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ABSTRACT

Aims. Spectra, taken with the heterodyne instrument, HIFI, abdhe Herschel Space Observatory, of O-rich asymptotictgian
branch (AGB) stars which form part of the guaranteed timeg®gram HIFISTARS are presented. The aim of this prograro is t
study the dynamical structure, mass-loss driving mechgrasid chemistry of the outflows from AGB stars as a functioohamical
composition and initial mass.

Methods. We used the HIFI instrument to observe nine AGB stars, méainilge H,O and high rotational CO lines.We investigate the
correlation between line luminosity, line ratio and massslrate, line width and excitation energy.

Results. A total of nine diferent molecules, along with some of their isotopologue teen identified, covering a wide range of
excitation temperature. Maser emission is detected in th@tlortho- and para40 molecules. The line luminosities of ground state
lines of ortho- and para4®, the high-J CO and NHines show a clear correlation with mass-loss rate. Therhties of HO and
NH3 relative to CO 36-5 correlate with the mass-loss rate while ratios of higbérlines to the 6-5 is independent of it. In most
cases, the expansion velocity derived from the observedaidth of highly excited transitions formed relatively séoto the stellar
photosphere is lower than that of lower excitation traosj formed farther out, pointing to an accelerated outflovgome objects,
the vibrationally excited KO and SiO which probe the acceleration zone suggests theredmthes its terminal velocity already in
the innermost part of the envelope, i.e., the accelerasioapid. Interestingly, for R Dor we find indications of a decation of the
outflow in the region where the material has already escapad the star.

Key words. Line: identification — Stars: AGB and post-AGB — Stars: Igtpe — Stars: circumstellar matter — Infrared: stars

1. Introduction arising from pulsation can levitate the material and predaic

L extended atmosphere (elg., Bowen 1988; Hoefner & Dorfil1992,
Asymptotic giant branch (AGB) stars represent a late StdgefQQ'/). The IatteFr) auths)rsvéhowed that the models lead to dust
stellar eV(.)IUt'On when the nuplear burning in th_e core hase.d' formation in the atmosphere. Although th@&ency of dust for-
The dominant factor governing the rest of their evolutioth® 740 in the outflow of AGB stars has been questioned (see
mass loss from the surface (Habing 11996). Presently, ttialini e.g.\Woitk& 2006}, Hofnket (2008) proposed the wind is v
meghamsm(;) driving the wind which leads to dust fprmanmn by rﬁicron-size grains which are Fe-paor. Mattsson et alD&20
O-rich stars is not fully understood. Model calculationsdgt s, show that for AGB stars with a low metallicity, pulsatio
namics of the photosphere of AGB stars show that shockwa\é%q,] lead to an intense mass-loss rate.Due to the largerszoss

* Herschel is an ESA space observatory with science instrtspeo-  ti0ns of dust grains compared to molecules, diitiently ab-
vided by European-led Principal Investigator consortid aith impor-  SOrbs stellar radiation and is accelerated outwards, drgde
tant participation from NASA. gas along with it/(Goldreich & Scoville 1976; Justtanontlet a

** deceased



http://arxiv.org/abs/1111.5156v1

K. Justtanont et al.: HerschiEllFI observations of O-rich AGB stars : molecular inventory

1994;| Decin et al. 2006; Ramstedt etlal. 2008). THisaively Table 1. O-rich AGB stars in the sample. Indicated is the number

establishes a circumstellar envelope around the star. of frequency settings observed for each object.
The circumstellar envelope of an AGB star is an active site

for chemistry. The slowly expanding windgw 10-15 km s?) name RA Dec obs D M
produced by a constant, isotropic mass-loss rate, is ahlatea (pc)  (Moyr?)
oratory to study physical and chemical processes duridiguste IRC+10011 010626.0 +123553.0 15 740 1.9E%%
evolution. In thermal equilibrium, the relative abundan€ear- o Cet 021920.8 -025839.5 9 107 2.5E%
bon and oxygen determines the composition of the moleculeK Tau 0353289 +112421.7 15 260 4.5E%
and dust species formed. For a carbon-rich star wi@ €1, R Dor 043645.6 -620437.8 9 59  2.0E%
carbonaceous molecules form as well as amorphous carbon afd €am 0500504 +561052.6 9 380  6.5E®

SiC dust after all the oxygen is locked up in the most abun\V Hya 134902.0 -282203.5 16 57870 ;ggg

dant trace molecule CO. In contrast, for a star wil©& 1, AFGL 55%96 g g;" ez,g'g _gé gg ggg g 1370 26E@
i.e., O-rich (M-type) AGB stars, O and CO are the main gas 3%26' : T ‘ e
. P as 2358249 +512319.7 9 106 4.0EW

components, along with silicate dust. However, close tptie
tosphere, shock waves due to stellar pulsationgaarttie stel- References. The quoted distance and mass-loss rates are taken
lar radiation field can induce non-thermal equilibrium,denr  from (1) [de Beck et al.[(2010); (d)_Maercker et 4. (2009); 4Bl
ing this simple picture more complicated (Chercfir2006). |Justtanont et al. (2006)
As an example, the canonical C-rich AGB star, (D216
has been found to exhibit 4@ emission|(Melnick et al. 2001, )
Hasegawa et al. 2006; Decin etlal. 2010a). Data obtained with In three objects, IR€10011, IK Tau, and W Hya, we ob-
Herschel-HIFI have recently shown thas®lis quite prevalent Serve a large number of frequency settings (15, 15 and 16, re-
in C-stars[(Neufeld et &l. 2011). spectlvel_y), W|th the_ intention of using them as templates f

HIFISTARS is the guaranteed time key program aimed &ther objects with high, intermediate and low mass-lossstat
studying circumstellar envelopes around evolved starsyusie  'espectively. In order to study a larger sample of stars, lse a
Heterodyne Instrument (HIF|, de Graauw etlal. 2010) aboapf#served 6 further objects with fewer frequency settingecsed
the Herschel Space Observatdry (Pilbratt &t al. 2010). The pfromthe original settings (Tab[é 1) which include many diag-
gram aims to study stars with a large range of mass-loss rdigdines (see Table Al1). o . .
(107 — 10 M, yrY), differing chemistry (@O<1, GO~1, _ Inorderto estimate the integrated line intensity, a Gaussi
C/O>1) and initial mass (low- and intermediate mass stars afitiwas performed in IDL. Some lines are flat-topped and hence
supergiants), as well asftéirent evolutionary (AGB to planetarythe line intensity was estimated using a rectangular (rhomb
nebula) phases_ In this paper, we report all the obsenstione proflle. Due to the O.bserV”]g mode used, It IS not pOSSIble to
on O-rich AGB stars in our program. Observations and data f&cover the true continuum level of the spectra. Howevereti
duction are presented in Sect. 2 and the lines detected endtimated line intensities are noffacted by this since we subtract

first-cut interpretation are discussed in Sect. 3. The tesuk the continuum prior to calculating them. Our error estirate
summarised in Sect. 4. flect only the noise in the baseline. Other uncertaintie$ sisc

the assumption that a line is Gaussian are not included. i#mywe
) independent measurements of the line intensity by sumrhiag t
2. Observations area under the line agree within twice the estimated urnicerta

Our HIFI observations were carried out using dual-beamciwit!ies listed in Table AlL. The absolute flux calibration eigoex-
mode with a throw of 3and a slow chopping. The full bandwidthP€cted to be- 30% in the HIFI bands 6 and 7 and less15%)

of HIFI of 4 GHz was utilized using the wide-beam-spectroenet @t lower frequencies.

backend. A total of 16 diierent frequency settings have been

chosen to cover a number of expected strong lines @ End .

CO for the purpose of samplingftiérent regions of the warm 3. Molecular lines

circumstellar envelope in objects. The data were calidrate We identify a total of 9 dierent molecular species as well as
ing the standard Herschel pipeline, HIPE, and reprocessed dssociated isotopologues (Table]A.1). Most of the linesirare
those which had been processed with the pipeline versidieearthe ground vibrational state. However, fos® and SiO, vibra-
than 4.0. Data were taken using two orthogonal polarizationionally excited lines are also seen indicating that thediorig-
horizontal and vertical. A resulting spectrum is an averafje inate from the hotter part of the envelope (SEci] 3.3). Many o
these two polarizations which is then rebinned to a 1 kKhres-  the settings observed in the star IK Tau have been presepted b
olution (Figs[A1{A.IP). However, a number of spectra ia thDecin et al. (2010b) and are included here for completeness o
THz-band (HIFI bands 6 and 7) werdtected by the ripples, our sample, along with new observations.

especially in the v-polarization. These are thought to be tdu It has been postulated that® is one of the main molecu-
standing waves in the hot electron bolometer (HEB) mixars. lar coolants in the circumstellar envelopes of O-rich AG& st
these cases, we rebinned only the h-polarization specifam. along with CO|(Goldreich & Scoville 1976). This was confirmed

spectra have been corrected for the be#iciency,mp by observations by the Infrared Space Observatory (ISO) of
_ expl—(4rc/1)?) 1) these stars which show numerous strong lines of both these
imb = Tmb,0 €XP molecules (e.d. Barlow et/al. 1996; Neufeld f al. 1996). \we d

where o is the surface accuracy=(3.8um), A is the tected atotal of 23 bD lines in all the three main isotopologues
wavelength of the transition angin,o iS a correction fac- covering the excitation temperature from 30 to 2350K. These
tor of 0.76, except for the frequency range of 112Qines probe the full extent of the circumstellar envelopd dne
1280GHz (HIFI band 5) where this value is 0.66 (Olbergp HIFI resolution, the lines are well resolved, enablingtais
2010, | http/herschel.esac.esa/idbcgTechnicalNotes HIFI-  study the dynamics of the dust-driven wind. It should be dote
Beam-Hficiencies-17Nov2010.pdf) that the BO 1; -1 vibrationally excited line at 658.0 GHz is
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Fig. 1. Integrated line intensities for all stars in the sampi€0  Fig. 2. A plot of the line luminosity (squares : ortho,8 1; -

- black open circles:*CO red filled circles; I-ZLLPO :open squares; 1g1, circles : para-HO 1; 1-0pp, stars : CO 36-5, x : CO F10-
H170 : red filled squares; 90 : green filled squares; SiO : stars?, triangles : NH 15-0p) as a function of the published mass-loss
SO : open triangles; SQ x; HCN : filled triangles. rate show a strong correlation between the two parameters.

likely to be a maser, as well as the 620.7 GHz84 1) line (see other molecular species. This is likely due to the white-dwa
Sect[3.R). This latter line has previously been reportédérsu- companion with its hard X-ray flux (O’'Dwyer etlal. 2003) pho-
pergiant VY CMa (Harwit et al. 2010). As for CO, we detectetbdissociating HO molecules in the circumstellar envelope of
a total of 8 transitions in three isotopologues. the primary star. In all the stars, we detect b&¥0 and'*CO.

Other molecules are also identified, such asNHO, HCN, The line ratios of the corresponding transitions vary frors 1
SO, SQ and OH. These molecules have already been deteciegtars with high mass-loss rate to up to 10 in stars with towe
in HIFI spectra of AGB and post-AGB stars_(Bujarrabal et amass-loss rates.
2010;/Decin et al. 2010h; Menten ef al. 2010; Justtanont et al We detected both the ortho- and pargaHas well as the iso-
2010;. Schoier et al. 2011). In AFGL 5379, a line is detected @pologues and vibrationally excited lines. A discussioriso-
1196.010 GHz which can be attributed to thg8H3,1,2)-(2,2,1) topic ratios of detected lines is presented by Silva et 8l1{2in
transition. This line is not seen in the other stars in our-sampreparation). A detailed modelling of radiative transféstars
ple, however it is present in the supergiant VY CMa (Alcole@ith low mass-loss rates is in progress (Maercker et al. 20011
2011, in preparation). A line is also seen in the spectrum pfeparation). The highest excitation lines seen in ourtspece
OH 26.5+0.6 at 1114.431 GHz which corresponds to the vibrake vibrationally excited 2 — 1o; and the vibrationally excited
tionally excited SiS 362-61 transition. Although, with the high ground state lines of both ortho- and pargeHwith excitation
upper energy level of 1918.3836chwe classify this line as energies in excess of 2000K (Table A.1). These lines ardylike
unlikely. radiatively pumped.

Since HIFI employs a double-side band mode, there is In Fig.[2, we plot the line luminosity as a function of mass-
a possibility of ambiguity in classifying a line. The line atoss rate for CO 36-5, 10-9, and the ground-state lines of
1112.833GHz in the lower side-band du€i8i0 J26-25 co- both ortho- and para4®, as well as for NH 15-0g. The dis-
incides with the HO 1156—123¢ at 1101.130 GHz. Consideringtances and mass-loss rates are taken from de Beck et al))(2010
the upper energy levels and the expected line strengthseof [fdaercker et al.[(2009); Justtanont et al. (2006) (see Tahle 1
two, we conclude that the line is likely due®siO. There is a strong positive correlation between individugDH
and CO line luminosities, i.e., the slopes for the mass-lats
up to~ 10> M, yr~! are betwen 0.7-0.8. There is one excep-
tion regarding the kO luminosity ino Cet which is much lower
All objects show strong emission due tg®and CO molecules than for the CO. This is likely due to 40 being photodisso-
(Fig. D). The OHIR stars, OH 26.50.6, AFGL 5379 and ciated by the binary companion. The flattenir af this rela-
IRC+10011, show very strong emission of both ground staten atM ~ 3 x 10° M, yr! is consistent with relations by
ortho- and para-kD lines compared to that of CO=8-5. |de Beck etal.(2010).
Despite the high mass-loss rates in thesg/IRHtars, the CO Another molecule readily detected in circumstellar en-
J=16-15 is very weak or not detected. This may be partly dwelopes of AGB stars is SiO (e.d., Bujarrabal etial. 1994;
to the attenuation of stellar light by dust, preventing tkeita- |Olofsson et al. 1998). Here, we identified three silicondpes.
tion of this line. Ino Cet, the CO lines are much stronger thaithe vibrationally excited lines of high-J transitions alsoaseen.

3.1. Line intensities
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Fig.3. A plot of the line ratios relative to the integrated intenFig. 4. The lower panels show a comparison of the normalized
sity of the CO +6-5 as a function of mass-loss rates. In thiéne profile of the 620.7 GHz kD 53,-441 line (solid line) with
lower panel : for ortho-KO 1;0-1¢1 (Squares), para4® 1, ;- the ground state ortho4® 1;0-19; line at 556.9 GHz (dotted
0p,0 (circles), NH 15-0p (triangles) scaled up by a factor of 5.red line) and the CO=5-5 (dashed blue line). The upper panels
The the middle panel shows C@10-9 (x), CO F16-15 (stars) show the 970.3 GHz $D 5,4-431 (solid) with same the kD
and in the upper panel : SO (k312;,) 559.3 and SO (13- ground state and CO lines.
12;3) 560.2 GHz (triangles) and $S(21s16-21517) 558.4 and
SO, (371,37-360.36) 659.4 GHz (squares).
that the density is higher than critical density of thesagia
tions, i.e., the lines are thermalized in the emitting ragibhe

SO has been observed in a number of AGB stars coveringji2¢ ratios of the ground state lines of both ortho- and pgés@-
wide range in mass-loss rates. The estimated abundancevis aWith CO, on the other hand, show an increasing trend as a func-
107 up to 10% M, yr~! (Omont et al! 1993; Bujarrabal et/al.tion of mass-loss rate with the parg®i having a consistently
1994). However, we only observed SO and,S@es in our higher ratio than that of the ortho.8. This same increasing
HIFI frequency range in stars with low mass-loss rates. Frofi¢nd can be seen between the J\i-0p and mass-loss rates,
ISO observations, SCabsorption is detected towards stars witidicative of similar excitation conditions for both moldes.
optically thin envelopes (Yamamura et al. 1999), while iisis The top panel of Fid.13 shows the BT and SG/CO ratios.
not seen in optically thick shells. SO is thought to be formedere, a decreasing trend for the line ratio with the mass-los
mainly via S+ CO and to a lesser extent vias3OH (Cherchné rate can be seen. From the HIFI observations, both SO aad SO
2006) and is expected to be present throughout the envetopére not detected in stars with a mass-loss rate higher than 10
follows then that the formation of SOs via SO+ OH. The Mo yr L. Itis therefore not possible to confirm the tight correla-
best example for SO and $@an be seen in our spectrum of Rion seen by Olofsson etlal. (1998) between COL(D) and SO
Dor (Fig.[A.8). In this object, the line fluxes of the SO lings a (k=32-21) line fluxes.. Omont et al. (1993), however, detected
about an order of magnitude larger than that o S®the other low excitation lines of SO and SQTex < 55K) in 14 OHIR
stars where both molecules are observed, the flux ratioesse istars, including three stars in our sample (H0011, IK Tau
than 5. The only other S-bearing molecule seen in our spisctr@&nd OH 26.5-0.6). In optically thick envelopes, the high exci-
H,S in AFGL 5379 at 1196.0 GHz. This line is absent in all thtation levels of the sulphur-bearing molecules in the Hifige
other stars in our sample, compare to a more ubiquitous pré€kex > 200K) are simply not siiiciently excited.
ence of this molecule observed from the ground ir/IBHstars
(Omont et all. 1993).

We detected the OH triplet line at 1834.7 GHz, which is ver?/z H20 masers
strong in the two extreme QIR stars, in agreement with the factMaser emission has been observed toward a large number of
that these stars emit strongly in the OH 1612 MHz maser (e.gvolved stars. Its signature includes an anomalously gtlioe
Sevenster et dl. 2001). The spectrum of HROO011 is contami- intensity and a narrow line width due to maser amplificatlan.
nated by ripples (standing waves in the HEB mixers) premgntisome instances, a maser can be seen in a narrow peak in the blue
us from confirming the presence of the OH line. wing.

To study the ffects of mass-loss rate on the excitation, we In three objects (W Hya, IK Tau, and IRQ0011), we ob-
plot line intensity ratios of CO=J16-15 and 310-9 relative to serve the 620.7 GHz transition of ortha®l 5;,-441 which is
the ¥6-5 (Fig.[3 middle panel). These ratios appear to be copredicted to be masing (Neufeld & Melnick 1991). The maser
stant over four orders of magnitude of mass-loss ratesatidig line is brighter compared to the thermal excited lines andge
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and vibrationally excited lines are comparable and the flux o

N the vibrationally excited line is small relative to the gnolstate
N line. It is unlikely then in these two objects that the linerias-
ing. This is probably due to the high density quenching maser
action in the inner part of the envelope.

We also observe the vibrationally excited line of parzeH
1;1-0g0 at 1205.8 GHz. Unlike the vibrationally excitegdt1o 1
- 1 ortho-H,0, this line does not appear to be masing when compar-
L ing with the same transition in the ground vibrational state
N 1113.3 GHz as the vibrationally excited line is much weaker.

3.3. Expansion velocity of circumstellar envelops

normalized T,; (K)

Once dust grains condense in the outflow of AGB stars, the
wind acceleration mechanism is thought to be due to radiatio
pressure on the dust grains, which drags the gas as they move
away from the central star (e.g., Goldreich & Scoville 1976;
Habing et all 1994). Lines with a high excitation temperatur
are expected to be emitted in regions close to the star, where
et = . the wind has not yet reached its terminal velocity. Consatiye
e ———— these lines would be observed to be narrower than lines with
lower excitation temperatures, emitted from farther outhia
envelope. Justtanont et al. (1994) demonstrated that inlia-ra
tive transfer calculation for successively higher-J C@dinthe

Fig.5. A comparison of the normalized line profile of the, ;imer reai - ; ;
: o . gions of the emitting zone are being probed which
658.0 GHz HO line (solid line) with the ground state orth:® 156 smaller line widths than for the lowest CO transition.

line at 556.9 GHz (dotted red line) and the CE635 (dashed 5ever, observations of maser lines which probe regioreecl

blue line). to the central star revealed that the wind acceleration isaso
fast as predicted by the dust-drag wind (Chapmanlet al.| 1994)
In Fig.[8, we plot the expansion velocities for the lines detd
to have a narrower line profile as the region of coherent velda our spectra, which probe the warm region as well as theregi
ity required to produce maser emission is generally smalWVl close to the central star. Here, the observed expansionitieil®
Hya, the maser line is narrow compared to the thermally edcita measure of half the width at the baseline level. The unicgyta
lines of HO 1; — 193 and CO &6-5, indicating it comes from of the expansion velocity is 15-30%. In most cases, there is
a region close to the star. In IK Tau, the line exhibits a deubla trend that lower excitation lines have wider observed firee
peak profile which has a line width slightly narrower thantthdiles, indicating they come from regions where the wind iselo
of the 556.9 GHz ground-state orth@® and the CO line. In to the previously determined expansion velocity from gbun
IRC+10011, however, the line is of the same width as the groubdsed observations of low-J CO lines. This indicates thexreth
state HO and CO 26-5 lines, and is thought to arise from theris a velocity gradient in the circumstellar outflow. One Gitve
mal emission, but it also has a strong blue component duesto it that for HO lines, the profile can be heavily absorbed in the
masing action (see Fifil 4 lower panels). This is in line wité t blue wing, leading to slightly lower measured expansioneel
expectation that the 620.7 GHz line is masing at highQ*K) ities. This can be seen in Fig. 6 which shows that the measured
temperature (Neufeld & Melnick 1991). The maser emissien apxpansion velocity of CO=b-5 is larger than that for the ground
pears to arise from the blue-shifted part of the spectruem,in state of both ortho- and para,&. We observe isotopic lines of
the front side of the envelope. Neufeld & Melnick (1991) als#i,0, and a trend can be seen that ${@) > v(H3'O, HO).
predicted a maser line at 970.3 GHz from par#H5,4-431) This may be due to the fact that the less abundant species are
which we observed in W Hya and IK Tau with similar line widthsmore prone to photodissociation from the interstellar atidn
and profiles as for the 620.7 GHz maser. In D011, we did hence we see molecules close to the central star where the gas
not detect a maser peak (Fid. 4 upper panels), and the linehéss not yet reached the terminal velocity.
about the same brightness as for the ground transition tine a For all stars, 3 CO lines have been targeteet6-3, 10-9
556.9 GHz (Tabl¢_All), hence the maser action appears togrel 16-15. The widths of these lines show the trend of inereas
quenched in this object. ing velocity for the lower excitation line, in agreementhvihe
In one of the frequency settings, we detected the vibraeceleration. However, the-16-15 line is not seen towards the
tionally excited HO 1; o-1p; line at 658.0 GHz which is likely two extreme OHR stars, OH 26.50.6 and AFGL 5379, possi-
masing (Fig[b). In all the objects with low and intermediatbly due to the dust attenuation of stellar radiation, préwngrthe
mass-loss rates, the maser line is markedly narrow compare@xcitation of this line. We readily detected tht€O lines in our
the 556.9 GHz line except farCet, where both lines have com-frequency settings as well and in most cases, the line wiafths
parable widths. This indicates, again, that the maser finbé these two isotopes are comparable.
majority of the stars originates close to the star where timelw ~ The line widths of SO and Sare narrower than those from
has not yet reached the terminal velocity. The intrinsie Imen- CO and HO. Due to the low abundance, the lines are not thought
sity supports the fact that the line is masing, i.e., theilitensity to be optically thick, hence the reason why the lines are nar-
of the vibrationally excited line is very bright, comparedtiw rower is likely because they originate from the inner regibn
the ground state line at 556.9 GHz. However, in extreméglRH the envelope. It can be that these molecules are also dedtroy
stars (OH 26.50.6 and AFGL 5379), the widths of the grounctloser in the central star by interstellar UV radiation, gamred

LSR velocity (km/s) LSR velocity (km/s)
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Fig. 6. Observed expansion velocity for molec-
ular lines in our sample stars.

to the more robust CO molecules. In some stars with a relgtivdable 2. Parameters describing the velocity profile for stars
low mass-loss rate, the measured velocities of Si06J15 and which show wind acceleration (Figl 6).
2950 J13-12 lines also are smaller than those from CO.

A number of stars show a clear trend of the high exci- Vo Ve Eo B
tation lines having a smaller line width than low excitation (kms?h) (kms') K
ones (Fig[®), consistent with a region where the molecules a TX Cam 8.5 240 650. 0.2
then accelerated towards the terminal velocity observetien R Cas 7.0 17.0 700. 05
ground-based low-J CO observations. In order to qualitiv 'K Tau 9.0 240 1500. 0.9
show that the wind is accelerated, we overplot a functiorlaim © Cet 4.0 9.5 1500. 0.9
to the dust-driven wind of Lamers & Cassinelli (1999) buttwit IRC+10011 10.0 22.0 1000. 0.9
a dependence on the energy rather than the radius :
V = Vo + (Ve — Vo)[1. — Eo/E} (2) radiative transfer modelling of the stellar wind of R Dorsalin

. I . . AFGL 5379 and OH 26.80.6, the expansion velocity of var-
Whefe \b, Ve ?nd Eo are art_)ltrary initial :_;md éxpansion VEIOC"ious lines suggests that the wind reaches the terminal ixeloc
f[t|es in km St _?ngIEe]gergryr/] in K, resr:ectwely, ﬁ'ﬂj's 6:"?'%:;/\/ already in the innermost part, i.e., the acceleration zenefy
'lzy exponent (Ta )- The parameters are chosen o fol@W &y 'since the line widths are similar regardless of thetexc
CO transitions as a the main tracer for the expansion Ve'%)'n. For W Hya, the line widths increase linearly with the de

ity. In a few cases, however, no clear jump in velocity bemwee, o oing excitation energy. These stars demonstratentngeis-
high and low excitation lines is seen, and a straight linelztn dust interaction does not seem to follow a simple momentum

i[_er descrillae tr;e velocit¥tfietld (rlilgtﬂt p(;:mtels in_ FE@-IG)- Thgig transfer previously used to describe the wind. To fully unde
ines are least-square-fits to all the data points. In gén stand the observed line widths, a full radiative transfesnoe

spite the smaller observed expansion velocity of SO, S0 : : T .
and less abundant isotopologues ofHand CO, the measuredperformed including a velocity field and temperature profile

velocities of these species follow the overall trend of @aging
;/relocny with decreasing excitation energy, i.e., incregsadius Summary
om the central star.

In the case of R Dor, however, the highly excited lines dlMe present the full dataset on O-rich AGB stars as part of
both H,O and SiO indicate a larger expansion velocity in the inthe guaranteed time key program HIFISTARS to study the late
ner part of the envelope than for the lower J-transitions Of C stages of stellar evolution both kinematically and dynaathjc
This is counter-intuitive compared to what is expected ohen We detect emission of 9 molecular species and their most com-
celerating dust-driven wind and may pose a challenge talddta mon isotopologues. We find a trend of increasing line lumityos
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of H,0, CO and NH with the mass-loss rate (Figl. 2) which taHarwit, M., Houde, M., Sonnentrucker, P., et al. 2010, A&R&15L51
pers df for stars with a high mass-loss rate. Interestingly, the lifiasegawa, T. I, Kwok, S., Koning, N., et al. 2006, ApJ, 634, 7

i iqh- i _ i Hoefner, S. & Dorfi, E. A. 1992, A&A, 265, 207
ratios of high-J CO relative to CO-6-8 are independent of the oggng s 4 por . 4. 1997, Asa 315, 648
mass-loss rate (Fifl 3). This implies that the excitatiohigh-J  |5imer 5. 2008, A&A. 491, L1

CO is independent of the density, i.e., the lines are théredl justtanont, K., Decin, L., Schaier, F. L., et al. 2010, A&R1, L6
Other species such ag@® and NH show a positive correlation Justtanont, K., Olofsson, G., Dijkstra, C., & Meyer, A. W.0B) A&A, 450,
1051

with the mass-loss rate. ttanont, K., Skinner, C. J., & Tielens, A. G. G. M. 1994,JM35, 852
From the line brlghtness and shape, we conclude that Iﬁéﬂers, H’. J.‘G. L. M.Y& Ca‘ssinelli, J. P 1999, IntroductimSteI’Iar Winds,

H>O 620.7 GHz is masing in all three objects observed. Theeq. Lamers, H. J. G. L. M. & Cassinelli, J. P.
970.3 GHz and the 658.0 GHz lines are masing in objects wittaercker, M., Schaier, F. L., Olofsson, H., et al. 2009, A94, 243
re|ative|y low (S 10°5 |\/|O yr*l) mass-loss rates. These masdyattsson, L., Wahlin, R., Hofner, S., & Eriksson, K. 2008%A, 484, L5

; P Melnick, G. J., Neufeld, D. A., Ford, K. E. S., Hollenbach, D, & Ashby,
lines are generally significantly narrower than the therk#D M. L. N. 2001, Nature, 412, 160

lines. _ Menten, K. M., Wyrowski, F., Alcolea, J., et al. 2010, A&A, BA7

Since the lines are well resolved, we can use the observggdreld, D. A., Chen, W., Melnick, G. J., et al. 1996, A&A, 31837
line width to derive the expansion velocity for each trapsit Neufeld, D. A., Gonzalez-Alfonso, E., Melnick, G., et a1, ApJ, 727, L29
In general, highly excited lines which originate close te titar Neufeld, D. A. & Melnick, G. J. 1991, ApJ, 368, 215

have smaller expansion velocities compared to the lowek ex@ %’yig;' Jz'z'ggh“' Y., Gruendl, R. A., Guerrero, M. A., & Weibk, R. F. 2003,

tation lines (FigLB). _ThiS is in agreement with the gas bein§iofsson, H., Lindquist, M., Nyman, L.-A., & Winnberg, A. 88, A&A, 329,
dragged by dust grains as they are accelerated outward due tms9

stellar radiation. However, from our observations, theebm@- Omont, A, Lucas, R., Morris, M., & Guilloteau, S. 1993, A&267, 490

; ; ; ; ; _ ilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 204®A, 518, L1
tion zone difers in our sample, with stars with a high mass-lo amstedt, S., Schoier, F. L., Olofsson, H., & Lundgren, A2808, A&A, 487,
rate showing high-excitation lines having velocity closetlie g5

terminal velocity while stars with a low mass-loss rate hgwa  schaier, F. L., Maercker, M., Justtanont, K., et al. 201&AA530, A83
distinct low velocity region (g < 16*K). In R Dor, the highly Sevenster, M. N., van Langevelde, H. J., Moody, R. A., et@012 A&A, 366,
excited lines show smaller observed line widths than thedgw 481

: . ) X : Woitke, P. 2006, A&A, 460, L9
cited lines. For this object, the gas appears to be decilgras Yamamura, I., de Jong, T., Onaka, T., Cami, J., & Waters, LEEM. 1999,

it moves away from the central star. A caveat is the opticptiile  pga 341, L9
which can #ect the line profile. In order to calculate thifect,

a full radiative transfer has to be performed in individugjlects.

This work has started and will be presented in the forth cgmin

papers.

Appendix A: Spectra

In this section, we present the observed spectra of O-ricB AG
stars observed in the HIFISTARS guaranteed time program,
along with the measured line intensities.
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Fig.A.1. HIFI spectra of IRG-10011. For details of the lines detected, see Tablé A.1.
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Fig. A.10. HIFI spectra of AFGL 5379.
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Fig.A.11. HIFI spectra of OH 26.50.6.
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Table A.1. Calculated line intensities (K knT¥) of the observed lines. The setting numbers are internal$IKRS LO frequency settings (see also HigsIA.I-A.12). The
marks the settings which have not been observed and ‘x’ atelicthat the line is not detected above the noise level.

Molecule v E, I (Kkms™?)

(GHz) (K) IRC+10011 oCet IK Tau R Dor TXCam WHya AFGL5379 OHZ26.5 R Cas
setting 1
0-H0 (532-523) 1867.749 732.1 7015 - 8.9:2.2 - - 5.3:0.6 - - -
setting 2
0-Hy0 (734-725) 1797.159 1212.0 - - - - - 2.3 - - -
setting 3
p-H20 (633-6,4) 1762.043  951.8 380.9 1.a:0.7 205 7.80.9 X 2.40.6 8.9:1.8 5.51.4  0.40.3
13CO (16-15) 1760.486  718.7 X k8.5 X 2.8:0.7 X X X X X
0-H,0 (v2 215-151) 1753.914 2412.9 X 140.5 1.904  7.6¢:1.0 X 2.2:0.6 X X X
setting 4
0-H'O (303-212) 1718.119 196.4 X - X - - 140.2 - - -
p-H,0 (533-6056) 1716.957 725.1 X - 2#0.7 - - X - - -
0-H,0 (33-212) 1716.769 196.8 14:91.3 - 26.:1.0 - - 24.90.3 - - -
setting 5
p-H20 (422-413) 1207.639  454.3 7£.0 1.20.3 8208 7.6:05 X 3.3:0.5 22.6:2.0 9.21.1 3.104
p-H2O (v2 1;1-00p) 1205.789 2352.4 X X 0.3 1.6:0.7 X X X 3.8:0.9 X
H2S (312 — 221) 1196.012 136.8 X X X X X X 441.6 X X
setting 6
0-H0 (321-312) 1162.911  305.2 10441.0 1.3:0.3 13.20.8 17.¢0.3 5.41.03 8.10.3 22.80.7 10.50.9 9.60.5
0-H,0 (312-221) 1153.127 249.4 10441.1 2.50.3 26.x1.0 47.20.2 10.30.8 21.%x0.4 14.61.1 6.9-0.5 22.90.4
CO (10-9) 1151.985 304.2 52.1 14.60.2 10.20.8 15.204 9.#1.2 10.40.5 4.9:0.2 1.20.3 11.80.2
SO, (157 — 14g6) 1151.852 308.6 X X X 140.4 X X X X
HCN (13-12) 1151.452 386.9 X X X 9.3 X 1.4:0.3 X X
setting 7
SiS («=1 Xk62-61)? 1114.431 2760.2 X X X X X X X @6.2 X
SO, (13y5-123,4) 1113.506 195.9 X X X 0#60.1 X X X X X
p-H20 (111-000) 1113.343 53.4 9£0.4 2.30.1 24.405 28802 11.30.7 15.40.1 12.30.4 5#0.2 17.60.1
29Si0 (26-25) 1112.833 721.6 X 6.1 1.a:0.3 2.20.2 X 0.9:0.2 0.5:0.2 X 0.3:0.1
SG; (237177225 16) 1102.115 371.6 X X X 060.2 X X X X X
p-H2O (11,1-0qy) 1101.698 52.9 200.4 0.4:0.1  3.5:0.3 1.6:0.1 X 1.5:0.1 X X 0.7#0.1
13CO (10-9) 1101.349 290.8 LD.7 2.80.1 2304 250.1 X 1.3:0.2 2704 1.6:0.3 1.8:0.3
30Si0 (26-25) 1099.708 713.1 X 0.1 X 1.9:0.3 X 0.9:0.2 X X X
setting 8
p-H3’O (11,1-0q,) 1107.167 53.1 200.3 X 1.%0.3 0.80.2 X 0.5:0.1 - - X
0-H;0 (312-303) 1097.365 249.4 78.4 1.80.2 13.%0.3 15.80.1 6.504 8.6:0.2 - - 11.2:0.2
0-HY"O (313-303) 1096.414  249.1 10.4 0.2:0.2 1.a:0.2 1.6:0.2 X 0.5:0.1 - - X
o-H?SO (313-303) 1095.627 248.7 180.5 0.3:0.1 204 1.90.2 X 1.5:0.1 - - 0.5:0.1
setting 9
13CO (9-8) 991.329 237.9 119.4 - 2.4:0.5 - - 1.2:0.2 - - -
SiO (v=1; E23-22) 990.355 2339.9 X - X - - 00.1 - - -
SO (234 — 223) 988.616 574.6 X - X - - 060.1 - - -
p-H20 (21-111) 987.927 100.8 1040.6 - 23.%0.6 - - 18.6:0.2 - - -
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Table A.1. Cont.

Molecule v E, I (Kkms™?)

(GHz) (K) IRC+10011 o Cet IK Tau R Dor TX Cam WHya  AFGL5379 OHZ26.5 R Cas
setting 10
p-H20 (5:4-431) 970.315 598.8 780.4 - 17.50.2 - - 20.90.1 - - -
setting 11
p-H20 (211-202) 752.033 136.9 6#0.4 - 13.20.2 - - 7.6:0.1 - - -
setting 12
13CO (6-5) 661.067 111.0 1+D.2 3.6:0.1 2.6:0.3 2.#0.1 1.4:0.2 1.:0.1 3.8:0.2 1.:0.2 1.5:0.2
SG; (24717 — 24518) 659.898 396.0 X X X 0£0.1 X X X X X
SO, (37137 — 360.36) 659.421 608.8 X 040.05 X 0.50.1 X 0.20.03 X X X
SO, (36135 — 35234) 658.632 605.4 X X 040.04 0.50.1 X 0.4:0.1 X X 0.2:0.03
C'®0 (6-5) 658.553 111 X X X 0.1 X X X X X
0-H,0 (v2110-101) 658.007 2360.3 200.1 5.30.1 9.20.1 42.#0.2 2.6:0.1 28.90.1 1.10.2 0.80.1  16.90.1
SiO (v=1; E15-14) 646.429 2017.4 X X X .1 X 0.2:0.04 X X 0.:0.04
SO (156 — 1445) 645.875 252.6 X X X 120.1 X 0.4:0.1 X X 0.20.03
setting 13
0-H0 (532-441) 620.701 7321  1#0.1 - 15.:0.1 - - 8.4:0.1 - - -
HCN (7-6) 620.304 119.1 14D.1 - 2.6:0.1 - - 2.20.1 - - -
SiO (14-13) 607.599 218.8 0:D.3 - 2.2:0.1 - - 2.8:0.1 - - -
setting 14
NH3 (10-0o) 572.498 27.5 220.2 X 4. 7#0.1 0.5:0.1 1.50.1 0.5:0.1 1.40.1 0.80.1 0.3:0.1
SG; (3232 — 31331) 571.553 459.0 X X X 0£80.1 X X X X X
SO, (3230 — 31329) 571.532 504.3 X X X 040.03 X X X X X
SO, (16510 — 16511) 560.613 213.3 X X X 0£0.04 X 0.10.02 X X X
SiO (v=1; Ek13-12) 560.326  1957.4 X 00.02 0.40.1 0.5:0.1 X 0.3:0.1 0.2:0.1 X 0.20.02
SO (134 - 12;3) 560.178 192.7 X 040.02 0.:20.03 1.20.1 X 0.5:0.1 X X 0.10.03
SO, (1812 — 18513) 559.882 2455 X X X 040.04 X 0.:0.03 X X X
SO (133 -12y) 559.319 201.1 X 040.02 0.:0.03 1.10.1 X 0.4:0.1 0.3:0.1 X 0.1:0.03
SO, (20514 — 20515) 558.812 281.4 X X X 040.02 X 0.:0.04 X X X
SO, (21616 — 21517) 558.391 300.8 X X 040.07 0.20.03 X 0.20.03 X X 0.04:0.02
SO (13, - 125) 558.087 194.4 X 040.03 0.20.1 1.®0.1 X 0.3:0.04 X X 0.1:0.04
SO, (22616 — 22517) 557.283 321.0 X X X 0£0.1 X 0.20.06 X X X
295i0 (13-12) 557.179 187.2 QD.1 0.3:0.1 0.60.1 2.a:0.1 0.20.1 1.:0.1 0.5:0.2 X 0.4:0.04
0-H0 (L10-101) 556.936 61.0 740. 1.:0.1 9.4:0.1 10.20.1 5.80.1 5.40.1 9.40.1 3.:0.1 6.9:0.1
setting 16
CO (16-15) 1841.345  751.7 %0.9 7.0:02 12.91.8 9.k05 0.60.2 5.80.3 X X 5.5:0.4
OH (3r12 3=3/2-1/2)  1834.747 181.7 3.1 1.5:0.3 4215 3.10.5 X 2204 11.62.1 11.21.4 2.0:0.7
setting 17
SiO (16-15) 694.275 283.3 5.3 0.5:0.1 2.10.3 5%0.1 0.9:0.2 2.9%0.1 1.20.4 X 1.20.1
CO (6-5) 691.473 116.2 440.4 16.20.1 11.604 14.90.2 14.203 9.60.1 7.8:0.4 1.%#03 14.%0.2
H3CN (8-7) 690.551 149.1 X X X X X 0.1 X X X
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