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ABSTRACT

Context. The interstellar medium is enriched primarily by matter ejected from evolved low and intermediate mass stars. The out ow
from these stars creates a circumstellar envelope in which a rich gas-phase chemistry takes place. Complex shock-induced non-
equilibrium chemistry takes place in the inner wind envelopet-das reactions and ion-molecuieactions alter the abundances in

the intermediate wind zone, and the penetration of cosmic rays and ultraviolet photons dissociates the molecules in the outer wind
region.

Aims. Little observational information existsnothe circumstellar molecular abundanstrati cations of many molecules.
Furthermore, our knowledge of oxygen-rich envelopes is not as profound as for the carbon-rich counterparts. The aim of this pa-
per is therefore to study the circumstellar chemical abundance pattern of 11 molecules and isotéf@@gECO, SiS,?®SiO,
295j0,%9Sj0, HCN, CN, CS, SO, S in the oxygen-rich evolved star IK Tau.

Methods. We have performed an in-depth analysis of a large number of molecular emission lines excited in the circumstellar envelope
around IK Tau. The analysis is done based on a non-local thermodyreuilibrium (non-LTE) radiatie transfer analysis, which
calculates the temperature and velocity structure in a self-consistent way. The chemical abundance pattern is coupled to theoretical
outer wind model predictions inatling photodestruction and cosmigrianization. Not only the integited line intensities, but also

the line shapes are used as diagnostic tool to study the envelope structure.

Results. The deduced wind acceleration is much slower than predicted from classical theories. SiO and SiS are depleted in the enve-
lope, possibly due to the adsorption onto dust grains. For HCN and CS a cleaewite with respect tamer wind non-equilibrium
predictions is found, either inditiag uncertainties in the inner wind theoreticabdeling or the pssibility that HCN and CS (or the

radical CN) participate in the dust formation. The low signal-to-noise pro les of SO and CN prohibit an accurate abundance deter-
mination; the modeling of high-excitation $@0nes is cumbersome, possibly related to line misidenti cations or problems with the
collisional rates. The SiO isotopic ratic8$i0?8SiO and®°Si0O/28SiO) point toward an enhancement?fi$iO compared to results of
classical stellar evolution codes. Predictions fgOHmission lines in the spectral range of the HergeHEl mission are performed.

Key words. astrochemistry — molecular processes — radiative transfer — submillimeter: stars — stars: AGB and post-AGB —
stars: mass-loss

1. Introduction Many papers have focused on the CSEs of carbon-rich stars

L in which a rich chemistry takeglace. This is re ected by the
Asymptotic giant branch (AGB) stars are well known to releasg,ection of over 60 dierent chemical compounds, including

signi cant amounts of gas and dust in the interstellar mediu usual carbon chain radicals in the CSE of IRDD216. the
via (copious) mass loss. This mass loss dominates the evéaitotype of carbon stars (e.gGernicharo et al. 2000In con-

tion of the star and ultimately, when the s@ellar envelope is exz only 16512 compounds have been identi ed in the chem-
hausted, causes the star to evolveloe AGB into the post-AGB oy most interesting oxygen-rich evolved stars, like IK Tau

phase. The out ow from these evolved stars creates an envelo, VY CMa (e.g.Ziurys et al. 2007, The rst observations
which fosters gas-phase chemistry. The chemical complexity P carbon-bearing molecules (other than CO) in oxygen-rich

circumstellar envelopes (CSESs) is thought to be dominated %Bs were somewhat unexpected (Dgguchi & Goldsmith

the elemental carbon to oxygen ratio: oxygen-rich M-stars hayggg jewell et al. 1985 Nowadays, the formation of carbon

a (g? rastlo Iessﬂ:t)han gnlty, carbon-rich C-stars hav®C 1, jecules is thought to be the result of shock-induced non-

andfor S-stars D 1s 1. equilibrium chemistry in the inner circumstellar envelope (e.g.
Postdoctoral Fellow of the Fund for Scienti ¢ Research, Flanderé:.)uarl et al. 1999 andor a complex chemistry in the outer
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envelope triggered by the penetration of cosmic rays and ultta-this paper, we will study the circumstellar chemical abun-
violet radiation (e.gWillacy & Millar 1997). Recently, a new in- dance fractions of eleven dérent molecules and isotopologs in
terstellar molecule, POX? ), has been detected toward the erthe oxygen-rich AGB star IK Tau based on the non-LTE radiative
velope of the oxygen-rich supergiant VY CMBehenbaum et al. transfer code GASTRoNOoMDgcin et al. 20062007), which
2007. Phosphorus monoxide is the rst interstellar moleculeomputes the temperature andoaty structure in the envelope
detected that contains &SP bond, a moiety essential in bio-in a self-consistent way. Chemical abundance strati cations are
chemical compounds. It is also the rst new species identi edoupled to theoretical non-etjbrium (non-TE) predictions in
in an oxygen-rich, as opposed to a carbon-rich, circumstellar é¢he outer envelope byillacy & Millar (1997 and compared to
velope. These results suggest that oxygen-rich shells may betesshock-induced non-TE inner wind predictiondhyari et al.
chemically diverse as their carbon counterparts. (1999 andCherchne (2006. The star IK Tau has been cho-

Circumstellar molecules have been extensively observeen for study because of the wealth of observations which are
both in the form of surveys of a single molecular species andawailable for this target anceisause its envelope is thought to be
the form of searches for variomsolecular species in a limited (roughly) spherically symmetrid.@ne et al. 198Marvel 2005
number of carefully selected sources. The aim of these studi#gle et al. 1997Kim et al. 2010.
was to derive (i) the mass-loss rate (from CO rotational lines) The star IK Tau, also known as NML Tau, was discovered in
or (i) molecular abundances. For this latter purpose, sevelf165 byNeugebauer et a(1969. It is an extremely red Mira-
methods exist, each with varying degrees of complexity. (1.) Fype variable with spectral type ranging from M8.1 to M11.2 and
example,Bujarrabal et al.(1994 and Olofsson et al.(1999 a period around 470 day¥/ing & Lockwood 1973. From dust
showed that simple molecular line intensity ratios, if properighell motions detected at {in with the ISl interferometeklale
chosen, may be used to study the chemical behavior in CSE&al.(1997) deduced a distance of 265 pc. This agrees well with
The use of line intensity ratios has the advantage of requiritite results oOlofsson et al(1998, who computed a distance
no assumptions about a circumstellar model, but it also limf 250 pc from integrated visual, near-infrared and IRAS data
its the type of conclusions that can be drawn. (2.) Several aising a period-luminosity relation. Estimated mass-loss rates
thors have derived new constraints on chemical and circumstelnge from 38 x 10°° (Neri et al. 1998 to 3 x 10°° M /yr
lar models based on the simplifying assumption of unresolvé@onzéalez Delgado et al. 20p3K Tau’s proximity and rela-
optically thin emission thermalized at one excitation tempertively high mass-loss rate (for a Mira) facilitates the observation
ture (e.g.Lindgvist et al. 19880mont et al. 1993Bujarrabal of molecular emission lines.
et al. 1994 Kim et al. 2010Q. (3.) Later on, observations were In Sect.2 we present the molecular line observational data
(re)-analyzed based on a non-LTE (non-local thermodynamised in this paper. Secti@describes the background of the ex-
equilibrium) radiative transfer model (e.Bieging et al. 2000 citation analysis: the radiative transfer model used, the molecular
Teyssier et al. 2006choier et al. 2007aln this study we will line data and the theoretical ideas on molecular abundance strat:
go one step further and abandon or improve few of the assumpation in the envelope. Sectiod describes the results: we rst
tions still made in many non-LTE analyses. focus on the velocity structure in the envelope with special atten-

tion to the acceleration zone, after which the derived stellar pa-

1. Quite often, the temperature structure — being the most indmeters are discussed. Thereafter, the abundance structure fc

portant factor determining the molecular line excitation €ach molecule is derived and coampd to the theoretical inner

is approximated with a powerlaw (e.Bieging et al. 2000 and outer wind predictions and observational results found in

Teyssier et al. 2006 E ects of di erent heating and cool- the literature. The time variability and SiO isotopic ratios are

ing mechanisms are hence not properly taken into accoudiscussed in Sech and water line predictions are performed in

For instance, in the outermost parts of the envelope the tefect.5.3 We end with some conclusions in Segt.

perature pro le deviates from a power law distribution once

the in uence of photoelectric heating by the external in- ]

terstellar radiation eld becomes important (e@rosas & 2. Observational data

Menten 1997 Justtanont et al. 199Decin et al. 200% : .
. Part of the observations were obtained from our own observ-
2. The shell is often assumed to expand at a constant velogify . rams scheduled at the JCMT, APEX and IRAM. These
(e.0.Bieging et al. 2000Schoier et al. 2009ariowever, for observations and the data reduction are described in 34dct.

;noonlgu:rl]aer é'ggts O[:f)r;mr?or:ly_/ cggg nltnvter}gc\iql;/ngtriiﬁjrlgrggotrr]]%ther data are extracted from the literature and summarized
’ rie y in Sect. 2.2 An overview is given in Tabld.

derived molecular abundance may be signi cant.
3. The fractional abundances are estimated to follow an expo-
nential or Gaussian distribution, assuming that the molecul2d. Observations and data reduction

are formed in the inner envelope and are photodissociated ,, 1 » 13
or absorbed onto dust grains further out (Bigging et al. 1€ ~“CO(2-1), “CO(3-2), “CO(4-3) and the™CO(2-1)
200Q Gonzalez Delgado et al. 2008chéier et al. 2007a observations were extracted from the JCMifchive. Additional

The e ect of extra formation aridr depletion processes indata with the APEX 1Z m telescope were ohtained for the
the envelope can hence not be taken into account. CO(352), “CO(453), “CO(7S6), and™~CO(352) molecular

4. Often, a maximum of two molecules (CO and one other) is .
. The James Clerk Maxwell Telescope (JCMT) is operated by The
analyzed at once (e.Gionzalez Delgado etal. 200Schoier Joint Astronomy Centre on behalf of the Science and Technology

etal. 2007;". . . ... Facilities Councibf the United Kingdom, the Netherlands Organisation

5. Integrated line intensities are often used as a criterion ¢ seienti c Research, and the National Research Council of Canada.
analyze the circumstellar chemical structure. However, line Apgx; the Atacama Path nder Experiment, is a collaboration be-
shapes provide us with strong diagnostic constraints to pieen the Max-Plancknstitut fur Radioastronomie, the European
point the wind acceleration, vi¢h in turn has an in uence Southern Observatory, and the Onsala Space Observatory. Program ID:
on the deduced fractional abundances. are 077.D-0781 and 077.D-4004.
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Table 1. Overview of the molecular line transitions used in this reline transitions. With the 30 m telescope of the Institut
search, with indication of the frequency, the upper energy level, the Radio Astronomie Millimetrique (IRAIV'f) molecu-

telescope, the main beam half power beam width (HPBW) and ma#iy line observations were performed in December 2006.
beam e cienciy ( mpb).
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References.(1) new data (see SecR.l); (2) Kim et al. (2010;
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mb Ref.

0.46
0.73

0.73
0.73

0.45
0.43
0.69
0.57
0.63
0.73
0.73
0.52
0.60
0.43

0.69
0.73

0.80
0.73

0.55
0.55
0.45

0.80

0.73

0.80
0.73

0.80
0.73

0.60
0.50

0.69
0.57
0.70
0.80
0.80
0.73
0.63
0.73

0.80
0.73

0.57
0.46
0.46
0.46
0.80
0.80
0.73
0.73
0.73
0.73

=

NNRNRRRPRagO

NGO NMN A AN N =

NG Vo NwRP oo N

N

MNNONDNDNDNPRP PR

During_this observing run, data on the CS@, SiS(&7),
SiS(12511), SQ(14311514712), SOx(4315422), SOx(3315322),
S0y(533552,4), and HCN(FH2)* line transitions were obtained.

The JCMT and APEX observations were carried out in a
position-switching mode. The IRAM observations were done
in the wobbler-switching mode with a throw of 60The fre-
quency resolution for the JCMT-data equals 0.0305 MHz, for the
APEX data it is 0.1221 MHz. The resolution was 1.25 MHz for
the 3mm and 2 mm IRAM observations and 1 MHeord 4 MHz
at 1.3 mmand 1 mm, resulting in a resolution slightly higher than
1 km ! for these observations.

The JCMT data reduction was performed with the SPLAT
devoted routines of STARLINK, the APEX and IRAM data
were reduced with CLASS. A polynomial of rst order was t-
ted to an emission-free region of the spectral baseline and sub-
tracted. To increase the signal-to-noise ratio, the data were re-
binned to a resolution of 1 kms?! so that we have at least
40 independent resolution elements per line pro le. The antenna
temperatureT ,, was converted to the main-beam temperature
(Tmb = T,/ mp), Using @ main-beam eciency, mp as speci ed
in Table1. The absolute uncertainties ar20%.

2.2. Literature data

To have better constraints on the chemical abundance pattern in
the wind region around IK Tau, additional data were taken from
the literature (see TablB.

High-quality observations were performed Kym (2006
with the APEX telescope in Chile during observing periods in
November 2005, April 2006 and August 2006 (see Hsm
et al. 2010 hereafter referred to as Paper ). In total, 34 tran-
sitions from 12 molecular species, including a few maser lines,
were detected toward IK Tau.

Schoier et al.(20073 published the observations of four
SiS lines: the (54) and (65) rotational line transitions were
obtained with the Onsala Space Observatory (OSO) telescope,
the (12511) and (1$18) rotational line observations were per-
formed with the JCMT telescope.

The SiO thermal radio line emission from a large sam-
ple of M-type AGB stars, including IK Tau, was studied by
Gonzalez Delgado et ali2003. The SiO(Z1) line transi-
tion was obtained with the OSO telescope, the S&3{5and
(6S5) transitions with the Swedish ESO Submillimeterwave
Telescope (SEST).

The'2CO line data were obtained Bieyssier et al(2006
with the IRAM and JCMT telescope. The C&Q) line was ob-
served byRamstedt et al(2008 in December 2003 with the
20 m OSO telescop®lofsson et al(1998 reported on the de-
tection of the CS(81) line at 98 GHz with the OSO telescope
with an integrated intensity of 0.5 K kni's

3. Excitation analysis
3.1. Radiative transfer model

The observed molecular line transitions provide information
on the thermodynamic and chemical structure in the envelope

3 IRAM is supported by INSUCNRS (France), MPG (Germany), and
IGN (Spain).

4 When the isotopic notation is not given, the molecular line transition
is from the main isotopolog.
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around IK Tau. The line pro les were modeled with our nonline shapes) is on the order of a few percent. In contrast to most
LTE radiative transfer code GASTRoNOoMécin et al. 2006  other studies, we therefore will not use a classicahnalysis
The code (1) calculates the kinetic temperature and velociiging the integrated line intensity, but will perform the model
structure in the shell by solving the equations of motion afelection and the assessment of goodness-of- t using the log-
gas and dust and the energy balance simultaneously; thenlig@lihood function on the full line pro les as describedecin
solves the radiative transfer equation in the co-moving frane¢al.(2007).

with the Approximate Newton-Raphson operator as developed

by Schonberg & Hempdg1986 and computes the non-LTE )

level-populations; and nally (3) determines the observable lin&2- Molecular line data

pro le by ray-tracing. For a full description of the code we refef, s paper, line transitions of CO, SiO, SiS, CS, CN, HCN, SO,
to Decin et al(2009. , , and SQ will be modeled, and kD line pro le predictions for
The main assumption of the code is a spherically symmetgie HerscheHIF instrument will be performed. The molecular

wind. The mass-loss rate is allowed to vary with radial distangge gata used in this paper are described in AppeAdix
from the star. The local line width is assumed to be described by

a Gaussian and is made up of a microturbulent component with

a Doppler width of 1.5 km¥ and a thermal component, which3.3. Molecular abundance stratibcation

is calculated from the derived kinetic temperature structure.
Two major updates have been made since the original pu

l%ﬁ_eoretical chemical calculamms clearly show that the frac-
cation inDecin et al(2006). !

onal abundances (relative ta}Hvary throughout the envelope.
Chemical processes responsible for the molecular content are de:
— The code now iterates on steps (1) and (2) to obtain the Rendent on the position in the envelope (see Ejgin the stellar
netic temperature structure in a self-consistent manner fréthotosphere and at the inner boundary of the envelope, the high
So|ving the energy balance equation, where the CO aflds density and temperature ensure thermal eqU|I|br|um (TE).
H,O line cooling (or heating) are directly obtained from thdhe TE is suppressed very close to the photosphere becaus:

excitation analysis, i.e. of the action of pulsation-driven shocks propagating outwards.
Furthermore the regions of strong shock activity correspond to

NH, (M wSny wh u, (1) the locus of grain formation analind acceleration. This region
Iowl is referred to as the inner envelope (or inner wind) which extends

) . over a few stellar radii. At larger radii 6 to 100R ) the newly
wheren, andn, are the level populations in the lower and upformed dust grains interact with the cooler gas. Depletion or for-
per levels participating in the transition at rest frequengy mation of certain moleculzatomic species may result from this
and  and , are the CO-H collisional rate coe cients. interaction and these layers are referred to as the intermediate
The coolingrate (in erg $* cm™’) is de ned as positive for envelope. This is also the region where parent molecules, in-
net cooling. For IK Tau the water line cooling dominates thj%cted in the envelope, may begin to break down, and daughter
CO line cooling by more than one order of magnitude in th@olecules are formed. At still larger radi»{00R ), the so-
inner wind region; for regions beyond fcm the CO line  called outer envelope is penetrated by ultravioletinterstellar pho-
cooling dominates over #D cooling with the adiabatic cool- tons and cosmic rays resulting in a chemistry governed by pho-
ing the dominant coolant agent. tochemical processes.

— While the original version of the code approximates the stel- gecause our modeling resultéll be compared to chemi-
lar atmosphere with a blackbody at the stellaeetive tem- 5| apundance predictions in the outer envelopaiijacy &
perature, an additional option is now implemented to use thjjar (1997 and in the inner envelope Huari et al.(1999

theoretical model atmospheres and theoretical Spegyq Cherchne (2006, we rst brie y describe these studies
tra (Gustafsson et al. 200®ecin & Eriksson 20010 es- iy Sects.3.3.1and 3.3.2respectively. In Sect3.4 we discuss

timate the stellar ux. Molecular species in the CSE, lesggy we have implemented this knowledge in the modeling of
abundant than CO and with larger dipole moments are pfke molecular line transitions.

marily excited by infrared radiation from the central star
(with the possible exception of HCNlura 1983and HO,
see Sects.3). For CO, the infrared radiation competes witt8.3.1. Chemical stratiPcation in the outer envelope

rotational excitation by collisions and by trapped rotation . .
line photons to determine the populations of the rotation he chemistry in the outer envelope of IK Tau has been modeled

levels Knapp & Morris 1985. For those minor species, 2y Willacy &Millar (1997). This chemical kinetic model aims at
the blackbody approximation of the stellar ux may lead tsleriving the abundance strati cation in the outer envelope (be-

5 8 i is dri
inaccurate absolutiatensity predictions on the order of 5tWeen 2x 10°and 2x 10" cm). The chemistry is driven by
to 20%. a combination of cosmic-ray ionization and ultraviolet radiation

and starts from nine parentesgies injected into the envelope
Decin et al.(2006 2007 andCrosas & Menterf1997) demon- (see Tabl&). The CSE of IK Tau was assumed to be spherically
strated that not only the integrated line intensities, but particymmetric with a constant mass-loss rate and a constant expan
larly the line shapes should be taken into account for a progé@n velocity of 19 km$'. The temperature was described by a
determination of the envelope structure. This is particularly trig@wer law
because (i) the line shapes contaaluable information on the
line forming region, e.g. a Gaussian line pro le points towarj,(r) = T(ro) ro = 2)
line formation partially in the inner wind where the stellar win -V,
has not yet reached its full terminal velocitByjarrabal &
Alcolea 199}, and (ii) while the absolute uncertainty of the inwith ro = 2 x 10'® cm andT (ro) taken to be 100 K foM > 5 x
tensity ranges between 20 to 50%, the relative accuracy (of th@° M /yr and 300 K otherwise. For IK Tali(ro) was assumed

0.6
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Fig. 1. Schematic overview (not to scale) of the circumstellar envelope (CSE) of an oxygen-rich AGB star. Several chemical processes are indicated
at the typical temperature and radial distance from the star in theogravelhere they occur. The nomenclature as used in this paper is given.

Table 2. The fractional abundance (relative tg)Haken for the parent

species bywillacy & Millar (1997). | @ “ ]
* L cN |

Parent  Fractional Parent  Fractional 10° _

species abundance  species abundance L |

co 400%x 10% N, 5.00x 10% 10 HO

H,O  300x10%* H,S 127x 10°°
CH,  300x10% Sis 350 10%°
NH;  1.00x10%® SiO 315x 10%°
He 100x 105 PH, 3.00x 10%8 101
HCI 4.40x 10%7 :

fractional abundance
3

to be 100 K. The derived fractional abundances for the molecules™ | :
studied in this paper are represented in Pig. W e e e e
The model ofWillacy & Millar (1997 succeeded in repro- radius fom]

ducing the observed values of certain species, but failed 9. 2. Theoretically predicted molecular abundance strati cation in
some other molecular abundances: the calculated abundanc@®tnvelope of IK Tau. The full lines represent the results as derived
HCN was too low and the injected abundance of the paresyt Willacy & Millar (1997 for the outer envelope of IK Tau assum-
species SiS was about 10 times higher than obseBugati et al. ing a mass-loss rate of £ 10°° M /yr. The diamonds represent the
(1999 noted that the input molecular abundances of some paréhtndances derived b@herchne (200 in the framework of non-
species are sometimes questionably high because there exis@a#ibrium chemistry due to the passage of shocks in the inner enve-
observational or theoretical evidence for the formation of the!g®e of TX Cam at R ; the lled circles indicate the results tyuari
species in the inner and intermediate envelopes of O-rich Mirag: (1999 for IK Tau at 2.2R . The inner wind predictions are pro-

. : jected onto the dust-condensation radius derived in 8€kciThe dotted
(see Sect3.3.9. More I_mport:?\ntly,Duarl et al.(1999 showed line represents the Gaussian distribution of circumstell# lds used
that HCN should form in the inner envelope or extended stellg) pjaercker et al(2008.
atmosphere due to non-equilibm shock chemistry and may be
a parent species injected to theter envelope. Recent observa-
tional studies also indicate that HCN must be formed in the inni@r contrast to the modeling @rts of Willacy & Millar (1997,
envelope Bieging et al. 2000Marvel 2005. These results are where HCN was not yet considered as a parent species.
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3.3.2. Chemical stratibcation in the inner envelope model and derive a 95% con dence interval for the model pa-

) . o rameters. The results will be presented in Séct.
Carbon-bearing molecules have been identi ed in the envelopes

of many oxygen-rich AGB stars (e.dBujarrabal et al. 1994
and it was rst thought that the observed carbon species weté.2. Abundance stratibcation through the envelope
produced in the outer wind of O-rich stars via photochem
cal processes. Howevdduari et al.(1999 showed that shock-

induced non-equilibrium chemiy models predict the forma-i still some debate about the abundance structure in the en-

tion of large amounts of a few carbon species, like HCN, ; :
and CQ, in the inner envelope of IK Tau: these molecules ar(ZterllOpe' SIS and HCN were already given as an example, but

hence formed in the post-shocked layers and are then ejeq ﬂer molecules as e.g. CS and SO also pose a problem. This

in th ¢ ind as “ P s F A iS“Hlustrated in Fig.2, where one notices for a few molecules
In the outer wind as "pareént  SPECIES. FOr SOME pareént SPECIgS;qnj cant di erence between the thetioally predicted frac-
the non-equilibrium chemistrgoes not signi cantly alter the

tional abundance in the inner envelopelyari et al.(1999 and

initial photospheric TE abundancdit other species, abundanicy o onne (2006 and the abundance of the parent molecules in-
in the TE photosphere, are quickly destroyed in the out ow b cted in the outer envelope Myillacy & Millar (1997. One of

the non-equiblibrium chemistry generated by shocks (e.g., Of,, y; . Ol "
. : . ; g questions still existing concerns the modi cations of the
SIS and HS). Again other species (like SO) appear to be absg‘gecular abundances in the intermediate wind region due to

¥rom the descriptions of theoretical abundance estimates in the
inner and outer envelope (Se8t3.1 3.3.9 it is clear that there

g\the mnelr regflons oft_the V‘."n?ﬁ an?]atre ;[jhought :.O be producgds_ o rain reactions. Currently, no theoreticabets have been
y 1on-moleécule reactions in the photo-dissociation regions B, qe 1o model this region in terms of molecular “leftovers” af-

the outer wind. . . ter the dust formation has occurred. For O-rich envelopes, it is
Cherchne (200§ continued the study of shock-inducedpoyght that CO, HCN and CS are quite stable and travel the
non-equilibrium chemistry in theaner wind of AGB stars. She gpgire envelope unaltered untiley reach the photo-dissocation
demonstrated that whatever th&riehment in carbon of the star region of the outer wind, becautfeese molecules do not partic-
(i.e. the QO ratio), the atomic and molecular content after th@ ate in the formation of dust grains like silicates and corundum
passage of the rst shock in the gas layers just above the steligy,arj et al. 1999 In contrast, SiO is a candidate molecule for
photosphere is very much the same, and in many cases totgliyyjetion in the intermediate wind region due to the formation
di erent from what would be expected from thermodynamigs sjo, (via a reaction with OH) whose condensation product,
equilibrium (TE) calculationsFor the oxygen-rich envelopesijica, is tentatively identi ed in post-AGB stard/olster et al.
around TX Cam — which is almost a stellar twin of IK Tau, bubgo2) and is claimed to be the carrier of the f1® feature in low
with slightly lower luminosity —Cherchne (2006 found that  mass-|oss rate AGB starSigeck et al. 2000ut other studies ar-
while e.g. the TE abundance of HCN (CS) is predicted 10 Bgye that this feature is due to spinel). The theoretical modeling
19x 10°M ( 25 x 10°1), the non-TE fractional abundances, puari et al (1999 andCherchne (200 predict an SiS abun-
at2.5R are predicted to be9 x 10°° (' 1.85x 10%°). Thefrac- gance 2 to 3 orders of magnitude lower than the observed value,
tional abundances derived iBherchne (200 di er from the jnqicating that SiS is produced in the outer envelope of IK Tau.
abundances of the injected parent molecules in the study\@dever, recent observational results Bgcin et al.(2008H
Willacy & Millar (1997) (see Table2 and Fig.2): Willacy &  arque for a formation process in the inner envelope.
Millar (1997) did not consider CS and HCN%s.parent molecules,” From the above arguments itis clear that we should allow for
and the (injected) abundance of SiSy8 10>) is much higher some variation in modeling the abundance structure in the enve-
than the abundance strati cation derived Gyierchne (2009 |ope. However, one should also realize that we sometimes only
(see their Fig8). have two rotational transitions of one isotopolog at our disposal
with a restricted range in excitation temperature. The highest up-
per level energy traced is the SiIS@I®) transition at 183 K;
hence none of the studied transitions is sensitive to the abun-
3.4.1. Envelope structure as traced by the CO lines dance in the inner envelop& € 5 R ). In order to use some
prior knowledge on the (theoretical) photo-dissociation rate in
The physical properties of the circumstellar gas, like th@e outer regions and to allow for a depletion or an extra for-
temperature, velocity and detys structure, are determinedmation process in the intermediéiater envelope, we therefore
from the radiative transfer modeling of the muIti-transitionajpted to divide the envelope in dérent regimes (see also TaBle
(sub)millimetre CO line observations. Because highknes are and Fig.1): (i) in the dust-free zoneR  Riner) the abundance
formed at higher temperature, dirent transitions cer the pos- s constant fi(mol)); (ii) betweenRinner andRmax the abundance
sibility to trace di erent regions in the envelope. The highesfan decreagmcrease fromf1(mol)(Rinner) to f2(Mol)(Rna) lin-
CO energy level traced is the CDP = 7 level at 154.8 K. The early on a log-log scale, where bofay and fo(mol) are free
available rotational CO lines will hence be good tracers for thgirameters; (iii) fromRmax onwards, the abundance strati ca-
region beyond 100R , but they do not put strong constraints ofiion follows the (photodissociation) results \fillacy & Millar
the temperature in the inner CSE. The upcoming Herddliel (1997 scaled tofa(mol) at Rpax In that way, three parameters
mission will be crucial in the study of the temperature structu(g, (mol), f,(mol), andRmay) have to be estimated to determine
in this inner wind region. the abundance strati cation of a species.
An extensive grid has been calculated with parameters rang- Most studies use the photodissociation resultdviaimon
ing from 2000 to 3000 K for the stellar temperatdrg, from et al. (1989 to describe the CO spatial variation in the outer
1 x 10* to 6 x 10'3 cm for the stellar radiuR , an inner (dust envelope. For other molecules, the abundance pattern is often
condensation) radius between 2 andR30Qdistance between 200assumed to be described by a simple Gaussian or expontentia
and 300 pc, and a constant mass-loss rate betweerl@® distribution (e.g.Bieging et al. 2000Gonzéalez Delgado et al.
and 5x 10°° M /yr. As brie y explained in Sect3.1, a log- 2003 Schdier et al. 200JaThee-folding radius then describes
likelihood method Decin et al. 200Yis used to nd the best-t the photodissociation by ambient UV photons penetrating the

3.4. Modeling strategy
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Table 3. Modeling assumptions of the abundance strati cation. Cherchne (2006, the angular distance is much smaller than the
3.85 diameter deduced hylarvel (2005.
Region Variable Comment
R< Rinner fo(mol) not sensitive 4.1. Velocity structure
R=Ryer  fi(mol) fomol) fy(mol) g
R=R, fo(mol) allow for depletion (e.g. due to dust The expansion velocity of SiO, 4, and OH masers can be used
R formation) or extra formation process  to put further constraints on the velocity structure, and speci -

Riner < R< Ry linear interpolation in logf) S log(f) cally on the acceleration in the inner wind region (see Bjg.
R>R theor. pred. of Willacy scaled ti(mol) It is clear that the velocity structure as derived from the param-

eters of the best-t model only based on CO lines (model 1),
is far too steep in the inner wind region as compared to the ve-
dusty envelope or depletion of the molecules from the gas if@gity indications of the maser lines. This problem can be solved
dust grains in the out owing stellar wind. That way, however, alpy either increasing the dust condensation radius or by allowing
molecules are assumed to be created in the extended atmospi@@smoother velocity pro le. This latter can be simulated with
or inner wind region. Moreover, a combination of depletion arif#e classical -law (Lamers & Cassinelli 1999with > 0.5
photodissociation or extra depletifarmation processes in the(see Fig3)
intermediatéouter region cannot be captured, and one cannot 3 'R
use the results bWillacy & Millar (1997 describing extrafor- \(r) w+ (v Sw) 1S , 3)
mation of a few molecules by ion-ion reactions in the outer wind r
region. The methodology outlined above (TaB)eaptures these with v, the velocity at the dust condensation radius.
aws, and may serve to considerably strengthen our knowledge One should realize that several assumptions are inherent to
on the abundance strati cation in the envelope. the velocity structure derived from solving the momentum equa-
As was already alluded to in the previous paragraph, the liien: (i) all dust species at all derent grain sizes are assumed
pro les in this study are not sensitive to a change in abundanig be directly formed at the dust condensation rad®iger.
in the inner wind regionR  Rinner). To assess the abundancé&lowever, theoretical results from eGail & Sedimayr(1999
strati cation in this region, one either needs high-resolutiophow that formation and growth of (silicate) dust grains typ-
near-infrared (see, e.decin et al. 2008gor far-infrared spec- ically occur between 1100 and 900 K, i.e. extending over a
troscopy (as will be provided by the Hersctt#FI instrument). few stellar radii. (ii) The extinction eciencies used in the
Nonetheless, the derived abundance strati cations will be coffASTRoNOoM-code represertte Fe-rich silicate MgFeSiO
pared to the theoretical inner wind predictions byari et al. Thanks to their high absorption eiencies at optical and near-
(1999 and Cherchne (200@, because this Comparison maynfrared quelength Fe-rlch S|||.CateS like MgFe%i@nd solid
yield hints on the (un)reactivity of the molecules in the dusfe) are e cient wind drivers{Voitke 200§. However, other ox-

forming region and on uncertainties in the inner wind prediédes or pure silicates like ADs, Si0,, Mg2SiO; and MgSIQ
tions. have low absorption eciencies at optical and near-infrared

wavelengths, resulting in a negligible radiative pressure on all

glassy condensates. If these latter molecules were the most abun-
4. Results dant in the envelope of IK Tau, the wind acceleration would be

much lower. No medium resolution infrared (from the Infrared
With the log-likelihood method the parameters for the mod&pace Observatory — Short \Wdength Spectrometer or the
yielding the best-t to the CO lie pro les are derived (see pa-Spitzer — InfraRed Spectrograph) data are, however, available
rameters listed in the second column in Taklemodel 1"). The for IK Tau, hence we were unable to study the circumstellar dust
CO lines, however, only trace the envelope beyod®0R . composition in detail. (iii) “@mplete momentum coupling” is
One therefore should use other molecules to put constraintsamsumed. This means that the grain motion everywhere in the
the structure in the inner wind region. HCN is the only moleculew can be computed by equating the local radiative and col-
for which we have observational evidence that it is formed in thisional drag forces, implying that virtually all of the momen-
inner wind region: using interferometric dad#arvel (2005 de- tum gained by a grain through the absorption of radiation from
duced a maximum size for the HCN distribution of 3.88 di- the stellar photosphere is transferred via collisions to the atmo-
ameter), or a radius of.Z x 10'® cm at 250 pc. They con- spheric gasNlacGregor & Stencel 1992For physical condi-
cluded that the deduced size indicates a shock origin for H@ns typical of the circumstellar envelopes of oxygen-rich red
close to the star and a radius for the HCN distribution limitegiants,MacGregor & Stence{1992 found that silicate grains
by photodissociation. The HCN line pro les (Fi@) are clearly with initial radii smaller than about 8 10°? pm decouple from
Gaussian, indicating a line formation (at least partly) in the inhe ambient gas near the base of the out ow. (iv.) The momen-
ner wind region, where the wind has not yet reached its termirtain equation used in the GASTRoNOoM-code (see Eq. (2) in
velocity. That way, HCN observations yield important clues oDecin et al. 200Bimplicitly assumes that the mass out ow is
the velocity structure in the inner wind region. With the stellasteady in time and that the circumstellar dust is optically thin
parameters given in the second column in Tab(emodel 1”), to the stellar radiationGoldreich & Scoville 197% Dust emis-
we were unable to derive a HCN-abundance structure yieldisgn modeling byRamstedt et a{2008 suggests a circumstellar
a satisfactory tto the line pro les. While the integrated intenenvelope which is slightly optically thick at 3m ( 10 = 1.2).
sities could be well predictedh¢ line pro les were at-topped These results suggest that the acceleration of the gaseous parti-
with a FWHM (full width at half maximum) that was too large.cles in the inner wind might be slower than deduced from solving
The only way to reconcile this problem was (1) concentratithe momentum equation (“model 1” and “model 2”), because not
the HCN abundance in the inner10 cm with [HCN/H] =  all dust species take part in the momentum transfer.
9 x 10°%; or (2) allowing for a smoother velocity law. While  Solving the momentum equation and taking both the CO and
the abundance in the former solution is within the predictions BICN line pro les into account, the inner radius of the dusty
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Table 4. Parameters of the models with best goodness-of- t for IK Tau.

Model 1 Model 2 Model 3 95% con dence
based on CO CO & HCN CO & HCN interval for
v(r) momentum eq. momentum eq.  power-law 1 model 3
parameter value value value
Te [K] 2200 2200 2200 100
R [10%cm] 25 15 15 1.0
[CO/M,] [10%4] 2 2 2 S
distance [pc] 250 265 265 20
Rinner [R ] 2.2 8.7 8.7 2
Router [R ] 15170 27000 27000 S
v [kms¥] 17.7 17.7 17.7 S
M(r) [M /yr] 8 x 10% 9x 10°¢ 8x 10°¢ 1x 10°
12cisc 20 16 14 2

Notes.Details for each model are given in the text. The numbers in italics are input parameters that have been kept xed at the given value.

angular distance [arcseconds]
0.10 1.00 10.00 100.00
RRRE

25 [T T T T

20

=
o

=
o

LA Z2 A VLA L e B B B B B

'

velocity [km/s]

< :,éo _
T model 1: v(8 from CO ]

model 2: v(r) from CO + HCN |
model 3: beta-law with beta=1 |

-H,0
'

i '
'

I '

Ll L
1014

Ll L Ll L Ll L L
10% 10" 10"

radius [cm]
Fig. 3. Velocity pro le of IK Tau. Velocity data are obtained from map-

ping of maser emission: Si@pboltz & Diamond 2005 H,O (Bains
et al. 2003, and OH Bowers et al. 1989 The CO expansion veloc-

4.2. Stellar parameters derived from the CO and HCN lines

The stellar parameters for the best- t model (model 3) are listed
in Table4. The outer radius of CO is computed using the results
of Mamon et al(1988. The derived 95% con dence intervals in
Table4 are statistical uncertainties, which should be interpreted
in the light of the model assumptions of a spherically symmet-
ric wind. As described iDecin et al.(2007), the log-likelihood
function can also be used to compareetient models with a dif-
ferent number of parameters. For IK Tau, we have assessed the
likelihood preference of a model with constant mass-loss rate
compared to a model with mass-loss rate variations. The pref-
erences pointed towards the simpler model, i.e. with a constant
mass-loss rate (of 8 10°° M /yr). We also derived the dust-to-
gas mass ratio from the amount of dust needed to drive a wind
at a terminal velocity of 17.7 knv$ for a gas mass-loss rate of

8 x 10°® M /yr with the deduced velocity pro le. A dust-to-
gas mass ratio of.9 x 10 (or a dust mass-loss rate ob2 x

105" M /yr) is obtained for model 3, with an estimated uncer-
tainty of a factor 5.

ity derived from our CO data is also indicated. The expansion velocity

deduced from the CO data alone (see “model 1” in Ta®lis plotted

4.3. Fractional abundances

as full black line. The dotted black line indicates the velocity structure

taking a turbulent velocity (of 1.5 kn?¥) into account. The green line

Using the thermodynamic envelope structure derived above (see

gives the expansion+(urbulent) velocity deduced from both the COFig. 4), the abundance strati cation of all molecules is derived.
and HCN lines (mOdel 21in Tablé) The dashed blue line representSA Comparison to the theoretical inner and outer wind predic-

an even smoother expansioftrbulent) velocity structure, applying
Eq. 3), with =1 (model 3 in Tablel). The vertical dashed black and
green lines indicate the dust condensation raBiss;. Note that = 0.5

in the inner wind region.

envelope is shifted towards higher valuRgyer = 1.3 x 10 cm,
and the mass-loss rate slightly increases (“model 2" in Tdple
Using the same stellar parameters as in “model 2", but simul

ing a smoother velocity law still compatible with the maser lin

mapping ( = 1) decreases the mass-loss rate o 8>° M /yr

(model 3 in Tabled), due to the condition of mass conservatio
(model 3 in Table4). The narrow Gaussian line pro les of the
HCN lines (Sect4.3.2 give more support to model 3 than to

tions (as discussed in Sec83.1, 3.3.9 is given in Fig.5. The
studied molecular line transitions are not sensitive to the full en-
velope size, but have a limited formation region. The part in the
envelope we can trace by combining theelient available rota-
tional line transitions is indicated with vertical dashes in Eg.
and tabulated in Tabl&.

A comparison between observed and predicted line pro les
and a discussion of the deduced abundance strati cation are
given for each molecule separately in the following subsections.

e will always rst brie y describe the deduced abundances,

en compare the results to the theoretical inner and outer wind
ﬁredictions and nally compar®tother results found in the liter-
ature (see Table). For the literature results, a dérence is made
Between studies based on the assumptions of optically thin unre-
solved emission and a population distribution thermalized at an

model 2, which is why the thermodynamic structure as deduced:stimates of these ranges are found by considering the place where
from model 3 (Fig4) will be used to model the other moleculan (p)p?, with | the intensity andp the impact parameter, is at half its

line transitions.
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Fig. 4. Thermodynamic structure in the envelope of IK Tau as derived fron?®® and HCN rotational line transitions for the stellar parameters

of model 3 in Tabled. Upper left estimated temperature pro lepper right estimated gas and drift velocitygwer left cooling rates, antbwer

right: heating rates. The start of the dusty enveldRger is indicated by the dotted line. The temperature structure as used in the chemical kinetic
calculations bywillacy & Millar (1997 is plotted inthe upper left paneh dashed lines.

Table 5.Molecular fractional abundance relative tgid# n(H)+2n(H,) a constant velocity. As discussed in Sekfl, the Gaussian line

(see Fig5). pro les of the HCN and a few of the SiO lines are the result
of line formation partially in the inner wind, where the stellar
f,(mol) f,(mol) R,[R] rangesR ] wind has not yet reached its full terminal velocity. As a result,
200 10x 1064 10x 1064 25170 100-25000 more emission is produced at velocmes_near_ the line center than
BCO 71x 1056 7.1x 10% 25170 500-15000 would be the case for a uniform-velocity wind. Hence obser-
SIS 55x 105 4.0x 105° 120 40-80 1500—6000 vational studies assuming a constant expansion velocity will be
285i0 8.0x 10° 2.0x 1057 180  70-10000 unable to predict the line pro les properly.

25j0 3.0x 105 7.5x 10 180  70-2000
0Si0 1.0x 10> 2.5x10%° 180  70-2000 431 CO
CS 4.0x10%® 4.0x10® 1160 300-4000 et

S7 S9
SO 20x10 10x10¥® 400  200-3000 Results: a comparison between the observed rotatidA@o

SO, 1.0x10%° 1.0x10° 1000 50-400 PE Y : - SPSRT ;
HCN 22x 105 4.0x 109 500 50-500 and-°CO lines and theoretical predictions is shown in Fag.

S8 58 - The 2CO and'3CO lines are very well reproduced by the
CN  3.0x10% 3.0x 103- 1000 ~500-3500 GASTRoNOoM-predictions, both in integrated intensities and
alternative solution i 9 12 SN
CN 1.0% 1o§10 1.0x 10é10 450 900-3500 N ||ne Shapes. Only the IRAMZCO(]SO) and CO(ZS].) |IneS

are slightly over-predicted. It is, however, not the rst time that
the non-compatibility of the IRAM absolute ux levelis reported
(see, e.gDecin et al. 2008aSchoier et al. 2006

excitation temperature that is constant throughout the envelope,

and those based on a full non-LTE radiative transfer calculatidBomparison to theoretical predictions: the CO fractional
One should also realize that most studies make use of integraabdndance assumed in all observational studies (see also
line intensities, and do not deal with a full line pro le analysis a3able 6) is always lower than the deduced inner wind theo-
is done here. With the exception@fmont et al(1993, the other retical non-TE values oDuari et al. (1999 and Cherchne
literature studies listed in TabBassume the shell to expand a{200§. The non-TE theoretical values are comparable to the
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Fig. 5. Predicted abundance strati cations [rftd,] (full line, see Fig.2) compared to the deduced abundance structures (dashed lingd. In
left pane| the carbon bearing molecules are shown, the right panel gives the Si and S bearing molecules. For CN, an alternative solution is
in dotted lines. For each molecule, the line formation region traced bghikerved molecular lines is indicated by the vertical dashes (see also
Tableb).

Table 6. Comparison of the deduced fractional abundances to other observational studies and theoretical predictions.

2co 3co cs HCN CN Sio Sis SO SO
Lindqvist et al.(19892 15x 10% s 15x 1057 3.0x 10%7 S §  35x10% s s
Omont et al(1993P S S S S S 1.5x 10% S 9x10° 205x10%
Bujarrabal et al(1994° 15x 10> 1.6x10®° 50x10°8 4.9x 10> S 85x 10 22x10> 1.3x10% S

Kim et al. (20109 (‘case A’) 15x 10 1.75x 105 30x 1057 14x10% 16x 105 13x10° 13x10% 7.8x105 14x10°®
Kim et al. (20109 (‘case B”) 15x 10°%* 1.75x 10°° 81x 10°%® 43x10°7 51x10® 51x10% 31x10% 27x10% 42x 10

Gonzélez Delgado

4 S S S S 7 S S S
etal (2003) 1.0x 10? S S S S 20x 10° S ' S S
Schoier et al(20073" 1.0x 10° S S S S S 5x 10°¢ S S

) } ) } ) ~ —-50x10%® } }
this work 10x 10> 7.1x10°% 4x10%® 22x105 1.0x10°° 80x10°® 55x10%° 20x10° 1.0x 10°

-30x10°%® -20x 10> —4.0x 10°°

Duari et al.(1999" 538x10% & 275x 1057 2.12x 10% 240x 10510 375x 10°° 3.82x 10510 7.79x 1058  §
Cherchne (2006 6.71x 10°* S 185x 10°% 9.06x 1055 3x 105110 480x 105° 7x10%8  1x 105 1x 10512
Willacy & Millar (1997 4% 10% S 29x 105 1.4x105 35x105 32x10% 35x10% 91x1057 22x 1057

Notes.In the rst part of the table, observational results are listed based on the assumption of optically thin emission and a population distribu
which is thermalized at one excitation temperature. The second part gives observational results based on a non-LTE radiative transfer an
Theoretical predictions for either the inner envelopeidri et al. 1999 Cherchne 2006 or outer envelopeWillacy & Millar 1997) fractional
abundances are given in the last part.

All fractional abundances are given relatito the total H-content. In cases whereues found in literature were given relative tg,Hhey were
re-scaled relative to the total H-content by assuming that all hydrogen is in its molecular form H

References® No information on used distance and mass-loss fatdistance is 270 pdyl = 4.5 x 1056 M /yr; © distance is 270 pdyl = 4.5 x

10% M /yr; @ distance is 250 pc, assumdtiof 4.7 x 10% M /yr, LTE is assumed, “case B” represents a solution with a larger outer radius than
“case A", ® r, in Gaussian distribution for SiO is®x 10 cm, distance is 250 pc ard = 3 x 1055 M Jyr; () r. in Gaussian distribution for
SiS, distance is 260 pc arMd = 1 x 105 M /yr. For 2-component modef; is 5.5 x 105 and taken constant out to0lx 105 cm and the lower
abundance Gaussian component fasf 5.0 x 105° andr, of 1.6 x 10* cm. Using one (Gaussian) component distributifyris 5x 1058 andr,

is 16 x 10 cm; @ only value at R is given;™ predicted values at 2R in the envelope for IK Tau? predicted values atR in the envelope

for TX Cam; () predicted peak fractional abundances in the outer envelope.

TE-value of 695x 10> at 1R (Duari et al. 1999 Increasing the mass-loss rate is then derived. The deddt@@*3CO ratio

the CO fractional abundance by a factor 5 would decrease tla@ges between 9 and 14.

mass-loss rate by a factoP.8 to reproduce the observed CO1o-  ging CO rotational line transitions, other studies have also

tational line pro les (with the scaling laws deduced Dg Beck qctimated the mass-loss rate (see TahleThe results depend

etal. 2010. on the assumed or derived temperature distribution, the distance
the adopted [C@H,] abundance ratio, and the radiative transfer
model or analytical approximation used. All (scaled) mass-loss

Comparison to other observational studies: most observa- rate values are in the narrow range betwe&n<610>6 and 9x

tional studies listed in TabRassume a fractional CO abundanc&0®® M /yr, the exception being the result @onzalez Delgado

of [CO/H] = 1S1.5 x 10>*. Using di erent CO rotational lines et al.(2003, which is a factor 4 higher. We note that the work
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Fig. 6. CO rotational line pro les of IK Tau (plotted in grey) compared with the GASTRoNOoM non-LTE line predictions (in black) with the
parameters of “model 3” as speci ed in TalfleThe rest frame of the velocity scale is the local standard of rest (LSR) velocity.

Table 7. Mass-loss rate values derived frdACO rotational line transitions for IK Tau.

D [CO/H] M M (scaled) Lines Reference
[pc] (M /yr] [M /yr]
350 2x10°%* 10x10® 6.7x10% 2c0o(1-0) Bujarrabal et al(1989
270 5x10°%* 4.0x10°® 6.8x10*® 12C0(1-0) Sopka et al(1989
260 5x10°%* 4.4x10°® 7.9x10% 2c0o(1-0) Loup et al.(1993
260 5x 10> 3.8x10®° 6.8x10% 2c0o(1-0) Neri et al.(19989

250 2x10°%* 3.0x10® 32x10° !2CO(1-0) (4-3) Gonzalez Delgado et g2003
250 3x10%* 47x10°® 65x10°® 12CO(1-0) (3-2) Teyssier etal(2009

300 2x10°%* 10x10® 7.7x10°® !2CO(1-0) (4-3) Ramstedt et al2008

265 2x10* 9.0x10%® 90x10°® 12CO(1-0) (7-6) this study

Notes.The rst and second columns list the distance and 8§ value used in the dierent studies, the third column gives the derived gas mass-
loss rate, the fourth column contains the mass-loss rate scaled to our adopted values for the Bist2@%§c) and CO-abundance ([G®] =

2 x 10> using the scaling laws deduced Bg Beck et al(2010, the fth column lists the rotational line transitions used, and the last column
gives the reference.

of these authors was not devoted to the study of CO, and it @emparison to theoretical predictions: theoretical predictions
mains unclear what line intensities they used in their modelindpy Duari et al.(1999 andCherchne (2006 and observational

studies by, e.gBieging et al (2000 andMarvel (2005 indicate

that HCN forms in the inner wind region of M-type envelopes by
4.3.2. HCN shock-induced non-equilibrium eimical processes. This is con-

trary to the photochemical models Vfillacy & Millar (1997,
Results: the narrow Gaussian line pro les clearly point towardvhere HCN is only produced in the outer envelope by photo-
(at least) an inner wind origin of HCN. As discussed abovehemical reactions involving Niand CH;, which they assumed
we imposed a valu® = 500R to simulate the mapping re-to be parent species originating close to the stellar photosphere
sults ofMarvel (2005. The deduced abundance around?®0s and injected in the outer region. This formation route, however,
[HCN/H] = 252.5 x 10*. leads to line shapes which are clearly non-Gaussian, but are
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4F T T T T 1.0

HON(3-2) — A ey weex the low and high-excitation lines gives evidence of a_depletion
S ] osf ] of SiS: the abundance at &0 is estimated to be5.5 x 10°¢ and
ool 1 decreases to4 x 10°° at 120R . This is also evident from the
of ] extra sub-structure in the high signal-to-noise high-resolution
04f 1 line pro les of the higher excitation lines observed with JCMT
i ] ol 1 and IRAM, where the small peak traces a high abundance com-
ponent at low velocity close to the star and the broader plateau
00 ] the lower abundance component further away in the envelope.
N oa L SiS can be depleted due to the adsorption of SiS molecules
o e, oo e, ™ ontodustgrains before it is photodissociated much farther away.
Using ISI 11pym interferometric dat&lale et al(1997) detected
Fig. 7.HCN observed spectral lines (gray) compared to the spectral lideist excess, with a rst intensity peak around Q.§oing out
predictions (blaqk) b_ased_ on the (_SSE model shown in &ignd the up to at least 0.7(or 2.8 x 105 cm 180R ) around IK Tau.
abundance strati cation displayed in Fi. SiS condensation onto dust species has been postulated alread
(e.g.Bieging & Tafalla 1993, but not all atomic Si or molecu-
at-topped (for optically thinunresolved emission) because th&r SiS should condense onto dust species @agninik et al.
wind is already at its full velocity in this region. 1993. The di erent rotational lines give us the potential to con-
The maximum size distribution of 3.85lerived byMarvel ~Strain the compact, pre-condefiea, SiS fractional abundance
(2005 is suggested to be caused by photodissociation of HC§@Mponent quite well, but the uncertainty on the extended post-
Bieging et al(2000) used a parametrized formula to describe tHgondensation componentis higher.
photodissociation radius for HCN as a function of gas mass-loss

rate and wind velocity (see thekq. (2)). This eestimate leads comparison to theoretical predictions: the abundance at 4
to a HCN photodissociation radius of21x 10'° cm, V‘éh'Ch is higher than the theoretical value predicted in the inner wind
agrees well with the result dflarvel (2005 of 7.6 x 10'® cm envelope byDuari et al.(1999 and Cherchne (2006. This

(at 265 pc). Withj;|CN as a parent species with an injected abypay either indicate that the destruction reaction which occurs at
dance of 15 x 10>, new chemical outer wind models were caliarger radii in the inner O-rich envelope viéfferchne 2006

culated withthe code describedWillacy & Millar (1997). The
derived photodissocation radius is around 20 cm, whichis S+ SiS S, + Si (5)
a factor 3 higher than the observed valueMérvel (2005.
Compared to the theoretical predictions for TX Cam & 5
by Cherchne (2006 or for IK Tau at 2.2R by Duari et al.
(1999, our deduced abundance is a factor 10 to 40 lower,
spectively. There are a few possibilities for the origin of this di
ference. (i) Contrary to what is thought (e@uari et al. 1999,
HCN may participate in the formation of dust grains in the i
ner envelope. (ii) The formation mechanism of HCN in the innd

wind is directly linked to its radical CN by

Comparison to observational studies: similar results concern-
CN+H,  HCN+H. ) ing the depletion of SiS in the intermediate wind region are ob-
The destruction route is the reverse reaction. Shocks triggeined bySchdier et al(2007g9. From the simpli ed analyses
CN and further HCN formation in the ga€lierchne 2006. assuming optically thin emission thermalized at one excitation
The formation processes of bothotacules depend critically on temperature (see Tab it is not possible to derive this kind of
the physical parameters of the shocked gas, speci cally on thbundance depletion pattern.
physics in the “very fast chemistry zone”, which is the narrow
region after the shock front itself. The modeling of this Z0Ne 2 4 sio
is still subject to many uncertainties (e.g. cooling rate, velocity, "
shock strength), yielding uncertainties on the theoretical fraResults: for the 22SiO isotopolog, ve tansitions were ob-
tional abundances of at least one order of magnitude. served, with excitation energies ranging between 6 K and 75 K.
The line strengths and pro le shapes of #5iO, 2°SiO, and
30Sj0 lines are well predicted, except for tR&SiO(6S5) line
as observed with the SEST I@yonzéalez Delgado et a{2003
(see Fig.10). Because the strength of both tFiSiO(554) and
283j0(7S6) are well reproduced, and both lines share the line
formation region with thé€2SiO(6S5) transition, an absolute cal-
4.3.3. SiS ibration uncertainty can be the cause of this discrepancy, but time
- . variability of the lines should also be considered (see Set}.
Results: nextto CO, SiS is the molecule with the most molec- ajthough not as pronounced as for SiS, the modeling of the
ular line transitions at our disposal. From the SE45Up 10 i erent rotational transitions indicates an abundance decrease
SiS(20519), excitation temperatures from 13 to 183 K are COVyith 4 factor 40 around 18® . SiO is a parent molecule and a

ered, and one can trace the envelope abundance spatial variatigns, ; ; ; i .
: " . g candidate to be depleted in the wind of O-rich envelopes:
between 40 and 60(R . The lower lying transitions (SiS&#) 5t |arger radii in the inner envelope, OH alters the SiO abundance

and (654)) probe material at larger radial distances from the St&fia (Cherchne 200
the SiS(1%$18) and (2619) line intensities are sensitive to the i& (Cherchne 9
abundance in the inner wind region. Modeling the strength 8i0+ OH  SiO, + H. 6)

Tro [K]
Tro [K]

o}

is not as e cient, or that an extra formation route is not yet taken

into account in the theoretical modeling. In general, the uncer-
rr@_inties on chemical reaction rates involving sulfur are still very
figh (1. Cherchne, priv. comm.). The high abundance around

40 R is in accordance with the observational suggestion by
nI_Decin et al.(2008H that SiS forms close to the star, whatever

he QO ratio of the target.

Comparison to observational studies: all observational de-
duced values agree within a facto, but are clearly lower than
the inner wind non-TE theoretical predictions (see Té&)le
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Fig. 8. SiS observed spectral lines (gray) compared to the spectral line predictions based on the CSE model showraidFige abundance
strati cation displayed in Fig5.
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SiO, may condense as silica. It may also participate in the fdrig. 10. Upper panel ?*SiO spectra of IK Tau fronGonzélez Delgado

mation of amorphous or crystalline silicates. et al.(2003. Lower panel 28SiO spectral line predictions based on the
: . . . . SE model shown in Figt and the abundance strati cation displayed
The derived isotopic ratios in the envelope ar Fig.5.

[28Si0/2°Si0] 27 and f8SiOrYsio] = 80, [2°SiorRsio] = 3.
They are discussed in Sebt2

theoretical chemical kinetic callations and our modeling into
Comparison to theoretical predictions: the SiO abundance ataccount. It possibly points toward the condensation of SiO
the inner dust condensation radius is slightly below the theoretito dust grains in the intermediate wind zone, befordR70
ical predictions ofDuari et al.(1999 and Cherchne (2006, a region where our observed lines are not very sensitive to
which is very reasonable taking the assumptions of both ttree exact abundance distribution. The observational study by
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strati cation displayed in Fig5.

of 2.75 x 10°” at 2.2R . In their theoretical modeling of the
carbon-rich AGB-star IRE10216Millar et al. (2001 also ar-
gue for the need of CS as a parent species to account for the
vibrationally excited CS lines detected in IRC0216.

As for HCN (Sect.4.3.2), our derived abundances are a

00 factor 50 lower compared to the predictions Gherchne

1 (2006 and a factor 8 lower compared t®uari et al.(1999.
The dominant formation pathways of both CS and HCN oc-
cur in the fast chemistry zone of the gas parcel excursion in-
volving CN. Knowing that this zone is very dicult to model

Fig. 12. SiO observed spectral lines (gray) compared to the spectfSf€ S€ct4.3.2 and that the sulfur reaction rates are not well
line predictions based on the CSE model shown in &ignd the abun- KNown (see Sec#.3.3, this di erence is not so cumbersome.
dance strati cation displayed in Fi§. However, as suggested for HCN, it may also be the case that

CS or the radical CN are involved in dust formation, altering its
abundance in the intermediate wind region. The low-resolution

Decin et al(2008H indicates that SiO is formed close to the staPf the two observed CS lines do not provide enough information
in support of the theoretical predictions Buari et al.(1999 to rmly prove this. In the outer envelope, CS is rst formed
andCherchne (2008. In the outer envelope, SiO is very stabldrom H.S. Somewhat farther away, the reaction of atomic car-
and only photodissociated around a few thousand stellar ra@@n with SO and HS forms CS, before it is photodissociated by
(Willacy & Millar 1997). UV radiation Willacy & Millar 1997).

-0.1 n n L i
—20 0 20 40 60 80
Velocity [km/s]

—0.05 n L L L
—20 0 20 40 50 80
Velacity [km/s]

Comparison to observational studies: Lucas et al.(1992 Comparison to observational studies: while our deduced

mapped thé8SiO(231)v = 0 ux distribution, showing that it CS fractional abundance agrees with the values derived by

has a circular geometry. The half-peak intensity radius has a 8ujarrabal et al(1994 andKim et al. (2010, the observational

ameter of 2.2/S0.1 (or a radius of 85x 10 cm at 265 pc, result byLindqvist et al.(1988 is higher by a factor 4.

in our model being 19® ). The SiO(Z1) emission regions in-

dicate that the nal expansion velocity is not yet reached in thez g cn

SiO emission region, suggesting that grain formation must still _ _ .

take place as far as 10cm from the star. This supports our re-Results: the CN lines display a peculiar pro le, probably re-

sults on the velocity structure based on the study of the HCN liféed to the hyper ne structure of the molecule. Although the

pro les (Sect.4.1). signal-to-noise of the individual components is Id&n et al.
Compared to other observational studies, the deduced ab{(#010 noted already that the strength of the elient peaks

dance around 7& is quite high, while the outer wind abun-do not agree with the optical thin ratio of the @rent hyper-

dance agrees with the result ®pnzalez Delgado et g2003.  ne structure compoments and hint to hyper ne anomalies as
already reported byachiller et al.(1997). Simulations with

the GASTRoNoOM-code taking all the hyper ne components
into account con rm this result. We therefore opted to simulate
oth CN lines with the strongest component only. I.e., for the
= 352, J = 5/2S3/ 2 line we used thé& = 7/ 2S5/ 2 compo-
nent at 340 031.5494 MHz, for thé = 352, J = 7/2S5/2 line
theF = 9/ 257/ 2 component at 340248.5440 MHz was used.
Due to low signal-to-noise ratio of the lines and the problems
Comparison to theoretical predictions: the derived abundancewith the di erent hyper ne componets, the derived abundance
of 4 x 10°® is much higher than the TE-abundance dfactions are loosely constrained. To illustrate this, two model
2.5 x 10> for an oxygen-rich starCherchne (2006 pre- predictions are shown in Fig4. For one model, the inner abun-
dicts CS to be a parent molecule, with a non-TE abundance ftance ratio is taken to be>»3 10> and from 1000R onward,
TX Cam around B x 10°° at2R and around % 10> at 5R  the abundance strati cation follows the predictions\Wjllacy
away in the envelope, whilBuari et al.(1999 predicts a value & Millar (1997 (dashed line in Fig5). For the other model,

4.3.5.CS

Results: for CS, we only have two lines at our disposal, th
(6S5) and (56) rotational transitions, both with a low!$-ratio.
The fractional abundance at 3B0 is estimated to be4 x 10%8.
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0.10 T T T T 0.10

N (N—3-2.1-5/2-3/2) — sex N (N—3-2.1-1/25/2) — sox Comparison to theoretical predictions: an abundance strati-
cation compatible with both the inner wind predictions of
Cherchne (2006 and the outer wind model &¥illacy & Millar
(1997 can be derived, yielding a good representation of both
SO lines observed with APEXWillacy & Millar (1997 as-
sumed no SO injection from the inner wind at large radii, but
in-situ formation processes only. Assuming that SO is indeed in-
jected to larger radii can increase the predicted peak fractional
e e abundance computed Billacy & Millar (1997, which was
O ey e 0 e somewhat too low compared to the observed value listed in their

) . Table6.
Fig. 14.CN observed spectral lines (gray) compared to the spectral line

predictions based on the CSE model shown in Bignd the abun-
dance strati cation displayed in Fi§. The dashed line predictions cor-Comparison to observational studies: for the rst time, the

0.051 0.051

Trw [K]

responds to the “alternative solution” as shown in Big. SO abundance fraction is derived by a non-LTE radiative transfer
. e analysis, although the low/S prevents an accurate abundance
O o e T so(e,7,) - e determination. The result agrees with the LTE analysi&imgy

et al. (2010, l_)ut is a factor of a few lower tha®@mont et al.
woal ] ork ] (1993 andBujarrabal et al(1994).

A /\ 4.3.8. SO,
0.00 - 0.0 -
As for SQ, the main formation channel in both the inner and
outer wind region is

Too [K]
Tro [K]

-0.05 -0.1
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Velocity [km/s] Velocity [km/s] SO+0OH SO, +H. @)

Fig. 15.S0 observed spectral lines (gray) compared to the spectral life the outer wind, S@ rapidly photodissociates back to SO
predictions based on the CSE model shown in #ignd the abundance (\jjlacy & Millar 1997). The inner wind predictions for
strati cation displayed in Fig5. TX Cam only yield an abundance ofL.3 x 10512, but the de-
tection of SQ at 7.3um in several O-rich giantsyamamura
the inner abundance ratids, is lowered to 1x 10510 yielding etal. 1999vv_ould |mplyato[ma;|70n site close to the star and an
a peak fractional abundance around 2@000f 2.5 x 105, abundance in the range FG10%, slightly below the SO val-
which is a factor 8 higher than the peak fractional abundancges-Cherchne (2009 argues that a limited number of reactions

derived byWillacy & Millar (1997 (see dotted line in Figs). " the involved S formation scheme and the lack of measured
reaction rates may explain this discrepancy.

Comparison to theoretical predictions: the predicted inner N . . .
wind abundance fractions givediier preference to the Seconi&esults: the availability of 10 di erent transitions gives some

model described in the previous paragraphari et al.(1999 nope that we can shed light on the discussion about the in-
predicts a fractional abundance of CN around 2 10510 at Ner wind fractional abundance: H_owever, it turns out that we
2.2R for IK Tau, while Cherchne (2006 gives a value of &'€ unable to t the high-excitation SQ7;,7516016) and
3x 10510 at 5R for TX Cam. Further out in the wind, CN is S@2(13212512;11) lines observed with APEX (see below). The
produced by neutral-neutral reactions and the photodissgciat!;ﬂﬂh'exqtat'o” SQ(14410514311) and SQ(14311514z17) can
of HCN, yielding peak fractional abundances around 3057 P& predicted quite well. These two lines are narrower than the
(Willacy & Millar 1997). other SQ lines in the sample, indicating that their full formation

If HCN is indeed photodissociated around 400 to BOGsee €910N IS In the inner vymd region where the wind has not yet
Sect4.3.2, the peak fractional abundance of CN is not expectégached its full expansion velocity. _ _
to occur around 200R (see the model predictions hyillacy Extensive modeling eorts were made to predict the high-
& Millar 1997, in Fig. 5), but slightly beyond 50R because excitation SQ observed with APEX. While the high-excitation
the photodissociation of HCN is the main formation route thnes involving theJ = 14514 levels are reasonably well pre-
CN in the outer envelope. Shifting the CN peak fractional abuficted with the models proposed above, the= 13512 and
dance in the second model to 5B0 with an abundance valueJ = 17516 are far too weak. In a study of 3@ star forming

of 1.5 x 107 also yields a good t to the (noisy) data. regions,van der Tak et al(2003 encountered a similar prob-
lem, which they solved by introducing a high temperature, high-

abundance component. The increase in abundance could be a
Comparison to observational studies: this is the rsttime that factor of 1081000. Introducing an unrealistically compact, very
the non-LTE CN fractional abundance for IK Tau has been drigh-abundance component wiffh > 1 x 10> up to 200R
rived, although the uncertainty on the derived abundance is larggproduces the APEX = 13512 andJ = 17516 within a fac-

tor 2, but the = 14514 line, involving similar excitation levels,
437 SO is a factor 15 too strong. A possible cause of the discrepancy

T could be a misidenti cation of the observed lines. However, dif-

Results: as for of CN (Sect4.3.6 the noisy pro les prevent a ferent line data bases always point towards an identi cation as
good determination of the abundance strati cation. A fraction&8O, transitions. But also the collision rates from the LAMDA
abundance of 2 x 10> is derived around 20B. . database may be problematic. In the LAMDA database,
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Fig. 16. SO, observed spectral lines (gray) compared to the spectral line predictions based on the CSE model showraimdRfge abundance
strati cation displayed in Fig5.

Schoier et al(2005 extrapolated the collisional rates as comratios. In the last part, 0 line prole predictions for the
puted byGreen(1995. Green(1995 computed the collisional HerscheHIFI mission are performed.

rates for temperatures in the range from 25 to 125 K includ-

ing energy levels up to 62 cti Schoier et al(2005 extrapo- ] o

lated this set of collisional rates to include energy levels up 1. Time variability

250 cn¥! and for a range of temperatures from 10 to 375 K.

. < The observed molecular emission lines could be time-variable.
Neglecting the S@17,1/51601) and SQ(131r- serv " ISsion fines cou ime-vari

. ; Unfortunately, no dedicated study has yet been performed to
12,44) lines, the strength of the other eight S@nes can g4y the time variability of the molecular lines in IK Tau.

only be explained with a high inner abundance ratio sf10%°,  ~1istr6m et al(1990 reported on a monitoring program of
c_IearIy pointing _toward an inner wind formation regiony, o SiSQ = 433, 554, and &5) emission from the Mira-type
(in accordance witframamura et al. 1999 carbon-rich AGB star IRG-10216. It was found that the circum-
stellarJ = 554 andJ = 6S5 line emission toward IRG 10216
Comparison to observational studies: as for SO, the S@frac-  varies both in line intensity and in line shape. A clear correla-
tional abundance is derived for the rst time using a full nonion between the variations and the infrared ux (as measured
LTE radiative transfer analysis. The derived abundance valug\h the K-band magnitude) is found for the= 554 andJ =
somewhat lower than the results from classical studies, assunffg lines Bieging & Tafalla 1993, but not for the] = 453 line.
optically thin emission and one excitation temperature, althou&—ﬁ's indicates that at least the population of a few levels varies in

we have to state clearly that the S@odeling still poses many Phase with the stellar ux. A change in the pumping mechanism
problems. of the infrared vibrationally excited levels of a molecule will

modify the excitation in the ground vibrational state. A change
in dust emission may also alter the excitation of a molecule,
because dust emission has the potential adcting the level
populations in the ground vibrational state, in particular through
The derived fractional abundances are already discussedP#inping via excited vibrational states.

Sect.4.3 In this section, we focus on the possible time vari- Cernicharo et al(2000 has looked for time-related inten-
ability of the emission lines and on the derived SiO isotopgity variations in a line survey at 2 mm of IRC0216. Among

5. Discussion
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the 2-mm lines, the most likely lines to be ected are (i) CS, The silicon isotopic ratios are not obviously correlated with
HC3N, SiO and SiS, four species whose IR lines are known ather stellar properties. In the literature it is conventional to ex-
be optically thick, as well as (i) the vibrationally excited linegpress the silicon (and other element) isotope ratios in parts per
of C4H and HCN. During the 10-year long run, these lines wetlousand deviation from the solar silicon isotope ratio:

observed at several occasions. The ground-state mm lines were

found to have stable shapes antensities (within 20% which ~ (2ssjy 91 1000 .3 ; 91 &

is consistent with the calibration uncertainty). Only the strong 283 285i - 285j ’

HCN, , = 1,J = 251 line, which is known to be masering, 30g; 30g; 0gi

showed a factor of 2 intensity variation with time. (*°si) sng; 1000 o / g S1 (8)
Currently the eect of time-variability on circumstellar line

emission is unknown for AGB stars in general. yielding values for IK Tau 06274 andS627, respectively. These

values re ect both the initial isotopic composition of the star and
o ] ) possible eects due to nucleosynthesis.
5.2. SIO isotopic ratios For an AGB star, the initial Si isotopic composition in
e envelope is altered by slow neutron capture reactions

fhe SI0 abundance isotopic ratios derived for K Tau a}srprocess) in the He intershell and subsequent third dredge-up

83j02°sSi0 = 27,28Si0P°Si0 = 80, and?°SiOr’SiO = 3, with . . . . :
. ’ ' . ' (TDU) events, increasing ti&Si and®*°Si abundance fractions.
an uncertainty of a factor of2 due to the low S|gnal-to—n0|se( . : Ty
. 20%: 30cin | 9ci30Q i e i A low-metallicity star is expected to have initi&lSi’?8Si and
ratio of the*SiO and”’SiO lines. The®SIOP"SIO is similar 1 Sif**Si ratios that are smaller than the solar ratios. The inferred

to the simple ratio of integrated intensities corrected for a disotopic shifts of the Si isotopes are smaller for an O-rich than
ference in transition strength and beam lling factor (the co or a C-rich AGB star because a C-rich star goes through more

bined e ect is a frequency factor of*?), but the**SiGi*Sio dredge-up events, increasing tH€ and s-processed material
28ci/30Q;i ; _ - )
and *SI0F'SIO ratios are a factor7 and 10 larger, respec (Zinner et al. 2006Volimer et al. 2008. Using two di erent

tively, due to neglect of optical depth ects of the?®SiO lines if : . )
the simpli ed intensity ratio is used. Compared to the solar is&tell_?r evolution codeginner et aI.(ZOQ@hstucri]litd_the_c_hange_
topic ratios of £SiO?°SiO) = 19.6, £8Si0/Si0) = 29.8 and in silicon isotopic ratios in AGB stars: the shift in Si isotopic

200 /300G : : _.fatios and the increase of tHéC/*3C in the envelope during
-( SIOFSIO) =152, IK Tau is u_nderabundant In neutron rICIﬁhird dredge-up are higher for higher stellar mass, lower metal-
isotopologs or overabundantifSi. - ; ; AU
S| 30cir I licity, and lower mass-loss rate, but their predicted silicon iso-
Due to the weakness of theSiO and“"SiO lines, only qnic shifts are always much higher than the observational values

few results on the silicon isotopic ratios in the circumstellgyarived for IK Tau. The mimimum values plotted in their Fég.
envelopes around AGB stars are reported in literature. By orrespond to the value (2°Si) and  (¥°Si) at QO = 1, and

ting the SIiO maser emissivifiang et al(2003 estimated the 5rq higher thar$5200. They nd that no noticeable changes in

*°Si0*SiO isotopic ratio in two oxygen-rich Miras, R Casyg sjisotopes occur when the star is still O-rich. Consequently,
and NV Aur, to be 29 and 32, respectivelykita & Kaifu e jsotopic anomalies in silicon found for several M-type giants
(1988 measured the relative intensities of #18i0/°*°SiO lines probably re ect those of the interstellar medium out of which
@] = 2Sl,v= O_), which was 2.4 for the S-type Mira Cyg  giars were formed.

(with C/O ratio slightly lower than 1), 1.5 for IK Tau, and 2.9f0r g the solar system material, the silicon isotopic ratios are
the oxygen-rich Mira V1111 Oph. For the carbon-rich AGB stafq,ght to be understood by a mixture of the nuclear prod-
IRC+ 10216,Cernicharo et al(2000 andHe et al.(2008 de- |,.s by types | and Il supernova&syii et al. 1994 The pre-

rived respectively?®SiO?°SiO = 154 + 1.1 (17.2 + 1.1) and gicted silicon isotopic ratios by type Il supernovae are around
S0RSI0 = 203+ 2.0 (247+ 18) andISIORISIO= 145+ zagm0s; 15 and PSI0S| 35 mecording (oHoppe ot &l

0.13 (146 £ 0.11) from the ratios of integrated line intensities(zoog’ while Hashimoto et al(1989 arrive at lower values

which is close to the solar values. The results on+20216 are, g g and 12.6 respectively. Type | supernovae produce mostly
however, lower limits, because no correction for opacitg@s 2sg; ith little 2°Si and 3°Si (Thielemann et al. 1986 Non-
has been done. terrestrial silicon isotopic ratios can then be reasonably ex-
Lambert et al.(1987) analyzed high-resolution spectra oflained in the same way as for the solar system but by assuming
the SiO rst overtone band around 4m. They obtained esti- 3 di erent contribution of types | and Il supernovae.
mates of the atmospher€SiO/*SiO abundance ratios for four  The silicon isotopic shifts reported here for IK Tau are much
red giants. For the M-type Peg and the S-type star HR 1105jower than values deduced from presolar silicate grain8rher
the °SiO?°SiO rattio is close to the solar rati®’SiO appears to et al. 2008 Mostefaoui & Hoppe 2004 of which the origin
be underabundant in the MS strOri (**SiO?°SiO = 40) and  spans the range from red giant branch (RGB) and AGB stars up
the M-type star 10 Dra?fSiO*°SiO  53). The®*SiO isotope to supernovae. Looking to silicon isotopic ratios derived from
appears to be underabundant by a factor fin all four red presolar SiC grains (Fig in Zinner et al. 200§ the silicon
glants. isotope ratios of IK Tau correspond to the X-grains, which are
Tsuji et al. (19949 reported on high spectral resolution obthought to originate in type Il supernovae (but major discrepan-
servations of the 4am SiO rst overtone band in six late-type cies between model predictions and observed isotopic ratios still
M giants and two M supergiants. The atmosphéi®i/?°Si and exist; Nittler et al. 1995. The'2C/*3C ratio inferred for IK Tau
285j/30si and?°Si/*°Si ratios in the M giants are always slightly(=14) is at the lower limit of the values derived for X-type grains
lower than the terrestrial values, i.e. more neutron-rich nucl@ee Figl in Zinner et al. 2006
tend to be more abundant. This is opposite to the results of Hence, if the atmospheric (and circumstellar) silicon isotopic
Lambert et al(1987, and assuming that the isotopic ratios areatio is indeed not changed due to nucleosynthesis and subse-
not modi ed in the circumstellar envelope, the resultTduji quent dredge-ups, the above arguments seem to suggest that the
et al. (19949 is also in contrast to the circumstellar isotopic ramnterstellar medium out of which IK Tau was born has a mix-
tios of M-type giants listed above. ture analogous to X-type grains of which supernovae type Il are
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Table 8. Line frequencies, upper energy levels and Einsteithe rst excited vibrational state of the asymmetric stretching

A-coe cients for the ortho-BO lines, which will be observed with mode (3 = 1) yields a change in line ux of 20% at maximum.

HerscheHIFI. This agrees with t recent results b@onzélez-Alfonso et al.
(2007 andMaercker et al(2009, who found that the inclusion

Vibrational Transition Frequency Eipper A of the 3 = 1-state is particularly important for low mass-loss
state [GHZz] [cnY] [s%Y rate objects. Because the Einstein A-ca@&nts of the symmet-
v=0 1,o31o, 556.933 42371 A97x 10° ric stretching mode ¢ = 1) are an order of magnitude lower than
v=0 53:2544:1 620.882 50.880 .106x 10 for the asymmetric stretching, this state is not likely t@et the
v=0 31253); 1097.488 173.365 .664x 10° models.
v=0 3252;; 1153.219 173.365 .893x 10°

=0 S5, 1158.391 648.967 .417x 10°® . . .
x: 0 %‘l‘ég‘l‘; 1162.849 212154 _307i 1092 Dependence on parameters: the HO line uxes which will be
v=0 8.,59,, 1595961 1255.144 947x 10 observed with HIFI are very sensitive to certain (stellar) param-
v=0 25521, 1716.731 136.757 .509x 102 eters, and their observations will give us a handle to constrain
v=0 73:437215 1797.168 842.355 .943x 10%2 the circumstellar structure to even higher accuracy. To illustrate
v=0 5,85,; 1867.562 508.806 .898x 10°2 this, some simulations are shown in Fi§.
x: 1 5132’02%0'1 ggg-ggé ;iég-ggg -ggg: 1853‘3‘ — If the temperature structure is approximated with a
= 72134 . . . ” $0.7 . . . . }
v=1 23810, 1753922 1677.187 835 10% power lawT(r) r (dotted line in Fig.19), a di eren

tial change is seen for the predicted line uxes. Observing a
few water lines with di erent excitation levels will pin down
the temperature structure in the CSE.

A second simulation shows the ect of using a veloc-

ity structure which is computed from solving the momen-
tum equation (dashed-dotted line in FI). Applying an-
other velocity law results in another gas number density and
slightly di erent temperature structure. Using the momen-

thought to be the main contributors. The measurement of other
isotopic ratios can shed new light on this discussion.

5.3. H O line proble predictions

Line pro le predictions are performed for a few water lines,
which will be observed by HerschEllFI in the frame-
work of the Guaranteed Time Key Programme HIFISTARS
(P.I. V. Bujarrabal) (see TabR®). This key program focusses on
the observations of CO, 4@ and HCN lines in a well-selected

tum equation, a steeper velocity gradient is obtained (see,
e.g., Fig.3), and the velocity reaches the terminal velocity
at shorter distances from the star. This results in slightly
broader line proles and a ux enhancement in the blue
wing, because that part of the CSE contributing to the line

sample of evolved stars to gain deeper insight into the structure, pro le at a certain velocityv will be shifted somewhat in-
thermOdynamiCS, kinematics and Chemistry of CSEs and into the Ward, hence attaining a h|gher source function.

mass-loss history of evolved stars. The inner wind abundance ysing a blackbody to represent the stellar radiation instead

fraction is assumed to be p@/H,] = 3.5 x 10> (Cherchne
2006. The photodissociation radius is taken from the modeling
of Willacy & Millar (1997, which is around 160& . Applying

the analytical formula fronGroenewege(i1994 deduced from
the results oNetzer & Knapp(1987), a photodissociation radius
of 2.8 x 10'®cm or 187CR would be obtained. As standard set-
up, the Barber KO line list (see AppendiA) is used, including
45 levels in both the ground state and rst excited vibrational
state (the bending mode = 1 at 6.3um).

Description of the line probles: most HO lines displayed in
Fig. 17 have a parabolic shape, charxddtic for optically thick
unresolved emission. A few lines ser from self-absorption

in the blue wing (e.g., thes§S9,7 line in the ground-state). ~
Particularly for lines where the optical depths at the line centre
can be up to 100, e ective self-absorption on the blue-shifted
side can be seen (e.g., thgo$1o1 and 33S52;, lines in the
ground-state). Lines in the rst vibrational state allow one to
trace the wind acceleration zanEhese lines are considerably
narrower than 2 (e.g., the 8,7§73,4 line inthe , = 1-state).

of a high-resolution theoratal spectrum calculated from a
model atmosphere (see Se8tl) only induces a
change in the predicted line uxes smaller than 2% (not
shown in Fig.19). For wavelengths beyond 20@m the
stellar ux is always represented by a blackbody in the
GASTRoNOoM-calculations (note that the ground-state of
ortho-water is at 23.794 cth or around 42Qum), the ux
di erence between the blackbody and the theoretical high-
resolution spectrum around the bending mode is shown
in Fig. 20. The reason for this negligible dérence is that
the stellar radiation eld is not important (in this case) for
the H,O excitation. Excluding the stellar radiation eld only
yields a reduction of the line emission by 2% at maximum.
The dashed line in Fidl9 shows the model predictions us-
ing the same stellar and envelope parameters Eagrcker
etal.(2009: T = 2600K,R =3.53x 10*cm,D = 300 pc
andM = 1x 10 M /yr. This example shows how maser ac-
tion in the 5,544, transition at 621 GHz is very sensitive to
the structural parameters.

6. Conclusions

Comparison to other line lists, including or omitting the »

and 3 vibrational state (see Fig.18): Using the Barber KO We have for the rst time performed a self-consistent, non-
or the LAMDA linelist yields comparable results for the linedTE radiative transfer analysis on 11 @rent molecules and
displayed here. Omitting the rst vibrational state of the bendsotopologs {?°CO, **CO, SiS,?8Si0, 2°Si0, *°Si0, HCN, CN,

ing mode (, = 1) yields a decrease in line ux of a few per-CS, SO, SQ) excited in the circumstellar envelope around the
cent up to 60 percent at maximum, depending on the transkygen-rich AGB star IK Tau. In contrast to previous studies,
tion. This discrepancy will increase for lower mass-loss ratee temperature and velocity structure in the envelope are com-
objects Maercker et al. 2008 The inclusion of excitation to puted self-consistently, the circumstellar fractional abundances
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Fig. 17. Snapshot of a few ortho-4® lines, which will be observed with HersclidIFI.

are linked to theoretical outevind non-chemical equilibrium predictions for a few lines which will be observed with the
studies and the full line pro les are used as criteria to dedu¢terscheHIFI instrument (launched on May, 14 2009).

the abundance structure. The Gaussian line pro les of HCN and

SiO clearly point toward formation partially in the region where ) )

the wind has not yet reached itdlfuelocity. With the HCN line  Appendix A: Molecular line data

pro les as a criterion, we can dece that the wind acceleration

is slower than deduced fromassical theories (e.gsoldreich - \ic qata used in this paper. Quite often, data fron giden

& Scoville 1979. For a few molecules, a signi cantly derent i i "ang Molecular Databasé AMDA) are used Gchoier
result is obtained compared to previous, more simpli ed, stud:

ies. SiO and SiS seem to be depleted in the intermediate Wptéfé'dztgot?{e\/\rlglicaanﬁ%rggliﬁtfﬁig%ﬁg?;sgmbab"mes are com
region due to adsorption onto dust grains. The HCN and CS in- '

termediate wind abundance around800R is clearly below

the inner wind theoretical predictions Buari et al.(1999 and CO B carbon monoxide. For both ?CO and'3CO energy
Cherchne (2006, which may either indicate a problem in thdevels, transition frequencies and Einstein A caéents were
theoretical shock-induced modeling or possibly that, contrary taken fromGoorvitch & Chackeriar{1994). Transitions in the
what is thought, HCN and CS do participate in the dust formground and rst vibrational state were included up do =
tion, maybe via the radical CN through which both molecule®). The CO-H collisional rate coe cients at kinetic temper-
are formed. The lack of high signal-to-noise data for CN and S#ures from 10 to 4000 K are frorharsson et al.(2002.
prevents us from accurately deténimg the circumstellar abun- Figure A.1 shows a good match for the transition frequencies
dance strati cation. It turned out to be impossible to model a{better than 1%). The Einstein A coeients for the rotational
the SQ line pro les, particularly a few of the high-excitation transitions in the ground-state ath@ vibra-rotational transitions
lines. This may be due to a misidenti cation of the lines or teorrespond to better than 0.5%, but the Einstein A cdents
problems with the collisional rates. The SiO isotopic fractionfer the rotational transitions in the= 1 state may dier by up
point toward high?®Si0/?°Sio and?8SiOrRPSiO ratios, which to a factor 3 for the high-lying rotational transitions, i.e. the ones
are currently not understood in the framework of nucleosyntheith the largestl quantum number. For the CO lines of interest
sis altering the AGB isotopic fractions, but seem to re ect tht this study, i.e. rotational transitions in the= 0 state with
chemical composition of the interstellar cloud out of which thg,, 7, the e ect on the predicted line uxes is small: calculat-
star is born. Finally, in Sec6.3, we present KO line prole ingthe temperature strati cation self-consistently (see S&}.

For each of the treated molecules, we brie y describe the molec-
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