. It is instructive to compare AC Her to HD 100546. Thelatter object is a young
stellar object surrounded by a circumstellar environment,in which part of the environment
was cleared by a giant planet (Bouwman et al. 2003). Obviously, it is not straightforward to
compare objects from different classes and in different evolutionary stadia, but similarities
are observed between both targets. Both targets show, in their respective class, an infrared
excess which points to colder dust than for the rest of the class. Moreover, the dust min-
eralogy of the circumstellar environment of both stars is remarkably similar and extremely
processed. The fraction of crystalline grains in the circumstellar environment of both targets
is extremely high and the infrared spectrum is very similar to that of the solar system comet
Hale-Bopp (Molster et al. 1999; Malfait et al. 1998), which is shown in Fig.6.30. Clearly
strong analogies are found for the circumstellar environment around both targets. Possibly
the remarkable characteristics of AC Her in its mineralogy,broad band SED and interfero-
metric measurements could be related to the presence of a giant planet in the circumstellar
disc as well. Clearly, more in depth studies should be performed to verify the idea of a giant
planet sweeping part of the circumstellar environment as a possible cause of the multiple dust
components in the disc of AC Her. If proven true, this would mean that planets can form on
relatively short timescales and/or that the formation of such a large body can be accelerated
by the central binary and the dynamics this brings into the system.

We want to remark in this context that the strongest difference between the passive discs
around young stellar objects and those around evolved targets is the physical scale of this disc.
Due to the high luminosity of evolved targets like AC Her, thedust sublimation radius will be
reached much further out for evolved targets with a similar central mass than for young stellar
objects. Discs around young stellar objects with the same central mass as evolved targets will
therefore experience a stronger gravitational force. The vertical height of the discs around
evolved objects will be significantly higher than the heightof passive discs around young
stellar objects.

We conclude that the interferometric observations of AC Herpresent a unique opportunity to
study the details of the circumstellar environment of this target. We found that our standard
model reproduces the global characteristic of the emission, but not the details. We find that, in
the N-band band, the disc around AC Her is seen as two spatially separated components. The
first component is extremely compact and probed by the longest baseline measurement. The
visibility of this compact structure is reproduced well by our rescaled model and is therefore
consistent with the hot inner rim of this disc model. At larger distances from the central
binary, the emission of our standard model is not compatiblewith the observations. The
emission of AC Her consists likely of two-spatially separated emission regions and not a
smoothly varying intensity profile. Clearly a more in depth study is necessary to find the
correct parameter space in which such a structure can be reproduced. From a first order
analysis only, we favour the idea of a giant planetary body sweeping part of the circumstellar
environment and thus resulting in our interferometric observations, the broad band SED and
the remarkable mineralogy.
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Figure 6.30 — The ISO/SWS spectra of AC Her (Molster et al. 1999), the solar system comet
Hale-Bopp (Crovisier et al. 1997) and the young stellar object HD 100546 (Malfait et al. 1998;
Acke & van den Ancker 2004). The spectra are normalised and offset for comparison. At the bot-
tom, the absorption coefficient of the crystalline siliate forsterite is shown. The dust emission features
on top of the continuum are very similar for these completelydifferent type of targets and point to a
strongly processed dust environment.

6.7 Discussion

6.7.1 General results

The interferometric survey gives direct proof that all targets are surrounded by a stable dusty
disc. The N-band emission originates from a very compact region, which is only possible if
the dust is trapped in a stable disc reservoir.

Assuming a passive irradiated dusty disc in equilibrium, weconstructed a self-consistent
disc model, of which the setup was based on the unresolved characteristics of the sample of
post-AGB binaries. We find that the intensity profile of this standard model reproduces the
interferometric observations extremely well. For all targets, the intensity profile of our model
at 8.3µm reproduces the observations very accurately. Our standard model is, however, less
successful at reproducing the observations at 12.7µm. The colder dust, probed at 12.7µm,
must be located even closer to the central binary than in our standard model.

Moreover, our interferometric survey shows that several targets display an (suspected) asym-
metric disc emission. Asymmetry was detected in three targets, either in the size of the
emission along different observing angles and/or by the detection of a non-zero differential
phase. Since realistic models show that the signal of asymmetry in the N-band is detectable
only for those targets seen at a high inclination, the detection of asymmetry in three out of
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nine resolved targets is high.

In our interferometric survey, we observed one-in-five targets of the larger sample of bi-
nary post-AGBs given inDe Ruyter et al.(2006). Hence, our interferometric survey presents
direct evidence of the presence of a stable disc around all binary post-AGB targets which
display a similar SED. Since the size of the N-band emission region is larger than the binary
orbits (typically only∼ 1 AU), this disc must be circumbinary.

One of the intriguing results of our interferometric surveyis that the circumstellar environ-
ments around binary post-AGB stars are, interferometrically, an extremely homogeneous
group. The size of the N-band emission region for the varioustargets are very compatible
with each other. The spread in the size of the emission regionfor the whole sample is only
of the order of the uncertainty on the distance for the various targets. Moreover, we could
reproduce the interferometric observations for all targets with one single disc model. Also the
wavelength dependence of the size of the emission region is found to be extremely similar for
the sample. The (wavelength dependent) intensity profile, and hence also the basic geometry,
of the circumstellar environment around the various targets must be extremely similar.

6.7.2 The inclination of the system

Since we are dealing with discs, the inclination and orientation of the system will directly
impact the interferometric observables. Our modelling in Chapter5 shows that this effect is,
however, limited. Only when our disc model is seen at an inclination ofi = 70◦ or larger,
the average visibility versus baseline curve differs more than∆V ∼ 0.1 from the model seen
under an inclination ofi = 20◦ (see also Fig.6.24, where the visibility curves for different
inclinations are overlayed). For these, near edge-on inclinations, the simulations show that
we expect to see on average(i) a larger visibility (or more compact emission),(ii) a stronger
dip in the visibility curve in the silicate opacity bump and(iii) a stronger differential phase
which correlates with the silicate feature.

Of the resolved targets, three targets must be seen under an inclination which must be
high: they show the photometric ’b’ phenomenon. These targets are AR Pup, HD 52961
and IRAS 17038. AR Pup must be seen under an extreme inclination, since the flux from
the stellar photosphere is strongly attenuated: The apparent visible flux is likely completely
dominated by scattered light. HD 52961 and IRAS 17038 are seen under a high inclination
as well, but show only a marginal optical extinction in the line-of-sight.

The predictions of our standard model at a high inclination,do not match the observations.
Only for AR Pup, the observations are consistent with the simulations: the circumstellar en-
vironment of AR Pup is among the smaller of the group and the visibility is strongly lowered
in the silicate opacity bump. For IRAS 17038 and HD 52961, on the other hand, we observe
even the opposite of the predictions: the size of both targets is among the larger of the sample
and the silicate feature is retrieved in emission (!) in the visibility curve. Two of the three tar-
gets for which we have independent confirmation that they areseen under a high inclination
show a non-zero differential phase (AR Pup and IRAS17038).

Globally, our model is able to understand the effect of the inclination on the visibilities.
At high inclinations, the N-band emission will become (detectably) asymmetric and this is
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indeed observed. The inclination can, however, not explainthe enigmatic interferometric
observations of IRAS 17038 and HD 52961. These targets must have an extreme dust min-
eralogy, compared to the rest of the sample, since the silicate feature appears in emission in
their visibility curves.

In Chapter4, we illustrate that AMBER measurements with the closure phase capabilities
are an even stronger probe to the inclination of the discs. Inthe K-band, the asummetry in
the emission profile is more pronounced and through the closure phase, we can measure this
asymmetry accurately.

6.7.3 The dust temperature

Our standard disc model is very good in reproducing the global interferometric observations
for all targets of the sample. The N-band intensity profile ofour standard model must be con-
sistent with the observed intensity profile. This is quite surprising, since we did not perform
a star-by-star analysis, but constrained the setup of our disc on the basis of the ’global’ SED
characteristics of the sample. In contrast to this, the star-to-star differences in our sample are
much larger. In Sect.6.4.2this was apparent from the large spread in the surface brightness
temperature of the N-band emission region: it spans from∼ 200 K to > 900K.

Given the consistent intensity profiles of the various discs, we can only explain the observed
spread in the surface brightness temperature by a differentabsorption/emission characteristic
of the circumstellar environment for the various targets. The dust mineralogy and/or the
geometry of the disc must be strongly different, in order to decrease/increase the amount of
energy absorbed and re-emitted by the various targets.

Many possibilities could be explored, but the strong correlation between the surface bright-
ness temperature and the total fraction of energy reprocessed by the circumstellar environ-
ment suggests that the effective solid angle in which the circumstellar disc catches the ra-
diation from the post-AGB stars is the main reason for the spread in the SEDs. A smaller
effective solid angle of absorption will reduce the total fraction of energy reprocessed by the
circumstellar environment, while having a less strong effect on the intensity profile.

In Chapter5, we investigated the effect of different input parameters on the resulting SED and
the visibility amplitude. The only variation in a single input parameter which is compatible
with a loweredLir/L∗, whilst keeping the visibility at 8.3µm constant, is an increase in the
fraction of large versus small grains in the disc (see Fig.5.8). We remark that increasing the
amount of large grains in the disc is consistent with the broader SED characteristic of the
sample: only in the most extreme model, in which 99.9% of the dust mass is in the large
grains, the infrared excess starts slightly further than the K-band and even when 99.9% of the
dust mass is in large grains, the silicate feature has not changed significantly. Large grains
have a short settling time (e.g.Gielen et al. 2007) and are preferentially formed in the mid-
plane of the disc (Tanaka et al. 2005; Dullemond & Dominik 2005). If we try to link the
different fraction of energy reprocessed by the circumstellar environment to a different input
parameter of our disc model, we find easily that a strong graingrowth (and settling), can
explain the observations.

Obviously, grain growth is not the only possibility. One other intriguing possibility could be
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a different amount of gas in the disc for the various targets.A gas depletion in the disc could
result in a lowered scale height and a subsequent lowered absorption efficiency of the stellar
radiation. Given the observed scale heights, the gas depletion cannot be very strong, however.

Additional clues to understand the different absorption characteristic of the circumstellar en-
vironments can be found in the outlier sources. The two targets with the lowest surface
brightness temperature, IRAS 17038 and HD 52961, are the only two targets for which the
silicate feature is clearly retrieved in emission in the visibility curve. Both targets must have
an extreme mineralogy with respect to the rest of the sample.Moreover, in none of our mod-
els developed in Chapter5, we retrieve this visibility behaviour. We remark that the high
inclination of these targets makes the observations even more curious, since our modelling
suggests that we would retrieve a stronger lowering in the visibility in the silicate opacity
bump with respect to the rest of the sample.

To understand the shape of the visibility curve for HD 52961 and IRAS 17038, we need to
assume a non-homogeneous distribution of the small grains responsible for the emission in
the feature (see also Chapter2, in which a thorough examination of the observations on
HD 52961 is presented). This is surprising since for most targets, the visibility behaviour
is consistent with a homogeneous distribution of these particles. The nature and/or relative
abundance of the grains in the inner regions of both discs (HD52961 and IRAS 17038) must
be different from the rest of the sample. Small grains are either pristine in formation or
are the result of destructive collisions from larger grains. Since both the density and the
Keplerian velocities are larger in the inner regions of the disc, destructive collisions occur
preferentially there. A possibility is therefore that in HD52961 and IRAS 17038, the balance
between pristine and collisional formation of the small grain component is different than
in the other targets. In HD 52961 and IRAS 17038, the small grains produced by collisions
could present a large fraction of all small grains and this would result in the observed visibility
pattern. The result of grain-grain collisions in not well understood (see e.g. a recent review of
Dominik et al. 2007) and is very dependent on the grain structures, impact angleand velocity,
and the different regimes between constructive and destructive collisions are not very clear.
Moreover, part of the collisional energy can be used to modify the internal structure of the
grain. Our interferometric results should motivate a more in-depth (theoretical) study of
grain-grain and grain-gas interactions in the circumbinary discs around evolved objects.

We conclude that the large spread in the N-band surface brightness temperature and the very
similar size of the emission region, points to a different absorption/emission characteristic
of the circumstellar environment. Obviously many processes could be at hand to produce
such differences. Our modelling in Chapter5 shows that one of the likely processes at hand
could be grain growth. Those targets with a lower surface brightness temperature could have
experienced a stronger grain growth in their circumstellarenvironment and will absorb less
of the stellar radiation. One of the observations which seems to corroborate this assessment,
is the visibility curve of the two targets with the lowest surface brightness temperature. These
targets show the silicate feature in emission in their visibility curve, which points to an ex-
treme mineralogy in these targets in respect to the rest of the sample. Obviously, grain growth
is not the only process which could reproduce the observed spread in the surface brightness
temperature. In the future, a star-by-star analysis shouldbe performed to verify the parameter
space of the circumstellar environment around the various targets. More data will have to be
acquired on each target, however, to fully constrain the disc structure of each target.
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6.7.4 Correlations between the central binary and the interferometric
observables

When correlating the interferometric observations with the characteristics of the central bi-
nary, we find only correlations with the surface brightness temperature of the N-band emis-
sion. No clear correlations are found with the the size of theemission region. The latter is
not surprising since the spread in the size of the N-band emission is marginal anyhow.

We find a strong correlation between the binary period of the post-AGB star and the surface
brightness temperature. This is shown in Fig.6.32, in which it is apparent that when the
orbital period of the central binary is longer, the surface brightness temperature is strongly
reduced. Moreover, also a correlation is retrieved betweenthe estimated luminosity of the
post-AGB primary and the surface brightness temperature ofthe emission. We do not find
a strong correlation between effective temperature of the post-AGB primary and the surface
brightness temperature (see Fig.6.33).

The correlation between the surface brightness temperature and the luminosity is difficult
to understand. In Sect.6.1, we introduced a bifurcation in the luminosity of the various
targets: those targets with RV Tauri like pulsations were assigned a luminosity based on the
period luminosity relation, while the others were given an ad hoc luminosity of 5000L⊙ (as
was done inDe Ruyter et al.(2006)). This ad hoc bifurcation could be false. It is therefore
instructive to look at the physical diameter of the emission, if all targets are assigned the
same luminosity of 2000L⊙ (or any other value). Given this luminosity, we find a slightly
larger physical diameter but the spread in the physical sizeremains very similar and is even
somewhat reduced (see Fig.6.31, where we show the histogram of the size of the emission
given the newly assigned luminosity of 2000L⊙ for all targets). Clearly, our conclusion
that the post-AGB binaries present a homogeneous group interferometrically stands, even
assuming ad hoc the same luminosity for all targets.

The correlation between the surface brightness temperature and the luminosity is likely linked
to the binary orbit as well. Those targets which pulsate as RVTauri variables (and which
were assigned a lower luminosity) show on average longer binary periods! This is not an
observational bias because for pulsating stars, the decoupling of pulsational versus orbital
radial velocity variations should favour the detection of small orbits with a higher orbital
velocity amplitude. The photometric long term behaviour can be used to find the binary
period as well and inEvans(1985), Fokin (1994) and Kiss et al.(2007), fifteen RV Tauri
variables are listed in which the photometric ’b’ phenomenon is observed. Assuming that
the long period is indeed the binary period (e.g.Maas et al. 2002), the mean period of these
variables turns out to be large (P ∼ 1000days) and only two targets shows a binary period
below600 days. Since the targets showing the photometric ’b’ phenomenon are likely those
RV Tauri’s surrounded by a circumstellar disc which is seen at a high inclination, the long
binary period found for this subclass could be representative for the broader class of RV Tauri
binaries.

We conclude that we retrieve a strong correlation between the surface brightness temperature
of the N-band emission and the orbital period of the central star. Those targets with long
binary periods show a lower surface brightness temperature. All orbits (see Table6.3) of
both the short and the longer period binaries are well withinthe sublimation radius. The
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Figure 6.31 —The same as Fig.6.15, but now in the assumption that all targets have the same luminos-
ity (L = 2000L⊙). Using this value, we converted the angular scale of the interferometric measurement
to its physical scale and we show the histogram of the newly derived diameters (in AU). The histogram
is even more peaked than in Fig.6.15. The mean diameter of the emission has become49 ± 9 AU and
65 ± 12 AU at 8.3µm and 12.7µm respectively. The outlier in the histogram at 8.3µm is the target
AC Her, for which we have shown in Sect.6.6 that a uniform disc approximation is difficult for this
target. Note also that we omitted the target AR Pup in the histogram, since the distance for this target
was not based on the luminosity.

correlation is therefore not at all evidently related to theorbital geometry and the position
of the disc. The influence of the other fundamental characteristics of the central post-AGB
primary, like the effective temperature, do not correlate well with any of the interferometric
observables.

6.7.5 Formation and evolution of the system

The key ingredient to understand the evolution of our sampleis certainly the binary nature of
the central post-AGB star. Due to a strong binary interaction on the AGB, the stable dusty
disc, which is at the focus of this survey, must have been formed. The correlation between
the orbital separation and the surface brightness temperature of the N-band emission could,
therefore, shed unique light on the formation and/or evolution of the systems.

In principle, the circumbinary disc could be formed either by capturing a ’normal’
AGB wind, or through a non-conservative mass transfer in an interacting binary (e.g.
Mastrodemos & Morris 1998, 1999). In each scenario, the resulting dust mineralogy would
probably be different. In the wind scenario, the dust captured in the disc will likely consist of
small amorphous grains, since this is the usual dust composition for O-rich AGB stars with a
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Figure 6.32 —The surface brightness temperature for the various targetsis graphed in function of the
orbital period of the central binary. A clear correlation isretrieved in which a lower surface brightness
temperature is found for those targets which have longer periods.

Figure 6.33 —The surface brightness temperature in function of the effective temperature of the central
star. No trend is observed in this graph, certainly not as strong as the trend observed in Fig.6.32.
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moderate to high mass loss (see e.g.Sloan & Price 1995; Waters et al. 1996; Cami 2002). In
the interacting binary scenario, the dust grains would likely have had a quite different thermal
history and could have resided at high temperatures and densities for a long period of time,
possibly leading to a significant crystallization and graingrowth while forming. If both sce-
narios are producing the observed discs around the binary post-AGB stars, then a delimiter
would be the binary orbit. Larger orbits imply less interaction between the targets, such that
the wind scenario becomes more plausible.

Interpreting the observed correlation by a different formation history of the disc does, how-
ever, likely produce the opposite of what is observed. In both scenarios, the position of the
dust must be the same in order to be a homogeneous group interferometrically. The dust
around those targets with longer orbital periods would be hotter since the circumstellar en-
vironment consists of smaller, less processed grains. The disc scale height will increase for
these targets, which will result in a higher surface brightness temperature. If the observed cor-
relation between the binary period and the surface brightness temperature is resulting from a
different formation history, we should likely observe the opposite trend. Moreover, the orbital
parameters for all targets suggests that a very strong interaction must have occurred when the
current post-AGB star was on the AGB. Also the similarity between the size of the emission
region of the circumstellar environment seems to point to a similar formation history of the
circumbinary discs around the whole sample.

Since the observed correlation between the binary orbit andthe surface brightness temper-
ature is most likely not linked to the formation process, thebinary period must influence
somehow the absorption characteristic of the circumstellar disc or, both the orbital period and
the disc properties change in phase with each other.

After the formation of the circumbinary disc, the systems could end up with the observed
spread in the orbital period. To understand the correlationbetween the orbital period and the
surface brightness temperature, we then need to invoke a physical process in which longer
orbital periods produce a lowered absorption efficiency of the circumstellar environment.
Although this seems unlikely, it can not be excluded.

On the other hand, the spread in the binary period after the formation could be much smaller
than the one observed now. The correlation between the orbital period and the absorption
characteristic could then be a result of the evolution of thesystem.

In the this assumption, the interpretation of the spread in the surface brightness temperature
as a result of grain growth in the circumstellar environmentis promising. Over time, grain
growth is bound to occur. The timescale in which the process of grain growth acts is very
rapid and the effect on the SED of a disc structure can become noticeable on timescales of
only 104−106 years (Dominik et al. 2007, and references therein). In-depth theoretical work
is, however, not yet available for circumbinary discs around evolved targets. The interfer-
ometric results, coupled to the binary distribution, may therefore point to the fact that we
primarily witness evolution of the disc.

An important aspect in this hypothesis is that, after the formation of the stable circumbinary
disc, the orbital period of the central binary can and will increase. In the case of a spherical
non-conservative mass loss (and associated angular momentum loss) without mass transfer,
the orbital period will indeed increase. In the post-AGB binary sample studied here, the
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situation is, however, much more complex. Observational evidence that non-conservative
mass loss from the post-AGB primary is occurring, after the formation of a circumbinary
disc, is found for many objects: this is either by the detection of a strong P-Cygni Hα
profile (e.g. Fig. 2 ofMaas et al.(2005)). For the shortest period binary known so far
SAO 173329 (Pbinary = 116d) this P-Cygni profile shows a wind velocity of∼ 300 km s−1

(van Winckel et al. 2000; Maas et al. 2003), but also for other systems like IRAS 08544-4431;
IRAS15469-5311 and IRAS17038-4815, IRAS15469-5311 fast Hα winds are detected. For
IRAS 08544-4431, the Hα profile is modulated with the orbital period but the extrema in ra-
dial velocity are phased with the superior conjunction (notwith periastron) and show that the
mass-loss is not spherically symmetric but attains higher velocities towards the companion
(Maas et al. 2003).

For other systems like 89 Her (Pbinary = 288 d), a significant (vexp ∼ 7 km s−1, Mtot ∼

3×10−3M⊙) non-conservative mass loss was recently imaged in CO (Bujarrabal et al. 2007)
with the detection of an hour-glass polar outflow. Other binaries like HR 4049 have polar
outflows as well, but here it is traced by polarimetric observations (Johnson et al. 1999). The
most famous example of a polar outflow is certainly the nebulaaround HD 44179 (the Red-
Rectangle nebula) (Cohen et al. 2004).

Contrary to the observational evidence of non-conservative mass loss, also mass accretion
onto the primary (evolved component) must occur, as inferred from the photospheric abun-
dance pattern. Most post-AGB primaries show an abundance pattern which is resulting from
depletion (Van Winckel et al. 1992, 1995, 1998; Gonzalez et al. 1997b,a; Giridhar et al. 1998,
2000, 2005; Maas et al. 2002, 2003, 2005, 2007; Hinkle et al. 2007). The process of deple-
tion is still badly understood, but it must result from a selective re-accretion of the gaseous
content of the circumstellar environment, while leaving the dust out there. Since this process
is deemed to be most efficient if the dust is stored in a stable disc reservoir (Waters et al.
1992), the re-accretion likely occurred after the formation of the circumbinary disc. The de-
pletion process is only detected for stars from about 5000K and hotter (e.g.Giridhar et al.
2005; Maas et al. 2005). It can attain in some cases very extreme depletion patterns with
metallicities down to the record holders HR 4049 and HD 52961[Fe/H]=-4.8 (Waelkens et al.
1991b), but in most cases, the depletion patterns are more modest.Given the evolutionary
stage, the depletion process which requires mass accretiononto the evolved component from
the circumstellar environment is a continuous process which is occurring till the disc is dis-
persed. For objects with less deep convective envelopes (orless deep pulsational mixing), the
depletion pattern is more easily detected.

For binaries surrounded with a Keplerian disc with observational evidence for both (polar)
mass-loss and mass accretion, it is not straightforward to predict the binary orbital evolution.
Our interpretation of the interferometric results indicate that the orbits may grow in time,
but more in-depth theoretical work should be performed to understand this complicated three
body problem with both mass loss and mass accretion. We remark that an evolution of the
central binary system, after the formation of the circumbinary disc, could be necessary to
understand the high eccentricity of the systems as well (seeChapter1 andSoker 2000).

We conclude that we find a clear correlation between the surface brightness temperature and
the orbital period. Since the surface brightness temperature is linked to the absorption char-
acteristic of the circumbinary disc, the geometry and/or mineralogy of the disc must be corre-
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lated with the orbital period. We show that this correlationis likely not the result of a different
formation scenario of the circumbinary disc which is depending on the orbital period. The
explanation of the observed correlation could be linked to the lifetime of the system after the
formation of the disc. If the systems with a small surface brightness temperature have indeed
older discs, then the correlation with the orbital periods indicate that in the complex systems
the period grows in time. We propose that the change in the overall absorption of the disc
with time could very well be the result of the natural processof grain growth. Clearly our re-
sults call for a detailed study of the evolution of these systems surrounded by a circumbinary
disc.

6.8 Conclusions

We presented an N-band interferometric survey of the circumstellar environment around
eleven post-AGB binaries which show a broad infrared excessstarting already at the H or
K-band. For all targets, our high spatial resolution measurements proof that the central bi-
nary is surrounded by a stable dusty circumbinary disc. The N-band emission is coming from
a compact region of which the physical diameter is only∼ 40 AU for all targets. Moreover,
the N-band emission has been found to be asymmetric in three out of nine targets which were
resolved by the interferometric setup. The asymmetry was proven either by the detection of
a difference in the angular extent along different angles orby the detection of a significant
differential phase. Since the detection of asymmetry with the MIDI instrument is difficult,
this rate of detection is high. Our target list is comprised of one-in-five post-AGB binaries
displaying a similar SED (De Ruyter et al. 2006). We conclude that our results are likely
applicable to the broader sample and that all these targets are surrounded by a similar stable
dusty disc.

We compared the spatial information of our interferometricobservations with a self-consistent
disc model based on radiative transfer. For this model, we assumed a passive irradiated dusty
disc and constrained the input parameters by the unresolvedcharacteristics of the wider sam-
ple of post-AGB binaries. The resulting ’prototypical’ circumbinary disc reproduces the
spatial probe well and that for all targets. All objects showan emission region of which the
physical size is consistent with the simulated values. Moreover, the models show that asym-
metry can be detected only when the disc is seen under a high inclination which is consistent
with the observations. The discs around our targets must be compatible with our model: that
of a passive circumbinary disc with a large scale height in which the inner rim is puffed-up.
The dust disc starts at the dust sublimation radius (T ∼ 1200K).

An intriguing result of our survey is that the dust discs present homogeneous interferometric
characteristics. The intensity profile of the discs around the various targets is very similar and
the visibility curves show overall a very similar wavelength dependence. This is surprising
since the star-to-star differences in the strength of this intensity profile are found to be large.
The surface brightness temperature of the N-band emission for the different targets shows a
large spread ranging from∼ 200K to > 900K. This large spread combined with the similar
physical dimension of the intensity profile leads to the conclusion that the discs around the
various targets must have a different absorption efficiencyfor the radiation provided by the
central post-AGB star.
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From a parameter study on the radiative disc models and from the outlier sources, we find that
the differences in the absorption efficiency of the circumstellar environment are likely linked
to the process of grain growth in the disc environment. Thosetargets which have undergone
a severe grain growth will absorb the radiation less efficiently, resulting in a lowered surface
brightness temperature whilst keeping the dimension of theintensity profile consistent.

We find that the N-band surface brightness temperature is linked to the orbital period of the
various targets. For no other parameter of the central binary (like the effective temperature
of the post-AGB star) there is a clear correlation. For thosetargets with a long orbital period,
the surface brightness temperature is significantly lower than for those with shorter binary
periods. Since the surface brightness temperature probes the absorption efficiency of the
circumstellar environment, the correlation points to a lower absorption efficiency for those
discs surrounding long period binaries. We show that this correlation is likely not the result
of the formation history of the different targets, but that it is probably linked to the evolution
of the system after the formation of the circumbinary disc. We hypothesize that, as a result
of a severe binary interaction, a circumbinary disc is formed during the late stellar evolution
stages of the primary. Initially, the orbital period distribution could have been more peaked
than what is observed now. Over time, the binary period of a system could have grown
and simultaneously, the mineralogy of the circumbinary disc could have changed. What
we observe now is a larger spread in binary period and in dust mineralogy for the different
targets, which is resulting from a different evolutionary timescale after the formation of the
disc. Those targets with a long binary period and showing a low N-band surface brightness
temperature are hypothesized to be older and in their circumstellar environment, the grains
have grown considerably.

The longest period binaries (showing the lowest N-band surface brightness temperature)
seem to confirm our evolutionary scenario. The objects IRAS 17038 (Pbinary = 1381d) and
HD 52961 (Pbinary = 1297d) show a very different spatial dependence of the dust mineral-
ogy than the other targets of the sample: In the visibility amplitude curve over the N-band, the
shape of the silicate emission feature is retrieved in emission. In a homogeneous distribution
of the silicate feature producing particles, the shape of the silicate emission feature should be
retrieved in absorption in the visibility curve, which is the case for most targets of the sample.
The mineralogy distribution of the dust environment of IRAS17038 and HD 52961 is clearly
very different than for the rest of the sample and it could be linked to a strong dust processing.

AC Her (Pbinary = 1196d) shows remarkable characteristics which have been linkedto an
extreme grain growth and crystallisation of the circumstellar dust. It is the target of the sam-
ple for which the coldest infrared excess has been found and the mineralogy derived from the
spectral features is found to be even similar to that of the solar comet Hale-Bopp (Gielen et al.
2007). For this target, the interferometric observations are only crudely compatible with our
prototypical disc structure. The intensity profile of the disc around AC Her is not a smoothly
varying function with radius, but consists likely of two spatially separated emission regions.
Although the parameter space is obviously large, we find thatthis is most likely linked to
a depletion of material in between both emission regions. More in depth study on this ob-
ject is needed, but we speculate that the formation of a giantplanet, sweeping the material
in between both emission regions, could result in the observed SED, mineralogy and inter-
ferometry of this target. In any case, the circumbinary discaround AC Her proofs to be an
efficient dust processing factory.
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Our interferometric survey calls for more in depth theoretical work on the physical processes
like grain growth, crystallisation and even the formation of macro-structures in the circumbi-
nary discs around evolved targets. Moreover, the influence of evolution could be significant
on the central binary system, even after the phase of strong binary interaction in which the
circumbinary disc is formed. The discs around binary post-AGB targets have been postulated
to host similar physical processes as the discs around youngstellar objects in which planets
are formed (see Chapter4). We find that this is indeed likely and the sample of post-AGB
binaries therefore presents a unique opportunity to study discs as dust factories under dif-
ferent radiation fields, physical conditions and evolutionary timescales than in young stellar
objects. To constrain the physical structure of the discs even more stringently, more extensive
interferometric studies on different objects should be performed, preferentially in different
wavelength regimes (see Chapter4).
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Table 6.7: A summary of the MIDI observations. For each science target,
the calibrator observation is given in concatenation. The baseline con-
figurations of the observations are abbreviated using the various station
identifiers (U for unit telescopes (8.2 m) and other letters for auxiliary
telescope positions (1.8 m)). The reported fluxes are the IRAS 12.5µm
flux. Nomenclature: PB = Projected Baseline length, PA = Projected
baseline Angle [East of North], sci/cal = science vs calibrator observa-
tion, diam = uniform disc diameter (only for calibrators).

target baseline PB PA flux night UT sci/cal diam grating
name config [m] [deg] [Jy] yyyy/mm/dd hh mm [mas] grism/prism

HD 52961 U2 - U3 41.3 45.6 5 2004/02/10 02 20 SCI - PRISM
HD 49161 U2 - U3 44.3 46.1 10 2004/02/10 02 45 CAL 2.70 PRISM
HD 52961 U2 - U3 46.3 46.3 5 2004/02/11 03 46 SCI - PRISM
HD 67582 U2 - U3 44.3 44.7 9 2004/02/11 04 13 CAL 2.47 PRISM
AR Pup G0 - H0 31.2 57.0 131 2006/12/16 05 34 SCI - PRISM
HD 48915 G0 - H0 31.3 67.8 143 2006/12/16 05 07 CAL 5.85 PRISM
AR Pup G0 - H0 31.5 60.1 131 2006/12/17 05 48 SCI - PRISM
HD 48915 G0 - H0 31.7 72.6 143 2006/12/17 05 25 CAL 5.85 PRISM
AR Pup G0 - H0 31.1 78.2 131 2006/12/17 07 49 SCI - PRISM
HD 48915 G0 - H0 29.8 77.6 143 2006/12/17 07 27 CAL 5.85 PRISM
AR Pup G0 - H0 31.7 61.6 131 2006/12/21 05 42 SCI - PRISM
HD 48915 G0 - H0 31.9 70.3 143 2006/12/21 05 17 CAL 5.85 PRISM
IRAS 08544-4431 D0 - G0 31.2 49.2 180 2006/11/14 07 59 SCI - PRISM
HD 48915 D0 - G0 31.9 73.7 143 2006/11/14 08 29 CAL 5.85 PRISM
IRAS 08544-4431 G0 - H0 31.8 57.8 180 2006/12/17 06 34 SCI - PRISM
HD 48915 G0 - H0 31.9 73.2 143 2006/12/17 06 12 CAL 5.85 PRISM
IRAS 10456-5712 D0 - G0 31.6 71.6 189 2006/04/20 01 25 SCI - PRISM
HD 123139 D0 - G0 27.1 26.4 57 2006/04/20 01 01 CAL 5.17 PRISM
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Table 6.7: continued.

target baseline PB PA flux night UT sci/cal diam grating
name config [m] [deg] [Jy] yyyy/mm/dd hh mm [mas] grism/prism

IRAS 10456-5712 D0 - G0 29.5 93.9 189 2006/04/20 03 13 SCI - PRISM
HD 123139 D0 - G0 30.2 49.5 57 2006/04/20 02 43 CAL 5.17 PRISM
IRAS 10456-5712 E0 - G0 15.0 89.9 189 2006/04/23 02 43 SCI - PRISM
HD 123139 E0 - G0 14.9 46.5 57 2006/04/23 02 16 CAL 5.17 PRISM
SX Cen U2 - U3 44.4 41.9 6 2004/02/10 07 37 SCI - PRISM
HD 107446 U2 - U3 40.8 50.4 32 2004/02/10 08 08 CAL 4.23 PRISM
SX Cen U2 - U3 44.3 42.5 6 2004/02/11 07 37 SCI - PRISM
HD 107446 U2 - U3 40.4 52.4 32 2004/02/11 08 16 CAL 4.23 PRISM
SX Cen U2 - U3 43.3 46.8 6 2004/02/12 08 03 SCI - PRISM
HD 120404 U2 - U3 40.3 42.2 13 2004/02/12 08 27 CAL 2.94 PRISM
IRAS 15469-5311 U2 - U3 46.2 -0.8 131 2004/04/09 03 02 SCI - PRISM
HD 134505 U2 - U3 46.3 9.7 13 2004/04/09 03 22 CAL 2.48 PRISM
IRAS 15469-5311 U2 - U3 44.7 35.1 131 2004/04/09 06 27 SCI - PRISM
HD 134505 U2 - U3 43.2 45.8 13 2004/04/09 06 57 CAL 2.48 PRISM
IRAS 15469-5311 U1 - U3 96.1 29.1 131 2004/06/28 01 21 SCI - PRISM
HD 134505 U1 - U3 93.3 37.7 13 2004/06/28 01 43 CAL 2.48 PRISM
IRAS 15469-5311 U2 - U3 34.6 69.1 131 2004/08/01 02 38 SCI - PRISM
HD 169916 U2 - U3 46.6 38.0 31 2004/08/01 02 10 CAL 3.75 PRISM
IRAS 17038-4815 U2 - U4 87.7 64.3 8 2005/04/18 06 30 SCI - PRISM
HD 169767 U2 - U4 81.5 41.3 9 2005/04/18 06 08 CAL 2.12 PRISM
IRAS 17038-4815 U3 - U4 59.2 97.9 8 2005/05/26 04 30 SCI - PRISM
HD 169767 U3 - U4 51.0 77.9 9 2005/05/26 04 09 CAL 2.12 PRISM
IRAS 17038-4815 U1 - U3 97.2 32.5 8 2005/07/22 01 34 SCI - PRISM
HD 169767 U1 - U3 100.4 15.4 9 2005/07/22 01 00 CAL 2.12 PRISM
IRAS 17243-4348 U2 - U4 87.2 65.5 11 2005/04/18 06 27 SCI - PRISM
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Table 6.7: continued.

target baseline PB PA flux night UT sci/cal diam grating
name config [m] [deg] [Jy] yyyy/mm/dd hh mm [mas] grism/prism

HD 169767 U2 - U4 86.0 57.0 9 2005/04/18 07 17 CAL 2.12 PRISM
IRAS 17243-4348 U1 - U4 128.3 36.7 11 2005/06/25 01 34 SCI - PRISM
HD 169767 U1 - U4 127.3 18.6 9 2005/06/25 01 12 CAL 2.12 PRISM
IRAS 17243-4348 U1 - U3 97.4 36.2 11 2005/07/22 02 27 SCI - PRISM
HD 169767 U1 - U3 98.8 25.7 9 2005/07/22 02 07 CAL 2.12 PRISM
89 Her D0 - G0 31.1 77.3 98 2006/04/20 08 47 SCI - PRISM
HD 168454 D0 - G0 31.7 64.6 62 2006/04/20 08 19 CAL 5.78 PRISM
89 Her D0 - G0 30.1 80.1 98 2006/04/22 08 11 SCI - PRISM
HD 168454 D0 - G0 31.9 67.8 62 2006/04/22 08 35 CAL 5.78 PRISM
89 Her E0 - G0 15.5 77.8 98 2006/04/23 08 31 SCI - PRISM
HD 123139 E0 - G0 13.2 93.6 57 2006/04/23 07 19 CAL 5.17 PRISM
AC Her U3 - U4 60.1 104.3 41 2005/05/26 07 00 SCI - GRISM
HD 159561 U3 - U4 58.9 105.8 9 2005/05/26 06 31 CAL 1.59 GRISM
AC Her U2 - U3 45.3 47.7 41 2005/06/27 06 41 SCI - GRISM
HD 134505 U2 - U3 26.2 83.0 13 2005/06/27 05 54 CAL 2.48 GRISM
AC Her U2 - U3 36.8 50.4 41 2005/07/23 02 44 SCI - GRISM
HD 159561 U2 - U3 44.5 47.4 9 2005/07/23 03 09 CAL 1.59 GRISM
IRAS 19125+0343 U2 - U4 86.6 82.8 29 2005/04/18 09 28 SCI - PRISM
HD 188512 U2 - U4 76.9 84.6 9 2005/04/18 09 04 CAL 1.98 PRISM
IRAS 19125+0343 U3 - U4 57.1 108.9 29 2005/05/26 08 40 SCI - PRISM
HD 188512 U3 - U4 61.5 108.1 9 2005/05/26 08 18 CAL 1.98 PRISM
IRAS 19125+0343 U1 - U3 90.8 33.6 29 2005/07/22 03 29 SCI - PRISM
HD 152820 U1 - U3 88.6 47.1 11 2005/07/22 04 26 CAL 2.57 PRISM



Chapter 7
Conclusions

The final stellar evolution stages are still badly understood, the more so when the star is
trapped in a binary system. In this PhD thesis, we contributeto the understanding of this evo-
lutionary phase by investigating a group of evolved binaries. Our main goal is to investigate
the structure of the circumstellar environment, using highspatial resolution measurements.

We performed a systematic interferometric study of a group of post-AGB stars with distinct
observational characteristics: they show a broad infraredexcess starting already at the H
or K-band (for an overview, we refer to this thesis andVan Winckel 2003). In Chapter1
we presented recent literature, which states that the infrared excesses in these objects likely
come from a long-lived dusty disc in the system. The evidencesupporting this was, untill
now, mostly indirect. Moreover, about the structure of the disc, little was known.

In this PhD thesis, we present high spatial resolution measurements of the dust around a large
sample (eleven) of binary post-AGB stars (Chapter2, 4 and6). We resolved the circumstellar
environment in nine of the eleven sources and our data providesdirect evidence that binary
post-AGB stars are surrounded by stable, compact dusty circumbinary discs.We find that the
size of the N-band emission region is very compact with a typical diameter of only∼ 40 AU.
This proves that the emission must come from a stable dusty disc. The central post-AGB stars
are currently too hot to accommodate an ongoing dusty mass loss while dust is present in the
system near the sublimation radius. If we assume that the dust originates from a previous
mass loss phase, this phase must have ended about two years ago for all targets (assuming a
typical outflow velocity of 10 kms−1). This is not compatible with the stability of the infrared
excess since the discovery of these targets (i.e. most binary post-AGB targets were discovered
thirty years ago with the IRAS satellite) nor with the evolutionary timescales of the central
star. Moreover, even if we assume that the post-AGB star could experience a dusty mass
loss at the moment, the observed visibilities are not compatible with any outflow model (see
Fig. 6.24): The observed geometry is much more compact than what can beexpected for an
ongoing dusty wind. Based on the results of our interferometric survey, we can conclude that
the observed targets are surrounded by a stable disc. The size of the N-band emission is larger
than the separation of the central binary and we conclude that the disc is circumbinary for all
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targets. Moreover, not only the size of the emission proves the presence of a dusty disc, we
find that the emission is indeed asymmetric, both in the K- andN-band. Since we observed a
large subsample (one-in-five targets presented in the overviewpaper ofDe Ruyter et al. 2006)
of all known post-AGB binaries, we can safely extrapolate our conclusion to the full sample:
All binary post-AGB targets are surrounded by a stable, compact dusty circumbinary disc.

To determine the structure of the circumbinary disc, we confronted the high spatial resolution
data with self-consistent disc models based on 2D radiativetransfer. We performed this
for the full sample which was observed with the MIDI interferometer. Moreover, for one
target, we could constrain the structure of the dusty environment based on multi-wavelength
interferometric data (combining AMBER & MIDI data, Chapter4). We concluded that the
structure of the circumbinary disc around the various targets is very similar. We find that
both the interferometric observables as well as the broad band SED are reproduced by a
passive dusty circumbinary disc model with a large scaleheight. The dust disc around the
various targets surrounds a large, dust-free inner hole. The dust distribution starts where it
can, at the dust sublimation radius (T ∼ 1200K). At this point, the disc consists of a hot
puffed-up inner rim. The energetics of the discs around binary post-AGB stars is consistent
with passive hydrostatic discs, irradiated by the central binary. This model does not only
reproduce the SED and the high spatial resolution MIDI data,it is also compatible with the
full structure of the disc around IRAS 08544-4431, i.e. the only target for which we could
constrain its structure based on multi-wavelength interferometric data in the K- and N-band.
For this target, we could show that not only the angular scales at both wavelength regimes
are reproduced by this model (and thus the temperature structure), but also the asymmetric
nature of our model is fully compatible with the observed asymmetry.

An intriguing result of our interferometric campaign is that the dusty discs around the var-
ious post-AGB binaries of our sample have very similar physical dimensions as seen in the
N-band. The variation in the dimension of the intensity profile of the continuum emission
over the N-band is found to be small, typical for a disc structure and possibly hinting to a
compact outer radius. The wavelength dependent intensity profile of the discs around binary
post-AGB stars is very similar and that for all observed targets. A strong similarity in the
radial distribution of the dust has been observed for the larger group of post-AGB binaries:
the infrared excess starts near the dust sublimation temperature, irrespective of the effective
temperature of the central star (De Ruyter et al. 2006). The outcome of a strong binary inter-
action when the primary evolved – the circumbinary disc – hasvery similar dimensions and
that for all targets.

Although the N-band intensity profile of the various targetsis similar, we find strong star-
to-star differences in the strength of this profile. We find that the N-band surface brightness
distribution of the different targets shows a large spread from∼ 200 to > 900 K. Although
all objects show an infrared excess which starts around the dust sublimation temperature (the
H or K-band), the emitting surface of this hot dust is different for the various targets. While
objects like 89 Her show that this hot component still dominates the emission in the mid-IR,
other targets, like HD 52961, show that the emission in the N-band is dominated by colder
grains. Since the intensity profile for the various targets is very alike, this can only result
from a different absorption efficiency of the disc structure.

The spectral dust features in the infrared excess show that the mineralogy of the circumstellar
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environment is very different than that of typical outflow sources: a much higher degree
of dust processing both in grain growth and crystallisationis found (Waters et al. 1998b;
Molster et al. 1999, 2000, 2002b,a; De Ruyter 2005; Gielen et al. 2007). An analysis of the
spectral emission features is, however, limited in its conclusions on the bulk of the material. It
only probes relatively small grains, which are located in the surface layers of the disc, directly
irradiated by the central star. We find that also the bulk of the material in the circumbinary disc
is strongly processed, but likely differently so for the various targets. A strong grain growth
could explain the large range in the absorption efficiency ofthe circumstellar environment.

Moreover, we find that the radial distribution of the N-band spectral feature with respect to
the underlying continuum is not homogeneous. For some targets, we find that the feature
is coming from a smaller emission region than the underlyingcontinuum, while for most
the opposite is observed. This must be linked to the radial distribution of the small emitting
particles producing the silicate feature: while most targets show a homogeneous radial distri-
bution of these particles, two targets of the sample show that the small, processed and feature-
producing particles are confined to the inner regions of the disc. Although the global structure
of the circumstellar environment around the various post-AGB binaries shows strong simi-
larities, significant differences are found as well and are likely linked to dust evolution in
the circumstellar environment. Intriguingly, the difference in absorption efficiency of the cir-
cumstellar environment is found to be correlated with the binary orbit of the various systems.
Whether this points to an evolution of the orbital period of the central binary in phase with
the evolution of the circumstellar environment remains unknown. Further in-depth studies
on the complex processes of mass loss and accretion involving the central binary and the
circumbinary disc should be conducted.

We presented in Chapter3 an N-band interferometric case study for one silicate J-type C-star:
IRAS 18006-3213. Moreover, inOhnaka et al.(2006), another J-silicate C-star was observed
with the MIDI interferometer (IRAS 08002-3803). We find thatthe dusty surroundings, at
least for these two targets, shows similarities with the dusty discs around binary post-AGB
stars. The N-band emission region is also very compact and favours a disc structure. The
disc is likely circumbinary, although the orbital parameters could not be determined. The
physical dimension of the dust disc around these two targetsis of the same order, but slightly
bigger than for post-AGB targets (∼ 70− 80AU at 8µm). The radial distribution of the min-
eralogy for these silicate C-stars is similar to the extremecases HD 52961 and IRAS 17038:
the silicate emission feature originates from a smaller angular size than the underlying con-
tinuum. Since we linked this visibility pattern to an extreme mineralogy for the post-AGB
targets, it seems that also the O-rich dusty environment around silicate J-type C-stars could be
strongly processed. This is confirmed by the analysis of the spectral features in some objects
(e.g. the two MIDI targets and the target IRAS 09425-6040 in which a crystallinity degree of
75 % (!) has been found,Molster et al. 2001). In the class of silicate J-type C-stars, objects
with a much lower degree of dust processing are observed as well (e.g. the ISO/SWS spec-
trum of V778 Cyg is dominated by small amorphous silicate grains,Yamamura et al. 2000).
Moreover, at least for one silicate J-type C-star, the shapeof the silicate opacity bump is
retrieved in absorption in the N-band visibility curve (K. Ohnaka, private communication),
as it is found for most of the post-AGB binaries. Possibly thelong-lived reservoir of silicate
J-type C-stars is not so homogeneous. Targets with a low processing degree could have a
disc around the companion (e.g. as inYamamura et al. 2000), while those targets which show
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spectral features consistent with strong dust processing have their disc around the binary sys-
tem (see Chapter3). At least for the latter silicate J-type C-stars, the objects observed with
MIDI show that the circumbinary discs show many similarities with the discs around binary
post-AGB stars.

It is hypothesized that the physical processes in the discs around binary post-AGB stars are
similar to those found around young stellar objects. In the sample of binary post-AGB stars,
but also around silicate J-type C-stars, strong dust processing is indeed found (Jura & Turner
1998; Waters et al. 1998b; Molster et al. 2001, 2002a; De Ruyter 2005; Gielen et al. 2007,
and this thesis), both in grain growth and in amount of crystallisation. The geometry of the
dusty discs around evolved targets will serve as a background onto which processes like grain
aggregation, crystallisation, etc. will be acting. The geometrical constraints provided by inter-
ferometric measurements are extremely important to understand the efficient dust processing
around evolved targets. The fact that the degree of processing and the location of the dusty
reservoir (circumbinary vs circumcompanion) are possiblylinked for silicate J-type C-stars,
illustrates the importance of the structure of the long-lived reservoir. In Chapter4, we have
shown that the strongest constraints on the dusty reservoircome from a multi-wavelength
interferometric study, preferentially with phase information. Moreover, K-band interfero-
metric data are very important since this is the wavelength regime in which the structure of
the hot, puffed-up inner rim can be studied in detail. The size and opacity of this inner rim
will strongly influence the full disc structure and the SED. We started this work already and
find, from the very first K-band data on other objects than IRAS08544-4431, that the model
developed in Chapter4 is applicable. For those targets for which we have spatial information
in the K-band, we retrieve a strong closure phase if the source is seen under a high inclination,
and this even with a similar spectral slope as that observed for IRAS 08544-4431.

Open questions and future prospects

An intriguing observation is that the all C-stars surrounded by O-rich dust are of spectroscopic
J-type (10 % of the C-stars in the LMC are of J-typeMorgan et al. 2003). Not all J-type C-
stars are surrounded by O-rich dust (only about 10 %,Lloyd Evans 1991). J-type C-stars are
genuine C-stars, but with very low12C/13C values, at or near the CNO cycle equilibrium
value of about 4. Moreover, J-type C-stars show no s-processenhancement and often large
over-abundances of Li (Abia & Isern 2000, and references therein). This abundance pattern
is clearly at variance with the result of a typical third dredge-up and it is fair to say that J-type
C-stars are chemically badly understood. In all J-type C-stars, binarity could be necessary to
understand the non-typical evolution. InJorissen(2003), it is hypothesized that binarity could
introduce an extra mixing in the interior of the AGB giant. Such an extra mixing supposes a
very strong interaction. Tentatively, they remark that in order to explain the characteristics of
the R-stars as well, the extra mixing could be the result of a coalesced system, since R-stars
are found to be single stars (McClure 1997). Obviously, such an extreme binary interaction
would never result in a disc around the companion, for which strong arguments are found for
at least one silicate J-type C-star, V778 Cyg (Yamamura et al. 2000; Szczerba et al. 2006).
The targets observed with MIDI so far are consistent with a disc very close around the system.
Long term radial velocity monitoring on the silicate J-typeC-stars should be performed to
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constrain the binary mechanism responsible for the formation of the disc and possibly for
the peculiar abundance pattern. Moreover, by determining the orbital solution, the difference
between the evolutionary channel of the silicate J-type C-stars and the post-AGB binaries
could be retrieved. The current radial velocity measurements are poor and could point to a
wide binary motion, but no conclusive results were obtained(Barnbaum et al. 1991).

In recent years, binarity has become a popular mechanism forexplaining the observed
axisymmetric structures of PNe. The bottom line is that producing the observed shape
and outflow velocities of PNe and proto-Planetary nebula is anontrivial problem for iso-
lated AGB stars (e.g.Soker 1998; Bujarrabal et al. 2001; De Marco et al. 2004; Soker 2006;
Moe & De Marco 2006). Dust tori are found nearly ubiquitous among asymmetric PNe and
proto-PNe, but are mostly expanding like the rest of the nebula (Balick & Frank 2002, and
references therein). It is currently unclear what process(es) are forming these structures.
These tori could, however, strongly influence the outflow shape of PNe.
Mixed chemistry is observed in some PNe, as inferred from theinfrared spectrum
(Waters et al. 1998a; Cohen et al. 1999) and seems to be correlated with H-deficient Wolf-
Rayet central stars (Zijlstra et al. 1991; De Marco & Soker 2002). The O-rich dusty environ-
ment around these targets could be originating from a long-lived reservoir of O-rich dust in
the system, very similar as for binary post-AGB stars or silicate J-type C-stars. Stable disc
structures were indeed recently found in some PNe (De Marco et al. 2002; Chesneau et al.
2006; Lagadec et al. 2006a), but not exclusively in PNe displaying dual dust chemistry. In the
very inner region of the famous “Ant” Nebula, a small stable disc was found (Chesneau et al.
2007) as well. Especially the silicate J-type C-stars are noteworthy in the context of PNe
with a dual dust chemistry. To form a H-deficient Wolf-Rayet star, an extra mixing of the
intershell material with the envelope material is necessary (Herwig 2000, 2001) to explain
the characteristics of these targets (De Marco & Barlow 2001). An extra mixing is postulated
to explain the observed abundance pattern of silicate J-type C-stars. Note that the luminosity
of J-type C-stars is high (103 − 105 L⊙ in the LMC,Morgan et al. 2003), so that these AGB
objects may form PNe. Possibly a binary scenario might be necessary to explain the observed
mixed chemistry in PNe. Obviously binarity is not the only scenario (e.g. late thermal pulses
are another widely propagated evolutionary path to form H-deficient Wolf-Rayet central stars
of PNe) and even in the binary context many mechanisms are possible (De Marco & Soker
2002, and references therein).

The influence of a long-lived disc on the shape of a possible outflow from the evolved target
must be strong. We could trace this outflow shape around one binary post-AGB star of the
interferometric sample, 89 Her. InBujarrabal et al.(2007), the MIDI interferometric data
on the dusty circumbinary disc is combined with high resolution PdBI maps of CO, to see
the impact of the long lived reservoir on the current (gaseous) outflow. It is found that the
outflow of 89 Her is shaped in an hour-glass-like structure, with expansion velocities of∼
7 km s−1. The total mass in the gaseous outflow is high and amounts to∼ 3 × 10−3 M⊙,
which represents one-third of the total mass in the circumbinary disc. The typical lifetime
of the gaseous outflow is rather well determined as∼ 3500 yr. If the circumbinary disc of
89 Her is shaping the outflow, which seems very likely, the circumbinary disc is indeed long-
lived. Although∼ 3500yr is still compatible with a low mass post-AGB star track (Blöcker
1995, ∼ 1 M⊙,), this time frame makes it probable that post-AGB binariessurrounded by
a circumbinary disc may lead a slower evolution along the post-AGB track. If the different
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absorption efficiency of the circumbinary disc is linked to lifetime after the formation of
this disc (see Chapter6), the lifetime of the other targets of the sample are possibly even
longer, since 89 Her shows a very strong absorption efficiency. A significant prolongation
of the post-AGB lifetime will result from accretion of material from the circumstellar disc
(Zijlstra et al. 2001), which is bound to occur (or is still occurring) because of the observed
depletion process. Moreover, accretion from the circumstellar environment could be a driver
of a strong gaseous outflow along the poles.

The sample of binary post-AGB stars is a testbed for binary evolution and also to study dust
evolution under different radiation fields and physical conditions than in young stellar objects.
Moreover, by studying stable discs over the full sequence AGB – post-AGB – PNe, discs as
dust factories can be studied under ever hardening radiation from the central star. Studying
evolved binaries is not only relevant to understand the latestellar evolutionary phases, but
could answer questions relevant to many branches of astronomical research.

A big step forward in our understanding of the complex structure of the circumbinary discs
has come from detailed radiative modelling, based on the relevant physics. The structure of
the reservoir is a complex problem and the interpretation ofinterferometric observations is
only possible with a-priori knowledge on this reservoir. The radiative models used in this
thesis (Dullemond 2002; Dullemond & Dominik 2004) are very powerful in retrieving the
interferometric observables. In the same spirit we are working on disc modelling with SKIRT
which was developed by the group in Ghent (Baes et al. 2005, 2007). Since the latter code
is being tuned to evolved objects, it could provide additional insights, as the full scattering
transfer is accounted for as well.

In the future, post-AGB binaries and silicate J-type C-stars should be observed with many
more interferometric probes, preferentially multi-wavelength, to fully constrain the struc-
ture of these reservoirs. A confrontation of these interferometric data should be done on a
star-to-star basis, reproducing simultaneously the broadband SED and the interferometry.
Moreover, many post-AGB targets have been observed with theSPITZER/IRS and ISO/SWS
spectrograph (e.g.Gielen et al. 2007) and also this information should be matched. By K-
band interferometric observations, we can investigate in detail the puffed-up inner rim of the
disc-structure. In the N-band, we are sensitive to the impact of this inner rim on the more
extended structure of the disc. The surface layers of the disc, producing the spectral sig-
nature in the infrared, can be traced accurately by infraredspectroscopy. A combination of
these data will provide a very strong probe on the process of grain aggregation, settling and
crystallisation and that in the full disc structure.

Strong hints on the formation and dynamics of (proto-)Planetary Nebulae could come from
the sample of binaries surrounded by a dusty disc. Dust tori are found ubiquitous among
PNe although mostly expanding. The process(es) creating these discs are currently poorly
understood and could be similar as those for the discs aroundpost-AGB and silicate J-type
C-stars. The influence of a long-lived disc in the system is found to be strong for 89 Her.
The shape of the gaseous outflow is hour-glass-shaped which is compatible with many PNe
morphologies. More in-depth studies are needed on the outflow characteristics of post-AGB
stars and silicate J-type C-stars. Outflows are observed quite frequently, but the shape remains
largely unknown. For some targets, there is evidence for an outflow perpendicular to the long-
lived reservoir (e.g. the Red Rectangle:Cohen et al.(2004), 89 Her:Bujarrabal et al.(2007)),
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while for some a wind in the plane of the binary system is proposed (e.g. IRAS 08544-4431
Maas et al. 2003). More in-depth interferometric measurements are necessary to understand
the general flow characteristic. The future ALMA array will provide the possibility to gather
this insight. Such observations should be linked with the ongoing process of accretion onto
the binary system. Moreover, the impact on the central binary of a mass loss in combination
with accretion from the circumbinary disc should be analyzed. Important answers should
be provided by the combination of more in-depth theoreticalwork on the evolution of the
system after the creation of the circumbinary disc. Are the binary orbits of the systems
undergoing an evolution because of the various processes atwork? Is this evolution necessary
to explain thee−log(P ) diagram? What is the trend of the evolution, decrease/increase of the
orbital period and/or the eccentricity. How is the binary system influenced by the presence
of the circumbinary disc? Is the central binary influencing the physical processes in the
circumbinary disc? How does a binary influence the internal processes in an evolved target?

Thee−log(P ) diagram of post-AGB binaries is currently not understood. Especially the high
eccentricity of the various orbits is difficult and even the overall orbital period distribution is
at variance with the standard theoretical expectations (see Chapter1 and references therein).
The intriguing analogy with thee− log(P ) diagram of barium stars is difficult to understand.
All binary post-AGB targets are surrounded by a long-lived O-rich disc and none of the post-
AGB binaries shows clear photospheric s-process over-abundances. The barium stars are not
the progeny of binary post-AGB stars surrounded by hot dust.Moreover, the period distri-
bution of the binary post-AGB stars can be influenced by the presence of the circumbinary
disc. No disc around the system is found for barium stars, buttheir post-AGB lifetime is of
course much longer (the current cold WD companion was the post-AGB star in the past). The
explanation of thee − log(P ) diagram may also rely on a disc-binary interaction in the past
history. Irrespective: it is not at all understood how the different evolutionary channel may
lead to a similare− log(P ) distribution, but albeit with a very different nucleosynthetic yield.

Possible clues could come from the silicate J-type C-star orthe J-type C-stars stars in general.
These stars do, however, not show over-abundances of s-process elements and are therefore
likely not progenitors either. Moreover, the very binary nature of silicate J-type C-stars is at
the moment completely unknown. In the future, we should try to find the binary distribution
of these targets as well and the HERMES spectrograph, mounted on the Flemish Mercator
telescope will be able to provide strong insights in this. The binary nature and certainly thee−
log(P ) diagram for silicate J-type C-stars could provide strong constraints on the evolution of
these systems and even on the evolution of binary post-AGB stars. The evolutionary channel
of C-stars surrounded by silicate dust is not similar as thatfor binary post-AGB stars, since
the AGB phase was not shortcut. Moreover, they did become C-rich, possibly as a result of
binary interaction. Why did this not occur for post-AGB binaries which must have undergone
a severe binary interaction as well?

Since discs around post-AGB binaries are found in the LMC as well (Reyniers & van Winckel
2007), we can now also study the impact of metallicity on the evolution in a binary system.
Are the discs around binary post-AGB stars very different ina metal poor environment like
in the LMC? Moreover, since we deal with a volume limited sample of which the distance
is known, we could and should do number statistics on the sample of binary post-AGB stars.
Those targets surrounded by hot dust are found by harvestingthe SAGE catalogue of pho-
tometric measurements by the SPITZER/IRAC/MIPS instruments. The SPITZER/IRS spec-
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trograph is efficient enough to study the mineralogy as well.The galactic samples of discs
versus outflows are difficult to interpret because of the unknown distances. In the LMC, the
distance is better known and the number of evolved targets with a long-lived disc reservoir
versus outflow should be confronted with the PNe population.Are long-lived discs relevant in
PNe formation and shaping or do these objects not form (observable) PNe or only a marginal
fraction? Is the life-time of binary post-AGB stars considerably prolonged by the process of
accretion or not?

Clearly, there still remains a lot to be learned from these intriguing objects.



———— Samenvatting————

Hoge ruimtelijke resolutie studie van de
circumstellaire omgeving van AGB- en

post-AGB-sterren

S.1 Situering:

In dit proefschrift bestuderen we de circumstellaire omgeving van binaire objecten waarbij
één component sterk geëvolueerd is. Het materiaal rond zulke systemen kan gevangen zijn
in een stabiele, roterende schijf die bestaat uit een mengsel van zowel gas als stof. Het
binaire karakter van de geëvolueerde centrale ster is van vitaal belang om deze systemen te
begrijpen. De vorming van de schijf in het systeem is immers het gevolg van een sterke
binaire interactie tijdens de evolutie. In dit proefschrift onderzoeken we de structuur van
deze schijf aan de hand van infrarode metingen met hoge ruimtelijke resolutie. Door een
significante groep gelijkaardige objecten te bestuderen onderzoeken we ook de evolutie en
mogelijke vormingsscenarios van dit soort systemen.
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S.1.1 Late evolutie stadia van sterren

De late evolutiestadia van sterren met een lage tot intermediaire massa (0.8M⊙ < M <
89M⊙) worden gekenmerkt door een snelle overgang van de Asymptotische Rode Reuzentak
(AGB) langs de post-AGB fase naar een Planetaire Nevel. Tijdens de AGB-evolutie wordt
de energie voorzien door nucleaire verbranding in één of twee schillen (in tegenstelling tot
verbranding in de kern). In dit evolutiestadium is de mantelvan de ster geëxpandeerd tot vele
malen de oorspronkelijke afmetingen op de hoofdreeks. De ster is erg lichtkrachtig en toont
zich als een koud object.

Ten gevolge van een schilinstabiliteit – een thermische puls – kan de convectie-enveloppe
doordringen tot de H/He discontinuı̈teit en op die manier elementen naar het oppervlak bren-
gen die geproduceerd werden door thermonucleaire reacties. Daardoor wordt het steropper-
vlak gradueel verrijkt in He-verbrandingselementen alsook in elementen die gevormd worden
door het gestaag invangen van neutronen (i.e. slow neutron capture). Omdat C in groter ge-
tale geproduceerd wordt dan O, kan de C/O verhouding in de fotosfeer omflippen. Indien
er meer C-atomen in de fotosfeer aanwezig zijn noemen we de ster C-rijk i.p.v. O-rijk. De
verhouding van het aantal C-atomen ten opzichte van het aantal O-atomen is erg belangrijk
omdat de atomen van het minder aanwezige element gebonden worden in het erg stabiele
CO-molecule. De chemie van de ster (en het massaverlies, zieverder) zal dus gebaseerd
zijn op het O-atoom of het C-atoom, naargelang welk van deze elementen in grotere getale
aanwezig is.

Het is tijdens de AGB-evolutie dat massaverlies minstens even belangrijk wordt als de inter-
ne evolutie van de ster. Hoewel het massaverlies de levensduur van de ster bepaalt, wordt
dit proces nog steeds niet volledig begrepen. Hoogst waarschijnlijk is massaverlies tijdens
de AGB-fase een gevolg van sterke pulsaties die de atmosfeeromhoogtillen, wat resulteert in
materiaal op lagere temperatuur. Bij deze temperaturen kanzich stof vormen indien er signi-
ficante dichtheden mee gepaard gaan. Omdat dit stof de straling van de ster veel efficiënter
absorbeert dan gas, kan het relatief eenvoudig weggeblazenworden. Er wordt verondersteld
dat het stof een significante hoeveelheid gas meeneemt op zijn weg. De typische uitstroom-
snelheid van een AGB-wind is 10 km s−1.

Als de massa van de enveloppe sterk gereduceerd is door massaverlies begint de zogenaamde
post-AGB-evolutie. De effectieve temperatuur van de ster neemt nu sterk toe op een korte
tijdschaal (1000 − 10000 jaarBlöcker 1995), terwijl de uitgestraalde energie constant blijft
(lichtkracht∼ 103 − 104L⊙). Door de stijgende temperatuur wordt het stralingsveld zo
intens dat het materiaal rond de ster (indien dit nog aanwezig is) geı̈oniseerd kan worden
(Teff ∼ 30 000 graad). Wanneer dit gebeurt spreken we van een Planetaire Nevel.

S.1.2 Binaire evolutie

Het is ondertussen duidelijk dat een grote fractie van alle sterren zich in een meervoudig sys-
teem bevindt. In een uitgebreide studie van G-type hoofdreekssterren (gelijkaardig aan onze
zon) konDuquennoy & Mayor(1991) aantonen dat twee derde van alle stellaire systemen
bestaat uit twee of meer objecten.

Afhankelijk van de binaire kenmerken kan de evolutie van eenster in een binair systeem
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sterk verschillen van de evolutie van een enkelvoudig object (waarvan de evolutie hierboven
geschetst wordt). Omdat sterren opzwellen tijdens de late evolutiestadia zal de binaire in-
teractie tijdens deze evolutiefase groot zijn. Binaire interactie kan een invloed uitoefenen op
zowel de interne evolutie van de ster alsook op het proces vanmassaverlies. Indien de straal
van de geëvolueerde ster groter wordt dan de binaire baan, dan heeft deze ster niet de ruimte
om op te zwellen. De evolutie zal stopgezet worden alvorens de volledige AGB-evolutiefase
beëindigd is. Als de baan groter is (tot een baanperiode van∼ 10 jaar) dan ondergaat het
systeem een zogenaamde common-envelope fase. Dit proces isover het algemeen onstabiel
wat betekent dat de binaire periode sterk krimpt gedurende de interactie en het systeem ein-
digt met een baanperiode van slechts een paar dagen. Bij nog grotere baanseparaties zal de
tweede component vooral een invloed uitoefenen op de hoeveelheid en de geometrie van het
massaverlies van de geëvolueerde ster. Door het binaire karakter van het systeem zal het
proces van massaverlies waarschijnlijk efficiënter verlopen dan in een enkelvoudige ster.

In dit proefschrift onderzoeken we de structuur van de schijf rond binaire systemen waarbij
een van de componenten geëvolueerd is. Deze schijf werd gevormd tijdens een periode van
sterke binaire interactie die de verdere evolutie van het systeem sterk beı̈nvloedde. Zowel de
vorming van de schijf als de resulterende baanparameters van het centrale binaire systeem
(zie verder) kunnen echter nog niet goed verklaard worden.

S.2 Binaire post-AGB objecten omgeven door een schijf

Hoewel de eerste binaire post-AGB-objecten slechts per toeval werden ontdekt, slaagde men
erin om aan de hand van een gemeenschappelijke karakteristiek een systematische lijst sa-
men te stellen. Alle objecten vertonen immers een breed infrarood exces ten gevolge van de
aanwezigheid van een grote hoeveelheid warm, maar ook koud stof rond het binaire systeem.
Dankzij grote observatiecampagnes, waarbij de radiale snelheid van deze post-AGB-objecten
opgevolgd werd, kon men een sterke correlatie vaststellen tussen deze infrarode karakteris-
tiek en het binaire karakter van de geëvolueerde componentvan het systeem. 51 binaire
post-AGB-objecten zijn op deze manier gevonden en beschreven in het overzichtsartikel van
De Ruyter et al.(2006). Voor 29 van deze objecten kon men reeds de binaire baan bepalen.
De baankenmerken worden getoond in Figuur1.1, waar de excentriciteit van de baan uitgezet
wordt ten opzichte van de periode waarmee de sterren elkaar omwentelen. De baanperiode
voor alle objecten ligt tussen 100 en 2000 dagen, wat te kleinis om een ster met typische
AGB-afmetingen te herbergen.

In dit proefschrift gaat de aandacht uit naar het materiaal rond het binaire geëvolueerde ob-
ject. Het materiaal dat verantwoordelijk is voor het infrarode exces een gemeenschappelijk
kenmerk van binaire post-AGB objecten bevindt zich in een schijf rond het systeem. De be-
wijsvoering voor de schijfstructuur van dit materiaal is recent (onder andere dit proefschrift)
en vaak indirect. Merk op dat de schijf rond geëvolueerde objecten een grote schaalhoogte
heeft, wat de schijf verschillend maakt met die rond Saturnus.

Het meest bekende object van deze klasse is waarschijnlijk de Rode Rechthoek. Voor dit
object kon de schijf geobserveerd worden met de ruimtetelescoop Hubble. Het object staat
kortbij en het Hubble beeldje toont een zwarte band wat erop duidt dat een massieve en
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stoffige schijf het licht van de ster verduistert. Bovendienkon van dit object aangetoond
worden dat het materiaal in de schijf een Kepleriaanse rotatie uitvoert, net als de aarde rond
de zon.

De meeste binaire post-AGB-objecten staan verder weg van deaarde dan de Rode Rechthoek.
Ze zijn daarom te compact aan de hemel om ruimtelijke informatie over in te kunnen winnen
met een enkelvoudige telescoop. Zelfs een telescoop met eenspiegel van 10 (!) meter is niet
voldoende om de schijf ruimtelijk op te lossen. Om ruimtelijke informatie over die schijven
te verwerven nemen we in dit proefschrift onze toevlucht totde interferometrische techniek.
Met interferometrie combineert men het licht van meerdere telescopen op grote afstand van
elkaar om zo een grotere telescoop te simuleren. Deze techniek pasten wij toe in het infra-
rode golflengtedomein (K- en N-band), waar de schijf een significante hoeveelheid energie
uitstraalt. We gebruikten daartoe de gloednieuwe interferometrische instrumentatie van de
Europese zuidelijke sterrenwacht (ESO) gebouwd in Paranalte Chili. Deze instrumentatie
staat toe om het licht te combineren van telescopen met elk een diameter van 8 meter of
kleinere telescopen met een diameter van 1.8 meter. Bovendien konden we dankzij de Bel-
gische investering in deze instrumentatie gebruik maken van gegarandeerde waarneemtijd
(zogenaamde GTO tijd).

S.3 Dit proefschrift

In dit proefschrift onderzoeken we de ruimtelijke structuur van de circumstellaire omgeving
van binaire post-AGB-objecten. Dit deden we voor een grote steekproef aan de hand van
metingen met de MIDI interferometer (Hoofdstuk 2, 4 en 6). Intotaal konden we met MI-
DI ruimtelijke informatie inwinnen voor elf objecten. Dit betekent dat we ongeveer twintig
procent van het aantal gekende objecten bestudeerden. Bovendien werd in de loop van dit
proefschrift de AMBER interferometer gebruiksklaar en konden we voor IRAS 08544-4431
de structuur van de circumstellaire omgeving bestuderen intwee verschillende golflengtere-
gimes (K en N-band,∼ 2 en∼ 10µm, Hoofdstuk 4). Om de interferometrische data adequaat
te kunnen interpreteren, ontwikkelden we fysische modellen voor de circumstellaire omge-
ving die we confronteerden met de observaties (Hoofdstuk 4 en 5).

In Hoofdstuk 2 presenteren we een proefproject om de circumstellaire omgeving van binaire
post-AGB-objecten te onderzoeken met ruimtelijke resolutie. Daartoe werden twee objec-
ten geobserveerd met de MIDI interferometer die opereert inde N-band (813 µm), namelijk
SX Cen en HD 52961. We konden aantonen dat de circumstellaireemissie van een uiterst
compact gebied komt. SX Cen werd zelfs niet ruimtelijk opgelost met een interferometrische
baseline van 45 m. Dit duidt erop dat het circumstellaire materiaal inderdaad gevangen zit
in een stabiele en stoffige schijf. Omdat de circumstellaireemissie uitgebreider is dan de
afstand tussen de componenten van het binaire systeem, is deschijf circumbinair. Bovendien
vinden we dat het materiaal in deze schijven sterk verschiltvan wat geobserveerd wordt bij
een (gewone) massaverliezende ster. Het O-rijke materiaalin de schijf vertoont een grote
hoeveelheid grote korrels, alsook veel kristallijn materiaal. Voor HD 52961, die ruimtelijk
opgelost werd met de MIDI interferometer, vinden we dat het kristallijn materiaal in de schijf
zich vooral in de regios dicht bij de ster bevindt. Het materiaal verder van de ster bestaat voor-
al uit amorfe silicaten. De data in dit hoofdstuk werden gebruikt om het wetenschappelijk
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potentieel van de MIDI interferometer aan te tonen (SDT, Science Demonstration Time).

In Hoofdstuk 3 bestuderen we IRAS 18006-3213 met de MIDI interferometer. Dit object be-
hoort tot een klasse die gelijkenissen vertoont met de klasse van binaire post-AGB-objecten.
Het behoort tot de silicaat J-type C-sterren. Deze objectenzijn C-rijke AGB-sterren die
omgeven worden door O-rijk circumstellair materiaal. Omdat een C-rijke ster een C-rijk
massaverlies teweegbrengt, wordt aangenomen dat het O-rijke materiaal in de circumstellaire
omgeving komt van een stabiel reservoir. Er wordt algemeen aangenomen dat silicaat J-type
C-sterren binaire objecten zijn waarbij een sterke binaireinteractie leidt tot de vorming van
een stabiel O-rijk reservoir in het systeem. Onze interferometrische data voor dit testobject
tonen aan dat de O-rijke circumstellaire omgeving vele gelijkenissen vertoont met de O-rijke
schijf rond binaire post-AGB objecten. De circumstellaireemissie vertoont een vergelijk-
bare grootte en ook bij deze ster moet het materiaal in een stabiele schijf gevangen zitten.
We vinden bovendien dat de samenstelling van het materiaal in de schijf sterke gelijkenissen
vertoont met veel grote korrels en een grote fractie aan kristallijne silicaten. IRAS 18006-
3213 werd geobserveerd met sterk verschillende ruimtelijke resoluties en aan de hand van de
grootste ruimtelijkeresolutiemetingen konden we de asymmetrie van de bron aantonen. We
argumenteren dat deze asymmetrie een gevolg is van de schijfstructuur waardoor het foto-
center van deze schijf en die van de centrale ster niet samenvallen. We besluiten dat onze
studie van IRAS 18006-3213 aantoont dat het O-rijke stof rond dit object (en de bredere klas-
se) gevangen zit in een stabiele stofschijf. De schijf rond IRAS 18006-3213 is waarschijnlijk
gesitueerd rond het binaire systeem en vertoont sterke gelijkenissen met de schijven rond
binaire post-AGB-objecten.

In hoofdstuk 4 onderzoeken we de schijf rond binaire post-AGB-sterren in twee golflengte-
regimes. In de K-band (∼ 2µm) bestuderen we de structuur van het heetste stof in de schijf
(∼ 1000 graden Celsius) aan de hand van metingen met de AMBER interferometer. In de N-
band daarentegen bepalen we de geometrie van het veel koudere stof (∼ kamertemperatuur).
We confronteerden onze metingen met een fysisch relevant model voor een circumbinaire
schijf. Dit model werd opgesteld zodat het consistent is metde metingen zonder ruimtelij-
ke resolutie: het model voorspelt de spectrale energiedistributie. We vinden dat dit model
ook de ruimtelijke data heel goed reproduceert. De structuur van de schijf in de twee heel
verschillende golflengteregimes wordt adequaat weergegeven. Zelfs de gemeten asymme-
trie is consistent met de voorspelde waardes. We concluderen daarom dat de schijf rond
IRAS 08544-4431 de structuur heeft van de modelschijf: een compacte stabiele schijf rond
het binaire systeem met een groot gat aan de binnenkant. Dit gat is het gevolg van stofsu-
blimatie. Boven de stofsublimatietemperatuur kan geen stof bestaan en daarom begint de
stoffige schijf rond de sublimatietemperatuur (T ∼ 1200K). Doordat het materiaal op deze
plaats alle straling van de ster opvangt is de schaalhoogte van deze regionen heel groot. Door
de krachtige wetenschappelijke resultaten die behaald werden door het combineren van inter-
ferometrische data in de K- en de N-band selecteerde de Europese Zuidelijke Sterrenwacht
dit werk voor een persbericht (ESO 43/07).

In hoofdstuk 5 verrichten we verder onderzoek naar fysischemodellen van een schijf rond
een post-AGB binair systeem. We ontwikkelen een prototype model voor een schijf rond
binaire post-AGB-sterren. Dit model is een passief model wat betekent dat de energie uit-
sluitend komt van de irradiatie door het centrale binaire systeem. Onze schijf is opgebouwd
uit een mengsel van stof en gas en heeft een grote schaalhoogte (die bepaald wordt door de
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gasdruk). In het centrum van de schijf is er een stofvrije regio omdat stof daar sublimeert.
Een belangrijk aspect van de schijven rond post-AGB-objecten is dat op de plaats waar stof
kan bestaan, er stof aanwezig is. Door de hoge temperatuur heeft de schijf hier een grote
schaalhoogte. We spreken van een zogenaamde puffed-up inner rim. Aan de hand van dit
model voorspellen we zowel de spectrale energiedistributie (die weinig ruimtelijke informa-
tie bevat), alsook metingen met de MIDI interferometer. We gaan na wat de invloed van
veranderingen in de structuur van de schijf is op deze metingen. We vinden dat de combi-
natie van beide karakteristieken een goede manier is om de structuur van de circumstellaire
omgeving vast te leggen.

Uiteindelijk presenteren we in Hoofdstuk 6 een overzichtsartikel van alle binaire post-AGB-
objecten die geobserveerd werden met de MIDI interferometer. Voor elf objecten konden we
de ruimtelijke structuur van de circumstellaire omgeving nagaan. We vinden dat alle objecten
omgeven zijn door een heel compacte schijf die bestaat uit gas en stof. Bovendien kunnen we
aantonen dat de emissie asymmetrisch is, zelfs in de N-band,wat de schijfstructuur bewijst.
We confronteren de ruimtelijke data met het prototype schijfmodel ontwikkeld in Hoofdstuk
5 en vinden dat dit model consistent is met de metingen voor alle objecten. De klasse van
binaire post-AGB-objecten is omgeven door een stoffige schijf met grote schaalhoogte.
Een belangrijk en intrigerend resultaat van deze studie is dat de ruimtelijke afmeting van de
verschillende objecten heel gelijkaardig is: de objecten ageren als een homogene groep voor
de interferometrische waarnemingen. Alle objecten vertonen een gelijkaardige grootte van
slechts∼ 40 AU (een AU is de gemiddelde afstand aarde – zon). Bovendien isook het ver-
schil in grootte tussen verschillende golflengteregios heel gelijkaardig voor de verschillende
objecten van deze studie. Het resultaat van een sterke binaire interactie op de AGB de schijf
rond het binaire systeem vertoont gelijkaardige dimensiesen dat voor alle objecten.
Hoewel de dimensie van de verschillende objecten sterk gelijkend is, zijn er grote verschil-
len op te merken. We vinden vooral grote verschillen in de kracht van het intensiteitprofiel
(en dat terwijl de grootte ervan gelijkend is). We vinden bijvoorbeeld dat de N-band surface
brightness temperatuur een grote spreiding vertoont gaande van∼ 200 K tot > 900K. Hoe-
wel voor alle objecten heet stof aanwezig is in het systeem, is het stralend oppervlak van dit
heet stof sterk verschillend voor de verschillende objecten. Voor objecten zoals 89 Her blijkt
dat deze hete component de emissie domineert, zelfs in de N-band. Voor andere objecten
wordt de emissie in de N-band gedomineerd door veel kouder stof. We tonen aan dat dit
enkel een gevolg kan zijn van een verschillende absorptie-efficiëntie van de schijf voor de
verschillende sterren van onze studie.
We vinden dat de spectrale kenmerken van het infrarood excesvan de verschillende objecten
erop duiden dat de chemische samenstelling van de circumstellaire omgeving sterk verschil-
lend is van de typische samenstelling van een sferisch massaverlies. Het materiaal bestaat uit
grotere korrels en de fractie kristallijne silicaten is groter. De ruimtelijke verdeling van deze
grote en kristallijne deeltjes is echter verschillend van object tot object. Terwijl voor twee
objecten de deeltjes verantwoordelijk voor de spectrale signatuur zich vooral in de binnenste
gebieden van de schijf bevinden, vinden we dat voor de meestesterren de metingen consis-
tent zijn met een homogene verdeling van deze deeltjes.
De chemische samenstelling van de circumstellaire omgeving kan een grote invloed hebben
op de absorptie-efficiëntie van de schijf. Voor schijven waarbij de stofdeeltjes significant
groeiden zal de schijf minder efficiënt de straling van de ster absorberen. We maken dan
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ook de hypothese dat de geobserveerde spreiding in de sterkte van het intensiteitprofiel het
resultaat is van een verschillende stofsamenstelling van de schijf. Deze objecten waarbij de
N-band emissie voornamelijk veroorzaakt wordt door koud stof, zijn die objecten waarbij de
stofkorrels significant groeiden.
Merkwaardig genoeg vinden we dat de absorptie-efficiëntievan de schijf gecorreleerd is met
de binaire periode van het centrale systeem. Deze objecten met een lange baanperiode wor-
den omgeven door een schijf die de straling minder efficiëntabsorbeert. We tonen aan dat
dit niet het resultaat kan zijn van een verschillende vormingsgeschiedenis van schijven rond
korte/lange periode binaire sterren. De correlatie is waarschijnlijk een gevolg van de evolutie
na de vorming van de stabiele schijf in het systeem. Met de tijd kan de structuur van het
materiaal in de schijf veranderen en dat in fase met de binaire periode van het centrale object.
Door het natuurlijke groeiproces van stof kunnen zich grotekorrels in de schijf vormen en
zo een minder efficiënte absorptie teweegbrengen. Verderetheoretische studies zijn echter
nodig om te begrijpen of de baanperiode van de centrale binaire component kan groeien op
een gelijkaardige tijdschaal. Het centrale binaire systeem ondergaat immers een complexe
evolutie in dewelke de geëvolueerde ster massa verliest, maar ook massa accreteert uit de
circumstellaire schijf.

De hypothese werd reeds meerdere malen geopperd dat de fysische processen die aan de gang
zijn in de schijven rond geëvolueerde binaire sterren gelijkaardig zijn aan deze die gevonden
worden in jonge objecten, in dewelke planeten gevormd worden (zie vb. Hoofdstuk 4). In de
groep van binaire post-AGB sterren, maar ook in de klasse vande silicaat J-type C-sterren
wordt inderdaad een sterke stofgroei en alteratie gevonden. De structuur van het reservoir
waarin het circumstellaire materiaal zich bevindt is van groot belang omdat het de fabriek
vormt waar processen als korrel klitten, kristallisatie,... ageren. De ruimtelijke informatie die
we konden inwinnen dankzij onze interferometrische metingen is dan ook van vitaal belang
om de efficiënte stoffabrieken rond geëvolueerde sterrente begrijpen.
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Appendix A
List of acronyms

a semi-major axis of a binary orbit
AGB Asymptotic Giant Branch
AMBER Astronomical Miltiple BEam Recombiner
AO Adaptive Optics
AT Auxiliary Telescope
AU Astronomical Unit
CCD Charged Coupled Device
CSE Circumstellar environment
e eccentricity of a binary orbit
ESO European Southern Observatory
EWS Expert WorkStation
f(M) mass function of a binary system
FWHM Full Width at Half Maximum
HD Henry Draper
HR Hertzsprung-Russell
HST Hubble Space Telescope
HIGH-SENS HIGH SENSitivity mode
HR Henry Draper
i inclination
IR Infra Red
IRAS Infra Red Astronomical Satellite
ISO-SWS Infrared Space Observatory - Short Wavelength Spectrometer
IUE International Ultraviolet Explorer
JD Julian Day
K (binary context): velocity amplitude of the measured component
LMC Large Magellanic Cloud
mas milli-arcseconds
MIA MIDI Interactive Analysis
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MIDI MID-infrared Interferometric instrument
SED Spectral Energy Distribution
To time of periastron passage in a binary system
MoDust Dust shell Modelling code
MSX Midcourse Space eXperiment
OPD Optical Path Difference
P Period
PA Projected Angle - Position Angle
PB Projected Baseline
pc parsec
PNe Planetary Nebula
post-AGB post Asymptotic Giant Branch
PPNe Proto Planetary Nebulae (or post-AGB target)
RGB Red Giant Branch
SCI-PHOT SCIence-PHOTometry mode
SED Spectral Energy Distribution
SDT Science Demonstration Time
UD Uniform Disk
UT Unit Telescope
UT Universal Time
UV Ultra Violet
V visibility (interferometric context)
VLT Very Large Telescope
VLTI Very Large Telescope Interferometer
WD White Dwarf
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