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G. Olofsson13, R. Ottensamer4,19, E. Polehampton12,17, T. Posch4, G. Rauw15,
P. Royer2, B. Sibthorpe7, B.M. Swinyard12, T. Ueta14, C. Vamvatira-Nakou15,
B. Vandenbussche2, G.C. Van de Steene1, S. Van Eck16, P.A.M. van Hoof1,
H. Van Winckel2, E. Verdugo5, and R. Wesson3
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Abstract. MESS (Mass loss of Evolved StarS) is aHerschelGuaranteed Time
Key Program that will image about 100, and do spectroscopy ofabout 50, post-main-
sequence objects of all flavours: (post)-AGB stars and planetary nebula, luminous blue
variables, Wolf-Rayet star and supernova remnants. In thisreview the implementation
and current status of MESS is outlined, and first results are presented.

1. Introduction

On May 14, 2009 theESACornerstone missionsHerschel(Pilbratt et al. 2010) and
Planck(Tauber et al. 2010) were lauched succesfully by an Ariane 5 ECA launcher. Ap-
proximately 26 minutes after launchHerschelwas released from the rocket and placed
on a trajectory towards the second Lagrangian point of the Sun-Earth system.

The first few months of the mission were used to commission the spacecraft and
verify the performance of the instruments and release the various instrument/observing
modes for use. Of relevance here are the phases that followed, the Science Demonstra-
tion Phase (SDP), were selected observations from the approved Key Programs (KPs)
of the released observing modes were executed, and the Routine SciencePhase (RSP)
which is currently on-going.

∗Herschel is an ESA space observatory with science instruments provided by European-led Principal In-
vestigator consortia and with important participation from NASA.
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2. The MESS Program

Of the 21 Guaranteed Time and 21 Open Time KPs, two are dedicated to the studyof
evolved stars, HIFISTARS (Bujarrabal et al., this volume) and MESS (Groenewegen
et al. 2011).

The main aims of the MESS program are twofold, namely (1) to study the structure
of the circumstellar envelope and time evolution of the mass-loss rate, and (2) tostudy
molecular and solid state features in the spectra of a representative sample of both low-
and intermediate- mass and high-mass post-main sequence objects.

Mass-loss is the dominating factor in the post-main sequence evolution of almost
all stars. Although it has been studied since the late 1960’s, with the adventof infrared
astronomy, many basic questions remain unanswered: what is the time evolutionof
the mass loss rate, what is the geometry of this process and how does this influence the
shaping of the nebulae seen around the central stars of PN and LBVs, can we understand
the interaction of these winds with the interstellar medium (ISM), what kind of dust
species are formed at exactly what location in the wind.

With its improved spatial resolution compared toISO and Spitzer, larger field-
of-view, better sensitivity, the extension to longer and unexplored wavelength regions,
and medium resolution spectrometers, the combination of PACS (Poglitsch et al.2010)
and SPIRE (Griffin et al. 2010) observations have the potential to lead to a significant
improvement in our understanding of the mass-loss phenomenon.

With these science themes in mind, the preparation for a Guaranteed Time (GT)
Key Program (KP) started in 2003, culminating in the submission and acceptance of the
MESS (Mass-loss of Evolved StarS) GTKP in June 2007. It involves PACS GT holders
from Belgium, Austria and Germany, the SPIRESpecialist Astronomy Group6, and
contributions from theHerschel Science Centre, and Mission Scientists. The allocated
time is about 300 hours, of which 170h are devoted to imaging and the remainingto
spectroscopy.

2.1. Target Selection

Details on the target selection can be found in Groenewegen et al. (2011).
In brief, for the asymptotic giant branch (AGB) stars a sample was chosento repre-

sent the various types of objects, in terms of spectral type (covering the M-subclasses,
S-stars, carbon stars), variability type (L, SR, Mira), and mass-loss (from low to ex-
treme). In the selection theIRASCIRR3 flag was considered to avoid regions of high
background. Within each subclass, typically the brightest mid-IR objects were chosen.
A sample of 30 O-rich AGB stars and RSGs, 9 S-stars, and 37 C-stars will be imaged
with PACS, as well as the two post-RSGs (IRC+10 420 and AFGL 2343). A subset
of respectively, 11, 2 and 13 AGB/RSG stars will be imaged with SPIRE, as well as R
CrB, the prototype of its class. That the PACS and SPIRE target lists are not identical
is on the one hand a question of sensitivity–the fluxes are expected to be higher in the
PACS wavelength domain–and on the other hand is a question of the available hours of
guaranteed time available to the different partners.

The targets for PACS and SPIRE spectroscopy are (with one exception)a subset of
the imaging targets. They have been selected to be bright withIRASfluxesS60 ∼> 50 and
S100 ∼> 40 Jy, a S/N of ≥ 20 on the continuum is expected over most of the wavelength
range (∼55 to∼180µm). A sample of 14 O-rich AGB stars and RSG, 3 S-stars, and 6
C-stars will be observed spectroscopically with PACS, as well as the two post-RSGs.
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A subset of respectively, 5 O-rich and 4 C-rich AGB stars and 1 post-RSG star will be
observed spectroscopically with SPIRE.

For the post-AGB (P-AGB) and planetary nebulae (PNe), a sample of twenty well-
known C- and O-rich P-AGB and PNe will be imaged with PACS, and a subsetof 9
with SPIRE. In spectroscopy twenty-three C- and O-rich P-AGB stars and PNe will be
observed with PACS, and a subset of 11 with SPIRE, of which 9 are in common with
PACS.

Regarding the massive stars to be observed within MESS, PACS photometry will
be obtained for several targets among the most representative LBVs (luminous blue
variables) (AG Car, HR Car, HD 168625) and Wolf-Rayet nebulae (M 1-67, NGC 6888).
These targets represent various types of LBV and WR nebulae at different stages of in-
teraction with the ISM. PACS spectroscopy will be obtained for the brightestnebulae to
measure the fine-structure lines and determine the physical conditions and abundances
in the ionised gas and/or in the photodissociation region. In total, eight stars will be
mapped with PACS, 2 will be observed with PACS spectroscopy and 2 with SPIRE
spectroscopy.

Concerning the observation of supernova remnants, PACS and SPIRE photometric
and spectroscopic mapping of Cas A, Kepler, Tycho, Crab and 3C 58 (= SN 1181) will
be performed.

3. Implementation

3.1. SPIRE Imaging

Each of the evolved star targets will be mapped in “Large Map” mode, with a scan leg
length of 30′, a cross-scan length of 30′ and a repetition factor of 3. The 5 SNe remnants
will be mapped in the same mode and repetition factor over 32′×32′ to ensure sufficient
sky coverage.

One object (the Helix Nebula) is so large that it will be observed in SPIRE-PACS
parallel mode over an area of about 75′ squared.

3.2. SPIRE Spectroscopy

A single pointing FTS observation will be obtained for each of the evolved star targets,
with sparse image sampling. The high+low spectral resolution setting will be used,
with a repetition factor of 17 for each mode.

For the Cas A supernova remnant, FTS spectroscopy in high resolution mode will
be obtained at three positions on the remnant, each sparsely sampling the 2.6′ field of
view of the FTS, with a repetition factor of 24. Similar spectra will be obtained for one
pointing position only for each of the Crab and Tycho supernova remnants.

3.3. PACS Imaging

All PACS imaging is done using the “scan map” astronomical observation request
(AOR) with the “medium” scan speed. Our observations are always the concatenation
of 2 AORs (a scan and an orthogonal cross-scan).

The P-AGB and PNe objects will be imaged at 70 and 160µm. The size of the
maps range from about 4 to 9 arcmin on a side with a repetition factor of 6-8. The five
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SNe remnants will be observed with 22′ scan-leg lengths at 70, 100 and 160µm with
an repetition factor of 2. The AGB objects will be imaged at 70 and 160µm and the
scan-length varies between 6 and 34′. Repetition factors between 2 and 8 are used.

3.4. PACS Spectroscopy

All PACS spectroscopy is performed by concatenating one (or more) (B2A+short R1)
and (B2B+long R1) AORs to cover the full PACS wavelength range from about 54
to 210µm with Nyquist wavelength sampling. The observing mode is pointed with
chopping/nodding with a medium chopper throw of 3′.

Four sources were submitted as SDP targets for PACS spectroscopy, but three
(NGC 7027, VY CMa and CW Leo) happened to be observed already as part of the PV
of the AORs. These data were officially “transferred” to the MESS program. Two of
these sources (VY CMa and CW Leo) were observed in mapping mode. All details over
these maps can be found in Royer et al. (2010) and Decin et al. (2010b)respectively.

Nine positions on the Cas A supernova remnant will be observed with the PACS
IFU, obtaining full spectral coverage using the (B2A+short R1) and (B2B+long R1)
AORs and the largest chopper throw. Single positions on each of the Crab, Kepler and
Tycho remnants will be observed in the same way.

4. First Results

The results obtained during SDP and the early phases of RSP match and exceed our
expectations. Eight papers were published in the A&A special issue and one inNature,
the very first based onHerscheldata, that illustrate well the science that will be pursued.

4.1. Supernova Dust

Barlow et al. (2010) analyse PACS and SPIRE images of the core-collapse SN remnant
Cas A to resolve for the first time a cool dust component, with an estimated mass of
0.075 M⊙, significantly lower than previously estimated for this remnant from ground-
based sub-millimeter observations but higher than the dust masses derivedfor nearby
extragalactic supernovae fromSpitzerobservations at mid-IR wavelengths.

4.2. The Circumstellar Envelopes

van Hoof et al. (2010) analyse PACS and SPIRE images of the planetary nebula NGC
6720 (the Ring nebula). There is a striking resemblance between the dust distribution
and H2 emission (from ground based data), which appears to be observationalevidence
that H2 has been formed on grain surfaces. They conclude that the most plausible sce-
nario is that the H2 resides in high density knots which were formed after recombination
of the gas started when the central star entered the cooling track.

Another main result is on the detached shells around AGB stars that were first
revealed by theIRASsatellite as objects that showed an excess at 60µm. Later obser-
vations by single-dish (Olofsson et al. 1996) and interferometric millimetre telescopes
(Lindqvist et al. 1999; Olofsson et al. 2000) revealed spherical andthin shells emitting
in CO (TT Cyg, U Ant, S Sct, R Scl, U Cam), that were interpreted as short phases of
high mass loss, probably related to thermal pulses. Kerschbaum et al. (2010) present
for the first time resolved (PACS) images of the dust shells around AQ And,U Ant,
and TT Cyg, which allows the derivation of the dust temperature at the innerradius.
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Figure 1. The map of X Her at 70µm displayed on a logarithmic intensity scale.
North is to the top, east to the left. To the south east of X Her there appears to be a
pair of interacting galaxies.

Although U Ant and TT Cyg are classical examples of stars surrounded by a detached
shell, AQ And was not previously known to have such a shell. Additional examples are
presented in Kerschbaum et al. (this volume) and Mecina et al. (this volume).

4.3. Wind-ISM Interaction

Sahai & Chronopoulos (2010) present ultravioletGALEXimages of IRC+10 216 (CW
Leo) that revealed for the first time a bow shock. Ladjal et al. (2010) demonstrate that
the bow shock is also visible in PACS and SPIRE images. The dust associatedwith
the bow shock has a temperature estimated at 25 K. Using the shape of the shock and a
published proper motion, a space motion of CW Leo relative to the ISM of 107/

√
nISM

km s−1 is derived. A comparison to the models by Wareing et al. (2007) regardingthe
shape of the bow shock suggests that the space motion is likely to be∼< 75 km s−1,
implying a local ISM density∼> 2 cm−3. In fact, examples of bow shocks are quite
common in the MESS sample. Figure 1 shows the case of X Her (Jorissen et al.,in
prep.). In this case the flattened shape of the bow shock suggests a larger space motion
and/or a larger ISM density compared to CW Leo, or to a highly inclined orientation of
the bow shock surface with respect to observers. Additional examples are presented in
Jorissen et al. (this volume) and Mayer et al. (this volume).

4.4. Molecular Lines and Chemistry

Regarding spectroscopy, the results published so far illustrate the enormous potential
to detect new molecular lines thanks to the increased spectral resolution of PACS w.r.t.
ISOs LWS and the previously unexplored wavelength region covered by the SPIRE
FTS.



Results from the Herschel Key Program MESS 7

 0

 20

 40

 60

 80

 100

 120

 140

 160

 400  600  800  1000  1200  1400  1600

F
lu

x 
(J

y)

Frequency (GHz)

12CO

13CO

4-3

5-4

5-4

6-5

6-5

7-6

7-6

8-7

8-7

9-8

9-8

10-9

10-9

11-10

11-10

12-11

12-11

13-12

13-12

CH+

250 µm500 µm

Figure 2. Left panel: SPIRE FTS spectrum of NGC 7027 (Wesson et al. 2010),
with 12CO, 13CO and CH+ lines indicated. Right Panel: PACS spectrum of NGC
7027 (Exter et al. in prep.; the blue upper curve) with the strongest lines indicated,
and the ISO LWS spectrum (black, lower curve) of Liu et al. (1996) scaled by a
factor of 0.1 in flux.

Three papers concentrate on CW Leo. Cernicharo et al. (2010) discuss the de-
tection of HCl in this object, and derive an abundance relative to H2 of 5×10−8 and
conclude that HCl is produced in the innermost layers of the circumstellar envelope
and extends until the molecule is photodissociated by interstellar UV radiation atabout
4.5 stellar radii. Decin et al. (2010a) discover tens of lines of SiS and SiO including
very high transitions that trace the dust formation zone. A comparison to chemical
thermo dynamical equilibrium models puts constrains on the fraction of SiS and SiO
that are involved in the dust formation process. The discovery of water afew years
ago by Melnick et al. (2001) spurred a lot of interest. Several explantions were put
forwards, including the vaporization of icy bodies (comets or dwarf planets) in orbit
around the star (Melnick et al. 2001). However the exact origin could sofar not be
identified as only a single water line was detected. Decin et al. (2010b) analyse SPIRE
and PACS spectroscopy and present tens of water lines of both low and high excitation,
up to∼ 1000 K. Essentially all propsed mechanisms to explain the presence of water
in this star can be refuted. An explanation that is put foward by Decin et al.(2010b) is
the penetration of interstellar ultraviolet photons deep into a clumpy CSE initiating an
active photo chemistry in the inner envelope.

That water will be a main theme is also illustrated in Royer et al. (2010) who
present PACS and SPIRE spectroscopy of the RSG VY CMa. Nine hundred lines are
identified, of which half are of water. Finally, Wesson et al. (2010) present SPIRE FTS
spectra of three archetypal carbon-rich P-AGB objects, AFGL 618, AFGL 2688 and
NGC 7027, with many emission lines detected. Results include the first detection of
water in AFGL 2688 and the detection of the fundamentalJ=1-0 line of CH+ in the
spectrum of NGC 7027 (see Fig. 2). Fig. 2 also shows the PACS spectrum(based on
the central spatial pixel and correcting for the flux loss assuming that the object is a
point source) and for comparison the ISO LWS spectrum in Liu et al. (1996) scaled by
a factor of 0.1 in flux, illustrating the power of the improved sensitivity and spectral
resolution. A full analysis of the PACS spectrum, including a detailed comparison to
the LWS spectrum will be presented elsewhere Exter et al. (in prep.).
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4.5. Dust Spectroscopy

De Vries et al. (this volume) presents the first result on dust spectroscopy, the detection
of the 69µm Forsterite feature in the P-AGB star HD 161796. Identifying dust features
has proven to be perhaps not as easy as originally believed. Reasons are that a more
accurate determination of the PACS and SPIRE RSRFs (relative spectral response func-
tions) and improved data reduction techniques are still ongoing, and also thewealth of
molecular and fine-structure lines that need to be removed before relatively broad dust
features can be identified.

5. Conclusions

The scope, aims and status of theHerschelGuaranteed Time Key Program MESS
(Mass-loss of Evolved StarS) are presented. The progress of the MESS project can
be followed via www.univie.ac.at/space/MESS.

Some of our SDP data is already public and the data taken in routine phase have a
proprietary period of one year, implying that data will become succesivelypublic from
about December 2010 onwards.

Currently, the PACS maps are produced via the standardPhotProject task, that
use data that are filtered to remove 1/f-noise as input. We achieve good results for com-
pact objects, but unmasked large-scale structures in the background are affected by the
filtering (details on the data reduction can be found in Groenewegen et al. (2011)). In
order to improve this, we are currently investigating other filtering and mappingmeth-
ods, such as MADmap (Cantalupo et al. 2010). That way we also seek to improve the
spatial resolution of the final maps. A second point under investigation is to correct the
effects caused by the instrument PSF. With its tri-lobe pattern and other wide-stretched
features it is currently not possible to make any definite statements about structure in the
circumstellar emission close to the central object, although many sources are extended.
Thus we are investigating different deconvolution strategies and PSF-related matters.
The efforts the MESS consortium are currently undertaking to improve the PACS data
processing are described in Ottensamer et al. (this volume).

On the science side, the publication of the very firstNaturepaper based onHer-
schelresults by Decin et al. (2010b) is a highlight. It demonstrates the power of the
PACS and SPIRE spectrometers. With more than 50 PACS and almost 30 SPIREtargets
to be observed spectroscopically this will result in an extremely rich database that, with
proper modelling, will allow detailed studies on molecular abundances, the velocity
structure in the acceleration zone close to the star, and the mass-loss rate.

On the imaging side the fact that bow shock cases are ubiquitous is extremely
interesting. Although this in fact makes it more difficult to derive the mass-loss rate
history of the AGB star, it offers an unique opportunity to use these cases as probes of
the ISM.
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