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AGB stars exhibit a large dynamical range of temperatures,
Densities and molecular abundances.

Angular resolution from a few milliarcseconds to several arcseconds
is needed to characterize the physics and chemistry of these
objects.

Chemistry requires the observation of abundant and key species
without no permanent dipole moment (C2H2, CH4, SiH4, C3, …).

A single line with a given angular resolution will ONLY provide a
very limited view of the reality of the object.

Synergy between radio and infrared, single dish and interferometric
observations absolutely mandatory.

For the synergy ALMA/Herschel in the ISM see the talk of Belen Tercero



Inner shells Outer shells



The Herschel archive contains far-IR spectra taken with PACS and SPIRE
of a large number of objects

The ISO archive contains hundreds of spectra of evolved stars in the near, 
mid and far infrared domain

Spitzer archive contains very sensitive data of hundreds of objects

Ground based mm/submm telescopes have, and could still provide, line 
surveys of a few objects of perhaps 10-20 objects i

ALMA will provide selected frequency observations of a large number of
stars but only line surveys for 1-3 objects

The NANOCOSMOS Synergy project will provide line surveys of hundreds
of evolved stars in the 30-50, 70-116 GHz domain

� λ-synergy is needed to get the maximum scientific output for physics
and chemistry of AGBs and post-AGBs in the ALMA era



¿Why is so interesting the study of chemical

composition of IRC +10216?

- IRC+10216 is a prototype of C-rich stars

- 50% of the molecules known in space have been detected in its CSE

Chemical study of the envelope

l 10 mm; ESO/La Silla

B. Stecklum & H.-U. Kaüfl

IRC +10216:

METHODS : Astronomical observations at all frequencies

Radiative transfer modelling, Dynamical Evolution, Chemical

modelling,….

Cernicharo et al, 2015,

Leao et al., 2006



IRC+10216   CO J=2-1

Cernicharo et al., 2015, A&A,  http://dx.doi.org/10.1051/0004-6361/201424565
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The chemical composition of the dust formation zone of 

IRC+10216

CO (2-1)

30m IRAM

ALMA
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The Physical and Chemical
Conditions in the middle and 
external zones of IRC+10216

Tools: Line Surveys in mm/submm 

domains

Ground based telescopes, Herschel, 

ALMA



IRC+10216 at large scales

CO J=2-1 velocity maps as

Observed with the 30m

radiotelescope. 

Angular scales corresponds 

to a time evolution of 

10000 yr for d=120 pc and 

vexp=14.5 km/s (400”).

Cernicharo et al. (2015) A&A, 

Scattered light (Leao et al. 2006)



The 3D view of 

IRC+10216 

from CO 

J=2-1 

30m IRAM 

radiotelescope

Observations





Cernicharo et al. 2000

Cernicharo et al. en preparación



METHODS: Radio astronomical observations

Line survey at λλλλ=3 mm carried out with the IRAM 30-m radio 

telescope:

- 80.05-115.75 GHz

- 1339 emission lines (~37 lines/GHz)

- 1100 assigned to rotational transitions of 70 molecules

(+all isotopoloques and vibrationally excited states)

- 240 unassigned lines (only 31 with TA
* > 10 mK)

- high sensitivity: rms(TA
*) < 1 mK for most frequencies

Rest frequency (GHz)
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RESULTS: THE OUTER ENVELOPE  --- Chemical kinetic models

C & H bearing species

C, N,  H bearing species

Si, S, O , P bearing species



RESULTS: THE OUTER ENVELOPE  --- Chemical kinetic models

C & H bearing species

C, N,  H bearing species

Si, S, O , P bearing species



Anions in IRC+10216

2006 C6H
- en IRC +10216 y TMC-1 (McCarthy et al.)

2007 C4H
- en IRC +10216 (Cernicharo et al.)

2007 C8H
- en IRC +10216 y TMC-1 (Remijan et al.; Brünken et al.)

2008 C3N
- en IRC +10216 (Thaddeus et al.)

2008 C5N
- en IRC +10216 (Cernicharo et al.)

Additional detections:

C6H
- en L1527 (Sakai et al. 2007)

C4H
- en L1527 (Agúndez et al. 2008)

C6H
- en L1544 y L1521F (Gupta et al. 2009)

RESULTA: SPECIFIC RESULTS : ANIONS



C5N
- : Identification based on comparison with ab initio calculations

by Botschwina & Oswald (2008)

Very little is known

about the chemical

properties of

anions. A lot of

work to be done !!



The Physical and Chemical
Conditions in the innermost  

regions of IRC+10216

A mandatory step to understand the chemistry

of the whole envelope

IR Tools: Line Surveys in the Far, Mid, and Near 

Infrared with ISO & Herschel & Ground Based 

Telescopes

Millimeter/Submillimeter tools: Herschel & ALMA

ALMA

14”



The Herschel view of IRC+10216:
The middle and inner zone of the CSE

• Observed with the three instruments on  board Herschel

• Continuum and spectroscopic observations

• Full line survey with HIFI :

* Infrared pumping

* Time variability of the molecular emission

* SiC2 as the most abundant species containing SiC bonds

* Lack of emission from light Carbon-rich species 

such as C3H2, C2H, C3H, C3



Cernicharo et al., 2011, A&A, 521, L8



Cernicharo et al. 2010, A&A, 521, L8



Cernicharo et al., 1999, ApJ Letters, 526, L41

ISO-SWS 



IRC+10216
ISO-SWS

Cernicharo et al., 1999, ApJ Letters, 526, L41



Observations of

C2H2 and HCN

with TEXES at the IRTF

PhD of J.Pablo Fonfría

(Fonfría et al., 2008, ApJ)

TEXES::Lacy et al., 2002, 

PASP, 114, 153

720-900 cm-1

11.1-13.9 µm

Spectral resolution 75000

4 km/s (0.008 cm-1)

C2H2 vibrational levels



Fonfría et al 2008, ApJ, 673, 445



DATA

MODEL  C2H2 + HCN + ISOTOPES

Fonfría et al 2008, ApJ, 673, 445



RESULTS

x(C2H2)
Z  I   7.5 10-6

Z II   8.0 10-5

ZIII   8.0 10-5

x(HCN)
Z  I   2.5 10-5

Z II   5.0 10-5

ZIII   5.0 10-5

12C/13C=41

Z  I  1- 5 R*

Z II  5-20 R*

ZIII  > 20 R*

Fonfría et al 2008, ApJ, 673, 445

P1 (νννν4) is a metastable 

level no connected 

radiatively to the 

ground state

However, νννν4+ νννν5  is

connected to the 

ground state and

νννν4+ νννν5 => νννν4



Thermodynamical Equilibrium

With PAHs                                                Without PAHs



A new path to form PAHs in evolved stars

32

Merino, et al., 2014, Nature Comm. DOI: 10.1038/ncomms4054



PAH Formation on carbonaceous grains

33



Carbon Balance in the dust formation zone

• In the region 1-5 stellar radii the total number of carbon atoms contained in C2H2

and HCN is a factor 5-10 less than for radii > 5 R*. Most carbon locked in CO (and 

into the grains ?)

• If PAHs are formed in the 1-5 R* zone from gas phase molecules then TE chemistry 

predicts the contrary of the observations, i.e., a decrease of the abundance of  C2H2, 

HCN, CH4, C2H4, and even SiC2.

• Molecules as CH4, C3, C5, CN, C2H4, C2H6, and other small hydrocarbons should be 

abundant. Very little is known on the abundance of these species near the star. They 

deserve IR observations similar to those of Fonfría et al. for acetylene and hydrogen 

cyanide. (and also for Si bearing non polar species such as SiH4, Si2, …)

• A detailed balance of Carbon has to be made in the innermost zones before 

concluding about the formation of large carbon-bearing species such as PAHs and 

the possible content of C in dust grains. Grain chemistry has to be considered.

• Mm/submm Line Surveys (ALMA): Polar Carbon species, CCH, CnH, HCN, HNC, 

SiS, SiO, CS, CO,…



The ALMA view of IRC+10216

tracing the dust formation zone 
in the mm/submm domains



v-vstar=0 km/s maps

CH3CN see Agundez et al. 2015, ApJ

Letters, submitted

The Spatial Distribution of Matter as seen by ALMA



400”



The ALMA view of IRC+10216: A forest of U Lines

HCN in high energy

vibrational levels

(>10000 K)

SiC2 in v3 and 2v3,…

SiS up to v=10

(& isotopologues)

SiO up to v=3

(& isotopologues)
See Velilla Prieto 2015

ApJ Letters, submitted

and his talk

HNC in vibrational

levels up to 6000 K

+ hundreds of U lines

Cernicharo et al., 2013

ApJ Letters, 778, L25



What are the Carriers of the U lines ?

• l-doubling lines (∆J=0) of HCN 

detected for v2=1,2,3. 

• These lines are narrow and weak. 

• Frequencies for l-doubling 

transitions from levels iv1+nv2+jv3

n>2 are poorly known.  They could 

be responsible for a few tens of 

lines



HCN lasers….





SiC2 vibrationally excited

• Several lines of SiC2 and its 

isotopologues detected in 

v3=1,2. 

• Lines from other higher 

overtones of v3 could be 

present. All together they 

could represent 20-30 lines.

• All emission in v3 levels is 

restricted to a zone <1”



SiS and other diatomic highly 

vibrationally excited (v=10)

SiS v>3 is coming from a region 1-1.5R*

(0.03-0.04”)

SiS v<3 is coming from the dust growth 

zone (1”)

Velilla Prieto 2015, ApJ Letters, and his 

next talk
Similar plot than for HCN (Cernicharo et al., 2011, 

A&A, 529, L3)



Lack of SiC, TiC and other refractory species in 

the dust nucleation zone

• SiC is not detected in the survey (through SiC v=1 and 29SiC)

• The most abundant species in gas phase containing a SiC bond is SiC2. 
Additional SiC-bearing species needed to explain the observed SiC grain 
feature ? 

• Si2C, SiCn, SinCm ? However, none of the SiCn molecules already detected in the 
external shells of IRC+10216 are present in the dust formation zone. SinCm
promising candidates but lacking laboratory spectroscopy. 

• SiO and SiS very abundant with slowly decreasing abundance in the dust 
growth zone.

• No molecules with known spectrum containing Mg, Al, K, Na, Fe, Ti (oxides or 
carbides) detected in the dust formation zone. All of them (Metal-CN) are 
formed in the external radical shell at ∼14” (none of them observed with 
Herschel)

• Unknown molecules responsible for the forest of narrow U lines observed with 
ALMA. All of them participating in the dust nucleation and grain growth. These 
molecules disappear at distances >1”.



CH3CN                                                                   

Photochemistry is playing a crucial role in the region r>1”. Efficient for 

all  AGBs with dM/dt<10-6. Clumpy structure of the envelope also 

allows photochemistry for higher mass loss rates (see Agundez et al. 

2010, ApJ, 724, L133, and Decin et al. 2010, Nature, 467, 64)

Agúndez et al., 2015, ApJ Letters submitted



Line Intensities depend on the
stellar phase. RT models to be revised !!!!!
WARNING FOR ALMA (AGBs): When having
several configurations requested by observers
try to get the data as close as possible in time…

Six month
variation



What will happens to IRC+10216
within a few hundreds/thousands years ?

It will evolve towards the Protoplanetary phase. The central star will 
become warmer and will irradiated from inside the CSE created in the 
AGB phase with a strong UV flux (Tstar=30000 K and even higher in the 
PN phase) . CRL618, CRL2688, Red Rectangle, NGC6302,………



� ~ 3 mm � ~ 2 mm

� ~ 1.3 mm � ~ 1.0 mm

CRL618 Spectral Line Survey: Pardo & Collaborators



1 mm window : Data & final model



ISO-SWS data 

Cernicharo et al., 2001, ApJ, 546, L123 & L127



Many  U-bands
in the mid-IR
all them in absorption.

Medium size 
molecules 10-15 
Atoms ??

The source is rich in
polyacetylenes CnH2

but radicals CnH are
lacking

Cernicharo et al., ApJ, 546, L123 & L127 

Why IRC+10216 is rich in CnH and CRL618 in CnH2 species ?





Looking for new molecules : Modelling

Chemical 

modelling 

specific 

to a C-rich 

PDR

Cernicharo 
2004,

ApJ, 608, L41



IR and radio data provide a 
powerful tool to study the 
chemistry of Carbon-rich 
evolved stars.

Herschel archival data excellent
complement to focused ALMA
observations

IR::::: C2H2, CH4, C2H4, SiH4,Cn

ALMA:::::
In some sources the spectral
confusion will be huge.

In order to understand the
message ALMA will send us a
close collaboration with 
laboratory astrophysics
(spectroscopy,  chemistry,
theory) has to be maintained
and strengthen.
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Dust formation and evolution: 

NANOCOSMOS

Astronomers, Chemists, Physicists, and Engineers
working together at the frontiers of knowledge.

Understanding the formation of cosmic dust and chemical 
complexity in Space and on Earth

55



Working activities and Goals

56

HEMT RECEIVERS

STARDUST 

chamber

MOLECULAR 

ANALYZER

PIRENEA/ESPOIRS

Upgrades

OBSERVATIONS

High-res: ALMA, NOEMA

Surveys: 30m IRAM & 40m 

IGN 

IR: CARMENES/3.5 m Calar

Alto telescope. TEXES. VLTs

LABORATORY EXPERIMENTS

Spectroscopy

Dust formation & processing

THEORY- Quantum chemistry

Structure, energetics

Dynamics

MODELLING

Radiative transfer

Chemical models

Determine gas 

composition at the 

dust formation zone

GAS EVOLUTION 

chamber

Identify dust growth 

processes 

Identify dust 

nucleation seeds & 

key processes

Identify some key 

catalytic reactions in 

molecular formation

Create cosmic dust in 

the laboratory

Technical Activities Scientific Activities GOALS 
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