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ABSTRACT

The mass-loss process is a key ingredient for our understanding in many fields of astrophysics, including stellar
evolution and the enrichment of the interstellar medium (ISM) via stellar yields. We combined the capability of
the VLTI/MIDI and VLT/VISIR instruments with very recent Herschel/PACS observations to characterize the
geometry of mass loss from evolved red giants on the Asymptotic Giant Branch (AGB) at various scales. This
paper describes the sample of objects, the observing strategy, the tool for the interpretation, and preliminary
MIDI results for two targets: U Ant and θ Aps.
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1. INTRODUCTION

In the last years radio and interferometric observations were often used to investigate the history of the mass-loss.
Those observations evidenced that the wind mechanism may be different for an early and a late AGB-star, a
low- and a high-mass object, during and between the thermal pulse. Despite first evidences in favor of spherical
symmetry, some observations show very complicated geometry and no consensous has been reached (Ref. 1).

For O-rich stars, observations of SiO masers emitting at few stellar radii from the stars show a general evidence
of isotropic mass-loss. Water and OH masers are less conclusive in comparison to the SiO results, nevertheless
no obvious departure from spherical symmetry was detected so far (Ref. 2, 3). All of these works include only
assumptions on the position and the size of the central sources, since at that time the high angular resolution
facilities were still under development.

Going deeper inside the circumstellar envelope of the star, at a distance of around 10 stellar radii, asymmetries,
clumpiness, and time-variable mass-loss have been detected (Ref. 4, 5). A significant fraction of the CO line
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profiles obtained toward M-stars deviate significantly from those expected from a spherical envelope (Ref. 6).
Different scenarios have been proposed to explain this kind of profiles involving a very slow wind in spherical
expansion and a faster bipolar flow (Ref .7), 2 successive winds of different ages with different expansion velocities
(Ref. 8), a long-lived reservoir of orbiting molecular gas in Keplerian rotation (Ref. 9). or a binary interaction
(Ref. 10). A last interpretation could come from a possible interaction of the circumstellar environment with the
ISM. Unfortunately the quality of the data used for these studies did not allow to obtain unique solutions for
the structures. A synergy with IR interferometric observations is necessary to disentangle the problem.

For the C-stars there is no counterpart of SiO, water, or OH maser emission, therefore the inner part of the
CSE could not be properly probed by using line emission. Observations on the CO radio emission lines revealed
a spatially resolved CSE in the form of spherically symmetric thin shells (Ref. 11). Up to now only a very low
percentage of stars showed deviation from sphericity in this region. Nevertheless, the images of the dusty region
within 10 stellar radii show highly inhomogeneous distribution due to clumpy structures (Ref. 12, 13).

With its improved sensitivity (compared to the past missions), and extension to unexplored wavelength
regions, the Herschel/PACS instrument is currently giving a significant contribution in understanding the mass-
loss and dust formation processes. The Herschel Mass-loss of Evolved StarS guaranteed time key program MESS
(Ref. 14) investigates the dust and gas chemistry and the properties of CSEs for a large, representative sample
of post-main-sequence objects using both imaging and spectroscopy. Early MESS results (Ref. 15–17) give now
for the first time a more general picture. (a) The correlation of the thermal emission of dust and gas out to
large stellar distances is striking in most of the cases, putting severe limits to a possible drift between dust and
gas. (b) The spatial distribution of the dusty material can be categorized in 3 to 4 forms: (1) perfectly spherical
(sometimes detached) material, (2) bow shock structures correlated with the stellar motion with respect to the
surrounding ISM, (3) mixtures of both and (4) influences of binarity. Clumpiness is seen on all scales. Altogether
it is clear that one has to probe all spatial scales to understand the physics of these complex outflows - from the
immediate stellar environment out to the Outflow/ISM interface.

In September 2010 we proposed ESO a Large Program (PI. Paladini) with the aim to complement the Herschel
observations with VLTI/MIDI and VISIR observations. The program was accepted at the beginning of 2011, and
we are currently in the final stage of the MIDI data analysis. The VISIR time was lost because of exceptionally
bad weather conditions, but it was granted in open time for the next period of observations.

In this contribution we will show that the synergy of the three instruments represents a unique possibility
to trace and constrain the origin of asymmetries in the atmosphere of AGB stars at different wavelength and
spatial scales.

The VLTI/MIDI facility, thanks to the high angular resolution, is currently the most powerful tool for
studying the close circumstellar environments of AGB stars where dust is forming. VISIR’s angular resolution
and spectral coverage are located right in between Herschel and MIDI, thus allowing to probe the intermediate
region of the circumstellar environment. MIDI and VISIR observations combined with Herschel/PACS are a
unique chance to have a complete picture of the different stages of the mass-loss process. Moreover they will
furnish empirically based input to improve our understanding of the mass-loss process, and thus give better
constraints for the next generation of 2D and 3D model atmospheres.

2. TARGETS AND OBSERVING STRATEGY

2.1 Targets

The targets of our project are a sub-sample of the AGB stars observed within the Herschel key program MESS.
Beside obvious criteria such as observability from Paranal, object not included in any Guarantee Time Observa-
tions (GTO) list, and brightness within the limits of the instrument, the targets were selected to have different
chemistries and variability types. To do this we used as reference the IRAS two-color diagram (Ref. 18),and we
tried to sample it homogeneously as shown in Fig. 1. In this way we will be able to follow the evolution of a star
along the AGB. According to the evolutionary track the objects evolve from the bottom left box to the upper
right box. In Box I O-rich non variable stars with no extended circumstellar shells are expected. In Box II the
objects are surrounded by young O-rich shells, while in Box IIIa the shells are more evolved. In Box IVa most
of the C-rich objects with relatively cold dust are located, while in Box VIb the objects with hot dust close to
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Figure 1. The targets of our sample shown in the IRAS two-color diagram (Ref. 18).

Figure 2. Left: ASPRO simulation of the object in the uv-plane. The red lines show the chosen MIDI configurations.
Right: Herschel/PACS image of the star U Ant (Ref.15).

the star, and cold dust at larger distances are located. The typical variables with more evolved C-rich shells are
in Box VII.

2.2 Observing strategy

Our targets have the advantage to be very bright in the N band, therefore all the observations are carried out
using MIDI with the Auxiliary Telescopes (1.8 m). The choice of the configurations was splitted in two categories:

1. Configurations for non-spherical objects evidenced by the Herschel image.

2. Configurations for spherical objects evidenced by the Herschel image (see Fig. 2).

In the first case, baselines are chosen, as good as possible (according to the availability of the proposed
configurations), in the direction and perpendicular to the asymmetry seen from the Herschel image. An additional
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baseline, necessary to confirm the elongation, was chosen at a PA different than the others. A last requirement
was to keep the baseline length as similar as possible to get the best reliability on the potential flatness of the
structure. Also in the second case the baseline configurations were chosen with similar length and overall good
uv-coverage in order to constrain any possible deviation from sphericity (see Fig. 2). For the preparation of the
observations, the use of ASPRO∗ was crucial.

The size of the objects was estimated on the basis of the V − K relation, and assuming that the dust shell
(i.e. the size of the envelope in the Nband) is 3-4 times larger than the diameter of the object in the nearIR as
expected by theoretical models.

3. DATA REDUCTION

The data reduction was performed using MIA+EWS†‡ version 1.7.1 software. Every target was bracketed between
two calibrators (CAL-SCI-CAL). A detailed description of the data quality check and error determination can
be found in Ref. 19.

4. TOOL FOR INTERPRETATION

As the topic of our investigation is the morphology of the atmosphere of AGB stars, we developed a tool to
fit the MIDI observations with geometric models. The tool is called GEM-FIND (GEometrical Model Fitting
for INterferometric Data) and allows fitting the dispersed visibility measurements with central symmetric and
asymmetric geometric models. The tool also derives a synthetic differential phase that can be compared with
the one observed by MIDI. More details on GEM-FIND are described in Ref. 19 and Klotz et al. in this same
volume. For our investigation we fitted the MIDI data with the following geometric models: circular uniform
disc (UD), circular Gaussian, elliptical UD, elliptical Gaussian, binary (only in the case of more than 6 visibility
points). These models are marked with letter M1, M2, M3, M4, M7 in Table 1 of Klotz et al. contribution.

5. PRELIMINARY RESULTS

We present here preliminary results from the MIDI campaign on two stars from our sample: U Ant and θ Aps.

5.1 U Ant

U Ant is a carbon rich Lb variable. The temperature of this target is Teff = 2810K (Ref. 20. It has a C/O = 1.44
and a mass-loss rate of 2.0x10−6M⊙yr−1 (Ref. 21). A spherical detached shell can be seen in the Herschel-PACS
image (see Fig. 4) with a distance from the star of 42” (Ref. 15). The very smooth intensity profile suggests
that after a sudden increase in mass-loss (2800 years ago, Ref.22) it decreased again and did not vary much since
then. The present day mass loss of the gas is 2x10−8M⊙yr−1.

Only 2 points out of the initial sample of 6 could be used for the fitting. Three additional data points were
available in the ESO archive. As the star has very small mass-loss rate, and the amplitude of pulsation is smaller
than 1mag in V band (Ref. 23), it is reasonable to consider negligible any effect of pulsation in the N band
interferometric observations. As a consequence, the two samples of data could be merged, and Fig. 3 shows the
u-v coverage obtained for this target.

As one can note in Fig. 4, most of the observations show an object that is almost unresolved, except for one of
the archive observations taken at longer baselines. Observations were fitted with GEM-FIND and the resulting
reduced χ2 gave very similar results for the four models tested (circular and elliptical UD and Gaussian). As
one would expect it is not possible to distinguish between UD and Gaussian profile with such high visibilities
(Ref. 24). The differential phase of the observations is zero for all baselines. These observations allow us to
derive a size for the inner shell, and show no indication of large scale variation from spherical symmetry. The
UD diameter of the object derived is ∼ 15 mas. Indeed, the object appears around 3 times smaller than what we
expected during the preparation of the observations. This kind of trend is confirmed for some other targets, and

∗http://www.jmmc.fr/aspro page.htm
†http://www.strw.leidenuniv.nl/∼nevec/MIDI/
‡http://www.mpia-hd.mpg.de/MIDISOFT/
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Figure 3. Color dispersed u-v coverage for the MIDI observations of U Ant (left) and θ Aps (right).

Figure 4. Visibilities dispersed in wavelength of the MIDI observations of U Ant. The full line is the best fitting Gaussian
model.

we are currently in the process of discussing the implications this might have for the theory of dust formation.
The visibilities dispersed in wavelength decrease around 8 µm, showing the typical signature of C2H2 molecular
contribution. On the other hand, there is no trace of SiC dust at 11.3 µm. The star is probably surrounded by
a very optically thin shell of amorphous carbon dust. This will be confirmed in a follow-up study with model
atmospheres from Ref. 25, 26.

5.2 θ Aps

θ APS is a semiregular variable SRb with a period of 119 days. The Herschel-PACS image shows a bow shock at a
distance of 68” from the center of the star (Ref. 27). Moreover, an elongation of the envelope in the perpendicular
direction at around 110 degrees was detected. This O-rich star has a mass-loss rate of 4x10−8M⊙yr−1 and a
temperature of 2620 K (Ref. 28).

The uv-coverage of the target is shown in the right panel of Fig. 3. Five observations out of the initial 6
could be used for the geometric model-fitting. In this case, as well as for U Ant, we cannot really distinguish
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Figure 5. Visibilities dispersed in wavelength of the MIDI observations of θ Aps. The full line is the best fitting elliptical
UD model.

between a Gaussian and a UD profile. Nevertheless the resulting χ2 points toward an elongated envelope in
the direction of 120 degree. It might be just a coincidence, but the direction of the elongation is very similar
to the one observed in the PACS image. The upcoming VISIR data will be crucial for confirming the possible
connection between the Herschel and the MIDI structure. The visibilities modelled with elliptic UD profile are
shown in Fig. 5. They all exhibit a decrease around 10 µm where the silicate dust feature is located.

6. CONCLUSIONS AND OUTLOOK

In this contribution we present a report of the ESO Large program that combines the capability of three ex-
traordinary space and ground facilities: Herschel/PACS, VISIR, and MIDI. The three instruments are used to
scan the envelope of a sample of AGB stars in order to trace the origin of asymmetries in the mass-loss process.
Preliminary results for the detached shell object U Ant do not show any evidence of big scale asymmetries, con-
firming the overall sphericity of the envelope of this star. The case of θ Aps is more complicate. Our preliminary
MIDI results show evidence of an elongation. The direction of the elongation is very similar to the one detected
in the Herschel/Pacs image (Ref. 27). This might be interpreted as an effect intrinsic to the mass-loss process
occurring in the atmosphere of the object, an intermediate scale effect caused by a binary interaction, an effect
of the ISM interaction, or just a coincidence. The VISIR observations will clarify the connection between the
two detections.

The followup of this work foresees the comparison of the observations with model atmospheres Ref. 25 to
characterise the dust and molecular stratification of the envelope of these stars. Moreover we are extending the
study to shorter wavelengths. Some of the objects where already observed with AMBER (Paladini et al., in
prep.; Wittkowski et al., in prep.), and will be observed by NACO in the next period. These new complementary
observations will open a window in the region of the atmosphere where the pulsation is in action.
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