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Li et al.: Photodissociation and chemistry of N2 in the circumstellar envelopes of carbon-rich AGB stars
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Fig. 1. Schematic structure of the CSE for a C-rich AGB star, which is divided into 6 regions for modelling purposes. (I): a degenerate
C/O core and He/H burning shell, (II): a convective shell, (III): a stellar atmosphere in which parent species are formed, (IV): a dust
formation shell with an expanding envelope, (V): an outer CSE where daughter species are formed primarily by photodissociation,
(VI): the interstellar medium (ISM). This study focusses on the outer CSE where chemistry is mainly driven by the photodissociation
of molecules.

is one of the most significant reactions in the outer CSE, which
directly a↵ects the abundances of many N-bearing species, such
as N, N2, HC2N, C3N, C3N– and C2N (Wakelam et al. 2010). Eq.
(1) is the primary destruction route of N2 in any region where
UV photons are present. From an observational point of view,
the direct detection of N2 is very challenging because it has no
permanent electric dipole and thus possesses no electric-dipole-
allowed pure rotational spectrum. The only reported detection
of molecular nitrogen is via its far-UV electronic transitions ob-
served in the interstellar medium (Knauth et al. 2004). One can
infer N2 indirectly through the protonated ion, N2H+ (Turner
1974; Herbst et al. 1977) or its deuterated form, N2D+. However,
neither N2H+ nor N2D+ have been identified in IRC +10216.
From the simulation point of view, Eq. (1) has usually not been
treated properly in models because these have not included N2
self-shielding. The importance of self-shielding of molecules in
CSEs was first noticed for CO some 30 years ago (Morris & Jura
1983). Even with an approximate treatment of CO self-shielding
(the ‘one-band approximation’), much better agreement was ob-
tained between simulations and observations.

We here employ the latest reported photodissociation rate
and shielding functions for N2 (Li et al. 2013; Heays et al. 2014)
to investigate the e↵ects in a chemical model of the CSE of IRC
+10216. These are based on a concerted laboratory (e.g., Ajello
et al. 1989; Helm et al. 1993; Sprengers et al. 2004; Stark et al.
2008; Lewis et al. 2008a; Heays et al. 2011) and theoretical (e.g.,
Spelsberg & Meyer 2001; Lewis et al. 2005; Lewis et al. 2008b;
Ndome et al. 2008) e↵ort over the last two decades. An update
was also made to the photodissociation of CO using the self-
shielding functions from Visser et al. (2009) following a simi-

larly large experimental e↵ort over the past decades. While the
absolute unshielded rates of both N2 and CO are changed only
at the level of ⇠ 30% with respect to the previous values (van
Dishoeck 1988), it is important to realize that the uncertainty in
the photorates is reduced by an order of magnitude. Also, we de-
velop and employ a new fully spherically-symmetric (SS) model
that computes the self-shielding of molecules in an isotropic in-
terstellar radiation field, rather than the usual plane-parallel (PP)
geometry.

The paper is organised as follows: the CSE model, the im-
provements in N2 and CO photodissociation, as well as the the-
ory and details for the evaluation of photodissociation rates for
the SS model are described in Sect. 2. The results and discus-
sion can be found in Sect. 3, followed by the concluding remarks
in Sect. 4. The impact of these improvements on the molecular
abundances in the CSE of IRC +10216 are discussed. Special
attention is given to those species which have already been de-
tected and those which may be detectable in the near future,
e.g., using the Atacama Large Millimeter/submillimeter Array
(ALMA). A full description of the SS model used for calculating
the photodissociation rates of CO and N2, together with the pro-
posed numerical methods for implementing molecular shielding
functions, are included in Appendices A and B.

2. Methods

2.1. CSE Model

The CSE model described in McElroy et al. (2013) was em-
ployed and extended in the present work. Specific details can
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Circumstellar envelope
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• Evolution O-rich to C-rich 

• Observations of molecules in 
CSE trace 

• Chemical processes 

• Physical conditions 

• Abundances and 
nucleosynthesis 

➡ dust-gas chemistry 

➡ UV-induced chemistry

Circumstellar envelope

Denise Keller                                                                                                                                                                                                                       Bad Honnef, 17 July 2014



• Prototypical carbon-rich AGB-star a.k.a. CW Leo  
• Cool and luminous: ~2700 K, ~10 000 L☉ 
• Pulsation period: ~630 days 
• Nearby: ∼130 pc 
• High mass-loss rate: 2x10-5 M☉yr-1 

• Mass estimate: ~ 1 - 2 M☉ 
• C/O ~ 1.4 

• more than 80 molecules detected 

The carbon star IRC+10216

Leão et al. 2006 (VLT)
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Table 10. Molecular abundances in the inner layers of IRC +10216.

Molecule Abundance relative to H2 Reference
1–5 R∗ → 2 × 1015 cm

CS 4 × 10−6 → 7 × 10−7 (1)
SiO .................................. 1.8 × 10−7 (1)
SiS 3 × 10−6 → 1.3 × 10−6 (1)
NaCla .................................. 1.8 × 10−9 (1)
KCla 7 × 10−10 → 5 × 10−10 (1)
AlCla ..................................... 7 × 10−8 (1)
AlF ..................................... 1 × 10−8 (1)
NaCNa ..................................... 3 × 10−9 (1)

CO ..................................... 6 × 10−4 (1)
C2H2 ..................................... 8 × 10−5 (2)
HCN ..................................... 2 × 10−5 (2)
CH4 .................................. 3.5 × 10−6 (3)
NH3 ..................................... 2 × 10−6 (4)
SiH4 .................................. 2.2 × 10−7 (3)
SiC2 ..................................... 2 × 10−7 (5)
H2O ..................................... 1 × 10−7 (6)
HCl ..................................... 1 × 10−7 (7)
HCP .................................. 2.5 × 10−8 (8)
C2H4 ..................................... 2 × 10−8 (9)
HF ..................................... 8 × 10−9 (7)
PH3 ..................................... 8 × 10−9 (10)
H2S ..................................... 4 × 10−9 (11)

Notes. (a) Abundance in the 1–3 R∗ region is reduced to 1 ×
10−11 (NaCl), 2 × 10−10 (KCl), 1 × 10−8 (AlCl), and 1 × 10−12 (NaCN).

References. (1) this study (NaCl, KCl, and AlCl abundances include
both 35Cl and 37Cl isotopomers); (2) Fonfría et al. (2008); (3) Keady
& Ridgway (1993); (4) Hasegawa et al. (2006); (5) Cernicharo et al.
(2010); (6) Decin et al. (2010b); (7) Agúndez et al. (2011); (8) based
on Agúndez et al. (2007); (9) Goldhaber et al. (1987); (10) based on
Agúndez et al. (2008); (11) derived from the line 11,0−10,1 observed by
Cernicharo et al. (2000).

Fig. 12. Abundances of CS, SiO, and SiS in IRC +10216, as derived
from the radiative transfer model (continuous lines) and as calculated
through thermochemical equilibrium in the innermost regions of the
envelope (dashed lines). A vertical dashed line indicates the outer
boundary where thermochemical equilibrium is valid (∼3 R∗).

start to be photodissociated by the ambient interstellar ultravi-
olet field. The observation of a large number of rotational lines
for the different molecules studied, involving levels with a wide

Fig. 13. Abundances of NaCl, KCl, AlCl (including 35Cl and 37Cl), AlF,
and NaCN in IRC +10216, as derived from the radiative transfer model
(continuous lines) and as calculated through thermochemical equilib-
rium in the innermost regions of the envelope (dashed lines). A ver-
tical dashed line indicates the outer boundary where thermochemical
equilibrium is valid (∼3 R∗).

range of energies (including highly excited vibrational levels)
allows us to trace the material, and therefore to determine the
abundance, from the innermost layers out to the outer envelope.

Carbon monosulphide (CS) is found to have an abundance
relative to H2 of 4 × 10−6 in the inner layers, decreasing in
the mid envelope down to a value of 7 × 10−7 at a radius of
2 × 1015 cm, which serves as input value for the photochem-
istry taking place in the outer envelope (see Fig. 12). Our es-
timate for the inner layers may be compared with the results
of the thermochemical equilibrium calculations, which yield a
steep abundance gradient around the quenching region, from
2 × 10−5 at 2 R∗ down to 3 × 10−11 at 4 R∗. The intersection
of our derived abundance profile with that calculated under ther-
mochemical equilibrium indicates that the abundance of CS is
quenched at a radius of 2.4 R∗. The model built by Willacy
& Cherchneff (1998), which considers the effect of shocks in-
duced by the stellar pulsation on the chemistry, predicts abun-
dances somewhat lower in the inner layers, 2−6 × 10−7 in the
2.7−5 R∗ region. Our findings for the inner layers are in per-
fect agreement with the previous results of Keady & Ridgway
(1993), who derive an abundance of 4 × 10−6 for the region
inner to 17 R∗ from observations of ro-vibrational lines in the
infrared, but differ significantly from the estimates made by
Highberger et al. (2000), 3−7 × 10−5 at 14 R∗, and by Patel
et al. (2009), >9.3 × 10−6 within a radius of 7 R∗, which are
based on observations of rotational lines in vibrationally excited
states and an analysis involving column densities and mean ex-
citation temperatures. As concerns the abundance in the mid and
outer envelope, our estimate, 7 × 10−7, is somewhat higher than
the previous value derived by Henkel et al. (1985), 1.2 × 10−7,
based on the observation of low-J rotational lines within the
ground vibrational state.

For silicon monoxide (SiO) we derive an abundance relative
to H2 of 1.8× 10−7, from the innermost circumstellar layers up to
the photodissociation region. Yet, as in the case of CS, chemical
equilibrium calculations (see Fig. 12) yield a steep gradient near
the quenching region, with a value as low as 3 × 10−10 at 2 R∗ in-
creasing up to 10−6 at 4 R∗. The quenching radius for SiO would
be located around 3.6 R∗, somewhat farther than that of CS. We
find no evidence of such a low SiO abundance in the innermost
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K. M. Menten et al.: Size, luminosity, and motion of IRC+10216

From measurements taken between 8 and 680 GHz, Menten
et al. (2006) determined the radio-to-submillimeter spectral in-
dex of IRC+10216’s radio emission to be 1.96 ± 0.04, which
is steeper than the value predicted for radio photospheres by
Reid & Menten (1997) and consistent with optically-thick
blackbody emission in the Rayleigh-Jeans regime (αBB ≡ 2).
Since we are observing emission consistent with a blackbody,
our measured diameter, d and brightness temperature, TB, di-
rectly deliver IRC+10216’s bolometric luminosity, L∗, via the
Stefan-Boltzmann law: L∗ = πd2σT 4

B, where σ is the Stefan-
Boltzmann constant. With TB = 1635 ± 82 K and d= 10.8 ±
0.1 AU (83 mas at D = 130 pc), we calculate L∗ = 3.3 ×
1037 erg s−1, or 8640 ± 430 L⊙. The last uncertainty does not
include a contribution from the distance uncertainty.

Although IRC+10216’s bolometric luminosity varies by a
factor of 2.5 over a light cycle, model calculations predict that
its radio flux varies by no more than ±10% between minimum
and maximum (Men’shchikov et al. 2001, and pers. comm.).
This is in excellent agreement with IRC+10216’s 850 µm light
curve derived from data taken with the James-Clerk-Maxwell-
Telescope3 and within their errors consistent with the radio
data discussed by Menten et al. (2006). Given this, a luminos-
ity derived from radio data at any time is close to the star’s
average luminosity. Our estimate gains in reliability since we
were able to determine IRC+10216’s long-wavelength (infrared)
phase, φIR

4, at the time of our VLA observations. As described
in Appendix A, we acquired data to determine a reliable value
for φIR, of 0.75. This means the luminosity we have determined
is very close to the average value indeed.

The (average) luminosity we determine, 8640 L⊙ (for D =
130 pc), is lower than the value of 14 000 L⊙ that Groenewegen
et al. (1998) find consistent with their multi-transition model-
ing of the CO emission from IRC+10216’s CSE, while Crosas
& Menten (1997) and De Beck et al. (2012) find 11 000 and
8500 L⊙, respectively, in similar analyses (all for D = 130 pc).

If we assume Teff = 2750 K for IRC+10216’s effective
temperature, i.e., the median value considered by Men’shchikov
et al. (2001) for their modeling, we calculate a diameter
of 3.8 AU for the star’s photosphere. This corresponds to
≈1.3 times the major axis of Mars’ orbit.

The derived luminosity is comparable to the value one de-
rives from the revised period-luminosity relation for carbon-rich
Miras established by Groenewegen & Whitelock (1996). For
our best fit period, 630 d (see Appendix A), this relation pre-
dicts a luminosity of 9830 L⊙. Finally, we note that, remarkably,
Becklin et al. (1969) in the very first publication on IRC+10216
derive 1031 W for its luminosity (assuming D = 200 pc), which
corresponds to 11 000 L⊙ for D = 130 pc.

4.1.2. Shape of the radio photosphere

Performing VLA observations with angular resolution and
wavelength similar to ours, Reid & Menten (2007) determined
the shapes and sizes of the radio photospheres of three M-type
AGB stars (o Ceti, R Leo and W Hya); the latter were all
close to 6 AU. While o Ceti’s radio photosphere has, like

3 http://www.jach.hawaii.edu/JCMT/continuum/
4 Conventionally, the phase, φ, quoted for an AGB star is the time,
measured as a fraction of its period, that has passed since optical maxi-
mum. Due to molecule formation, for most AGB stars, the IR maximum
lags ≈0.2 periods behind the optical maximum. This is well-established
for oxygen-rich Miras, but less so for carbon-rich ones (Smith et al.
2006).

Fig. 4. IRC+10216 as seen by GALEX in 2008 in the FUV band (see
Sahai & Chronopoulos 2010). The image has been smoothed from the
original resolution with a Gaussian kernel with a FWHM of 5 pixels.
The star symbol indicates the position of IRC+10216 and the arrow
represents its proper motion (corrected for the solar motion) for 5000 yr.

IRC+10216’s, an almost circular shape, those of R Leo and
W Hya appear to be significantly elongated. Formally, we find
a flattening, e (≡(a − b)/a) of 0.08 ± 0.02 for IRC+10216
(where a and b are the major and minor axis sizes, respec-
tively). From Table 2 of Reid & Menten (1997) we calculate
e = 0.07 ± 0.13, 0.36 ± 0.14 and 0.33 ± 0.14 for o Ceti, R Leo
and W Hya, respectively.

IRC+10216’s radio photosphere is almost perfectly round,
comparable to that of the much lower mass-loss star o Ceti.
Given its high mass-loss rate, IRC+10216 has been conjectured
to be on the verge of developing into a protoplanetary nebula
(PPN) and asymmetries in its circumstellar material have been
interpreted as signs for the onset of bipolarity (Osterbart et al.
2000). Here we emphasize that the radio emission is consis-
tent with an extended photospheric origin and does not show
the characteristics of a developing ultracompact HII region as
observed in the more evolved PPN CRL 618. For this object,
which has a ∼30 times higher mass loss rate than IRC+10216
(Young et al. 1992), VLA observations show an enhanced radio
flux associated with an extended ionized region that is elongated
along the PPN’s bipolar outflow axis (Kwok & Bignell 1984;
Martin-Pintado et al. 1993).

4.2. Motion through the interstellar medium

Recent observations at ultraviolet, FIR and submillimeter wave-
lengths provide evidence for an interaction of IRC+10216’s
outflowing envelope and the ambient ISM. Knowledge of the
star’s motion is an important parameter in any modeling of this
phenomenon.

Sahai & Chronopoulos (2010) present near and far ultravio-
let (NUV and FUV) imagery obtained with the Galaxy Evolution
Explorer (GALEX) of an area of ≈1 degree diameter centered
on IRC+10216, which shows the object’s “astrosphere” (Fig. 4).
It exhibits a textbook picture of phenomena expected from the

A73, page 5 of 8
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• Isotopic ratios from isotopologues  
• selective effects: 

 line opacities 
 photodissociation 
 chemical fractionation 
 radiative excitation 
!

➡ observations & chemical models 
• molecular abundance distribution  

from observations and models  
inconsistent 
!

• density-enhanced shells: gas & dust

The carbon star IRC+10216

7Denise Keller                                                                                                                                                                                                                       Bad Honnef, 17 July 2014

672 C. Kahane et al.: Isotopic ratios in IRC+10216, the progenitor mass and the s process

Table 2. Observed isotopic ratios towards IRC+10216.

Ratio Value 1 σ Ref.a Solarb

Na35Cl/Na37Cl (7-6) 2.33 0.50 (1)
Al35Cl/Al37Cl (15-14) 2.15 0.33 (1)
Na35Cl/Na37Cl (8-7) 1.78 0.59 (2)
Al35Cl/Al37Cl (10-9) 3.17 0.79 (3)
Al35Cl/Al37Cl (11-10) 2.40 0.76 (3)
35Cl/37Clc 2.30 0.24 (1) 3.13
12C/13C 45 3 (3) 89
14N/15N > 4400 (4) 270
16O/17O 840 200 (5) 2610
16O/18O 1260 280 (5) 499
24Mg/25Mg 7.60 1.1 (6) 7.94
24Mg/26Mg 6.50 0.7 (6) 7.19
29Si/30Si 1.45 0.13 (3) 1.52
28Si/29Sid > 15.4 (3) 19.8
34S/33S 5.55 0.31 (3) 5.62
32S/34S 21.8 2.6 (3) 22.5
a the references are the following: (1) this paper; (2) Cernicharo et al.
1987; (3) Cernicharo et al. 2000; (4) Kahane et al. 1988; (5) Kahane et
al. 1992; (6) Guélin et al. 1995
b from Anders & Grevesse 1989
c average value derived from the above ratios (see text)
d due to the non negligeable opacity of the 28Si bearing lines, only a
lower limit could be derived.

4. Comparison with AGB model predictions

We used TP-AGB models obtained with the FRANEC evolu-
tionary code for solar metallicity and initial masses 1.5, 3 and 5
M⊙ , adopting the Reimers’ parameterization (Reimers 1975)
for mass loss (η = 0.7, 1.5 and 10, respectively). In the 1.5
and 5 M⊙ models, mass loss was actually accounted for in a
post-process calculation, after computing the series of thermal
pulses from a model with constant mass (Gallino et al. 1999).
TDU was found to start at the 11th (1.5 M⊙ ), 8th (3M⊙ ) and
4th (5 M⊙ ) thermal pulse, and the parameter λ was on average
0.24, 0.26 and 0.38 in the three cases. The model details are
described elsewhere (Straniero et al. 1997; Gallino et al. 1998;
Vaglio et al. 1998; Straniero et al. 2000).

In the most massive stellar model discussed here (the 5 M⊙

star), the temperature at the base of the convective envelope dur-
ing the interpulse never exceeds 50 ×106 K so that a negligible
Hot Bottom Burning (HBB, i.e. burning at the inner edge of the
convective envelope) occurs, without affecting the CNO nuclei.
With FRANEC, efficient HBB is currently found in models of
6 and 7 M⊙ and solar metallicity. The minimum mass for its
activation decreases with decreasing metallicity (Lattanzio &
Forestini 1999; Straniero et al. 2000).

As recalled in the introduction, in TP-AGB stars two neu-
tron bursts are released in different conditions, by the 13Cand by
the 22Ne neutron source. The effectiveness of the 13C neutron
source requires the penetration of a limited amount of protons
from the envelope into the He intershell zone at every TDU.
This allows the formation of a tiny 13C pocket in the top lay-
ers of the He intershell at H-shell burning reignition. Subse-

0
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Fig. 3. Structure vs time of a AGB star model of 1.5 M⊙ evolving
trough the interpulse - pulse cycle illustrated in Table 3. The zero of
the temporal scale in abscissa corresponds to t0 = 1.28×108 yr after the
start of core He burning.Mr is the mass coordinate in M⊙ . The upper
line (labelled MCE) represent the bottom of the convective envelope,
the middle line (labelledMH) indicates the H/He discontinuity, and the
bottom line (labelled MHe) indicates the He/C-O core discontinuity.
The zone comprised between the two last lines is the He intershell.
The insert is an enlarged view of the 25th convective pulse, which
precedes the 15th TDU episode. The shaded region corresponds to the
layers of the 13C pocket. For sake of clarity, this region was shifted
somewhat downwards from the H/He discontinuity left by the TDU
episode. There, a certain amount of protons are assumed to penetrate
in the radiative He intershell (the proton pocket, corresponding to the
area belowTDU, not shaded). Immediately before H reignition protons
are captured by the abundant 12C , giving rise to the formation of a
13C pocket. Before the next TP, all 13C nuclei are consumed so that
the 13C pocket changes into an s pocket, before being ingested by
the next growing convective instability. This structural scheme can be
considered as representative of all AGB models with TDU, apart from
numerical details. The bracketed numbers illustratewhere andwhen the
abundances reported in the corresponding column numbers of Table 3
were calculated.

quently, the 13C nuclei are fully consumed by α-captures in
radiative conditions already in the interpulse phase (Straniero
et al. 1997). Though some successful models of the 13C -pocket
formation have been presented, the details are still a matter of
debate (see for instance Herwig et al. 1997; Langer et al. 1999)
and the amount of 13C burnt per nucleosynthesis episode must
be assumed as a free parameter of the model. However, this
remarkable source of uncertainty does not affect much the re-
sulting abundances of the nuclei discussed here, which mostly
depend on the activation of the 22Ne source, hence on the max-
imum temperature at the base of the TP convective zone, which
in turn depends on the stellar mass. In order to illustrate this,
in Fig. 3 we show the temporal evolution of the stellar struc-

Kahane et al. 2000

Dinh-V-Trung&Lim 2008



• To what extent do density-enhanced shells influence the chemistry? 
!
!
!
!
!
!
!
!
!
!
!
!
!
!

• change of column densities ➡ change of abundances

The carbon star IRC+10216
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• most abundant molecules after H2 in carbon-rich CSE:                                                     
CO (8 x 10-4), C2H2 (8 x 10-5), HCN (4 x 10-5)  Fonfria et al. 2008  

Hydrocarbons      Negative Ions 

       
          Cyanopolyynes 

!

!
!

• cover many transitions of key molecules around carbon stars 
• improve general carbon chemistry network, also nitrogen chemistry

Carbon Chemistry

C2H2 + hv → C2H + H   
C2H + hv → C2 + H 

C2H + C2H2 → C4H2 + H 
C4H2 + hv → C4H + H 
C2H + C2H → C4H + H  
C2H2 + C2 → C4H + H 

C2H + e → C2H- + hv 
C2H- + H → C2H2 + e

HCN + hv →  CN + H 
CN + C2H2 → HC3N + H 
C3N + C2H2 → HC5N + H 
HCN + C2H → HC3N + H
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• Jansky Very Large Array, New Mexico, USA     
•     Interferometer: 27 antennas (25m) 
•     New receivers, new correlator 
• Spectral and imaging survey of IRC+10216                     

in 2011 and 2013 (Mark Claussen, NRAO) 
• Large coverage: 18 - 50 GHz 
• Large bandwidth: 2 GHz  
• ~ 51 hrs          
• Unprecedented detail: 

• Resolution: ~1 arcsec  
• Sensitivity: ~1 mJy 

• Data reduction with CASA 
• Line identification

The JVLA survey of IRC+10216

is thought to form mainly from the reaction between radical CN,
which is a photodissociation product of parent molecule HCN,
and the acetylene molecule: CNþ C2H2"!HC3Nþ H, while
bigger cyanopolyynes are built up step by step from smaller
chains, the chemical models for carbon-rich circumstellar en-

velopes such as IRC+10216 (Cherchneff et al. 1993; Millar &
Herbst 1994; Millar et al. 2000) predict significant abundance
for cyanoplyynes only in the outer part of the envelope, i.e., a
hollow-shell spatial distribution. That prediction is broadly con-
sistent with our observations.

Fig. 1.—Channel maps of cyanopolyyne emission in contours superposed on optical V-band image (Leão et al. 2006) of IRC+10216 in false color. HC3N J ¼ 5Y 4
emission is shown in the top frame, HC5N J ¼ 16Y15 in the middle frame, and HC5N J ¼ 9Y8 in the bottom frame, respectively. Channel velocities are indicated in the
upper left corner. The synthesized beams are shown in the lower left corner. Contour levels are 3, 5, 7, 9, 11, 13 ! for HC3N J ¼ 5Y4 (! ¼ 3:6 mJy beam"1) and HC5N
J ¼ 16Y15 (! ¼ 1:4 mJy beam"1). Contour levels are 2, 3, 4, 5, 6, 7, 9, 11 ! for HC5N J ¼ 9Y8 (! ¼ 1:0 mJy beam"1).

MOLECULAR SHELLS IN IRC+10216 305No. 1, 2008

Dinh-V-Trung&Lim 2008
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JVLA spectrum of IRC+10216
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More than 15 species identified so far:  

HC3N HC5N HC7N C3N C3N- C5N-  

C3H C4H C5H C6H C6H- C8H  

MgNC C2S C3S C4Si SiS  

+ isotopologues  
+ vibrationally excited states
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!

• Calibrate whole survey, imaging synthesis of all spectral lines 

• Complementary observations (APEX, ALMA, PdBI, Herschel) 

• Large sample of carbon stars ➡ e.g. Elvire De Beck 

• Compare to oxygen-rich stars ➡ e.g. Tomasz Kamiński 

• Radiative transfer models (RATRAN) 

➡ Improve knowledge of morphology and chemistry 

➡ Abundances, nucleosynthesis

Future Work
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