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The case of IRC+10216
ANATOMY OF AN AGB STAR

• THE DUST FORMATION ZONE

• THE INTERMEDIATE ENVELOPE

• THE EXTERNAL LAYERS

• PHOTOCHEMISTY, SHOCKS AND 

THE ROLE OF BINARITY IN SHAPING 

THE CIRCUMSTELLAR ENVOLOPE



The Physical and Chemical
Conditions in the dust 

formation zone in IRC+10216
The first step to understand the 
chemistry of the whole envelope

Tools: Line Surveys in the Mid and 
Near Infrared with ISO & Ground 

Based Telescopes



Cernicharo et al., 1996, A.&A., 315, 201

IRC+10216 a C-rich Circumstellar Envolope :: HCN (in all ν) + CO; λ/Δλ∼300

ISO-LWS





Cernicharo et al., 1999, ApJ Letters, 526, L41
ISO-SWS 



IRC+10216
ISO-SWS

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



González-Alfonso & Cernicharo 1998



Observations of
C2H2 and HCN
observations
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

C2H2 vibrational levels



HCN 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 is a metastable level
(ν4)



The radio data
The external shell (radicals and other exotic molecules)

Chemical Modelling : PhD of Marcelino Agúndez

Input for chemistry : C2H2 & HCN in the inner shell
PhD of J.Pablo Fonfría



LINE SURVEYS



Cernicharo et al. 2000

Cernicharo et al. en preparación



METHODS: Radio astronomical observations

Line survey at λ = 3 mm carried out with the IRAM 30-m radio 
telescope:

- 80.05-115.75 GHz
- 1339 emission lines (~37 lines/GHz)
- 886 assigned to rotational transitions of 60 molecules 

(+ different isotopoloques and vibrationally excited states)
- 453 unassigned lines (only 31 with TA* > 10 mK)
- high sensitivity: rms(TA*) < 1 mK for most frequencies 

Rest frequency (GHz)



It is necessary to use more sophisticated methods

e.g. LVG multishell or non-local codes

Lines arise from a region where temperature and density vary very fast

The medium is not homogeneous

MODELING ASTROPHYSICAL DATA



METHODS: Non LTE radiative transfer (LVG and non Local Codes)

Statistical Equilibrium
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LVG multishell models

MODELING



LVG multishell models

MODELING



TA*(K)

VLSR (km s-1)

NaCl

Results

MODELING

LVG multishell models



METHODS: Interpreting the lines

Rotational temperature Diagram
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Integrated intensity of the lines

Very crude approach for most species!

1) rotational levels in LTE at some Trot
2) the medium has to be homogeneous
3) optically thin lines
4) no infrared pumping
5) Trot >> TCMB

Rotational temperature (Trot)
and column density (N)



HCN

NH3
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METHODS : Chemical Models

Thermodynamical Chemical Equilibrium : Dissociation energies and partition 
Functions are needed
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Chemical Kinetics: Reaction rates are required

formation of i Destruction og i
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RESULTS: THE OUTER ENVELOPE  --- Chemical kinetic models



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



Thermodynamics

Kinetics

Electronic
affinity

A- A

A + e- ⇔ A- + hν

The formation of the anion is favoured

e
n
e
r
g
y

Except for species with a high electronic affinity and a large size

e.g. C4H, C6H, C8H, C3N, C5N, …

¡ First detection of molecular anions in IRC+10216
C6H-, C4H-, C8H-, C3N-, C5N-

RESULTA: SPECIFIC RESULTS : ANIONS

The formation of the anion is NOT favoured



RESULTA: SPECIFIC RESULTS : ANIONS



History:

2006 C6H- in IRC +10216 and TMC-1 (McCarthy et al.)

RESULTS: SPECIFIC RESULTS : ANIONS



History:

2006 C6H- in IRC +10216 & TMC-1 (McCarthy et al.)

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

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

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

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

RESULTS: SPECIFIC RESULTS : ANIONS



History:

2006 C6H- in IRC +10216 & TMC-1 (McCarthy et al.)

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

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

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

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

2010 CN- in IRC+10216 (Agúndez et al.)

Additional detections:

C6H- in L1527 (Sakai et al. 2007)

C4H- in L1527 (Agúndez et al. 2008)

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

RESULTS: SPECIFIC RESULTS : ANIONS



History:

2006 C6H- in IRC +10216 & TMC-1 (McCarthy et al.)

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

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

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

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

2010 CN-1 in IRC+10216 (Agúndez et al.)

Detecciones adicionales:

C6H- in L1527 (Sakai et al. 2007)

C4H- in L1527 (Agúndez et al. 2008)

C6H- in L1544 & L1521F (Gupta et al. 2009)

RESULTS: SPECIFIC RESULTS : ANIONS



C4H- C3N- C5N-

RESULTS: SPECIFIC RESULTS : ANIONS

Fully characterized in space
No yet detected in the 
laboratory



reaction
kra(300 K)
IRC +10216

kra(300 K)
theory(a)

C4H + e- ⇔ C4H- + hν 2-7x10-11 1.1x10-8

C6H + e- ⇔ C6H- + hν 3.0x10-8 6.2x10-8

C8H + e- ⇔ C8H- + hν 1.5x10-7 6.2x10-8

C3N + e- ⇔ C3N- + hν 2-5x10-9 2.0x10-10

C5N + e- ⇔ C5N- + hν 5.0x10-7 -

kra with units of cm3 s-1

(a) Herbst & Osamura 2008; Petrie & Herbst 1997.

RESULTS : ANIONS



THE FINAL PRODUCT OF A DETAILED
STUDY

• New Molecules
• Abundances for all species
• Isotopic abundances (nuclear evolution)
• Clear differentation of the different layers 

of the CSE
• Chemistry of exotic species (anions)
• A fine study of the missing reactions of the 

actual chemical networks



IRC+10216

CO J=2-1

30m
data

Outer carbon
Radicals

shell

Inner
Refractory
Species

Shell

Extreme
Outer
Shells



What structure could we expect 
for the circumstellar envelope 

of an AGB binary star ?

Is the AGB loosing mass 
uniformely with time or it is 
having episodic events of 

high mass loss ?

Guélin, Lucas, Cernicharo, 1993, A&A, 280, L19



Mass loss increased 
when the stars are 
at the closest distance.

Ad hoc mass loss rate
increased by a factor 10




WATER IN C-rich and O-rich AGBs

ALMA can do it !



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”

Cernicharo et al., 1996, A.&A., 315, 201

125  cm-1                                111 cm-1                              100 cm-1 91 cm-1

53 cm-163 cm-1

83 cm-1

IRC+10216 => HCN (in all ν) + CO; λ/Δλ∼300



W Hya (low mass loss rate)

Barlow et al., 1996; Neufeld et al., 1996

Water in O-rich  AGB stars



6/17/2011 10:01:38 AM

VY CMa

All features are real and belong
(95%) to H2O (5% from CO)

All pure rotational lines of water
wapour with λ>43 um detected

Some lines from the v2=1
bending level also detected

Modelling requires collisional
rates for Tk=20-2000 K including

ro-vibrational collisions

ISO DATA 1998

VyCMa is a high mass loss rate
object



PACS/Herschel data for VyCMa from Decin et al.



If C-rich : CO, C2H2, HCN, SiO, SiS and a lot of species 
including H2O.

When AGBs move towards the PPN phase => warm 
photochemistry using the UV photons from the central 
star. Significant amounts of water, and other O-bearing 
species are produced

If O-rich: CO, H2O, OH, SiO, SiS, HCN, …

GROUND BASED OBSERVATIONS OF WATER



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”

The problem of the observation of water vapor :

Our atmosphere is full of water vapor. 

Water vapor was detected in the ISM and CSM in 1969 from 
observations at a 22 GHz (Cheung et al.). 

Our atmosphere is transparent at this frequency as the 
transition involves two levels around 700 K and the line 
strength is rather low. 

Water detected only in small regions of the ISM and CSM

To observe H2O we have to go to space  !!!

But this is not completely true !!!!!!



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”Frequency
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J. Cernicharo.   “H2O in the ISM 
and CSM”



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”

GROUND BASED OBSERVATIONS of H2O:
Maser lines at 22, 183, 321 and 325 GHz + some observations of ν2=1

INFRARED SPACE OBSERVATORY (ISO) : 
Observation of a large number of pure rotational and ro-vibrational 
lines. Most observations with reduced spectral resolution.

SWAS : 
Large scale maps with high spectral resolution of interstellar clouds. 
Pointed observations of evolved stars. Water in C-rich objects

Herschel (operating since May 2009):
Largest telescope in space (3.5 meters)
Three instruments : 
SPIRE (15-52 cm-1). Spectral resolution = 2.5 GHz (FTS)
PACS (52-190 cm-1). Spectral resolution = 1500-4000 (grating)
HIFI (15-65 cm-1). Spectral resolution = 106 (Heterodyne)

ALMA can observe at 325 GHz and in the next future at 183.3 GHz 

WHAT IS KNOWN ON WATER VAPOUR IN THE ISM & CSM ?



22 GHz observations of evolved stars (Vy CMa)

1994 1985



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”



6/17/2011 10:01:38 AM



WATER in C-rich AGB STARS



WATER in Carbon rich AGBs stars

Melnick et al., 2001, Nature, 412, 160

Source of water : Comet evaporation





Results in agreement with previous models 
by Cherchneff



The role of infrared pumping





From Decin et al., 2010, Nature, 467, 64

Far-IR data from PACS/Herschel



62

Herschel/HIFI 
A&A, 521, L5

Neufeld et al., Water in IRC+10216
ApJ, 2011, 727, L28



IRC+10216 at a distance of 100 pc
0.05”         0.25”             1.5”    5.0”  400”

Weak CO 
emission

detected up to 
R=300”

From Decin et al., 2010, Nature



Detailed chemical modeling of clumpy envelopes : H2O, OH and H2CO
could be abundant in C-rich AGBs. HC3N abundance enhanced in the 

inner envelope.
Decin et al., 2010, Nature; Agúndez, Cernicharo & Guélin 2010, ApJ, 724, L133, 

I) Water produced in inner shocks (I. Cherchneff, 2011, A&A, 526, L11)
II) Oxygen atoms available from the photodissociation of 13CO and SiO

Agúndez & Cernicharo 2006



CRL618 

Carbon Rich Protoplanetary 
Nebula

H2O, HCO+, OH and H2CO
Herpin & Cernicharo 2000, 2001

(why only these O-bearing species ?)

How to interpret a line survey close to 
the line confusion limit ?

WORK DONE AT DAMIR (CSIC; MADRID) by Juan Ramón PARDO
and collaborators (J. Cernicharo, J.R. Goicoechea, M. Guélin, A. Asensio)



6/17/2011 10:01:38 AM J. Cernicharo.   “H2O in the ISM 
and CSM”

Cernicharo et al., 1996, A.&A., 315, 201

125  cm-1                                111 cm-1                              100 cm-1 91 cm-1

53 cm-163 cm-1

83 cm-1

IRC+10216 => HCN (in all ν) + CO; λ/Δλ∼300



In C-rich
AGB stars

Herpin & Cernicharo,
2000, ApJ Letters, 530,
L129

See Chemical Modelling by
Cernicharo 2004, ApJ Lett.



~ 3 mm ~ 2 mm

~ 1.3 mm ~ 1.0 mm

CRL618 Spectral Line Survey



• Around 2500 líneas from 24 molecular species + 
recombination lines of H y He.

• Initially more than 80% of lines were U. Very soon we 
realized that the spectrum is dominated by HC3N & HC5N 
which are responsible for 85% of the total number of 
detected lines.

• Most lines have P-Cygni profiles. They transform into 
pure emission at high frequency. Some molecules do not 
show any absorption components, even at low freq.

• Abundant species show broad linewings (CO, HCN, 
HC3N, HCO+)

The line survey

The large number of transitions for each molecule allows to reconstruct the 
morphology of the object:

MORPHOLOGY – PHYSICAL CONDITIONS – CHEMICAL ABUNDANCES.



• 3 bending modes and four stretching 
modes.

• Bending modes: (n7,n6,n5): Energies  
below 663 cm-1

• Stretching mode n4 at 881 cm-1. The  
other are above 2000 cm-1 (and not 
detected  in CRL618).

• 14 vib states detected in CRL618 with 
energies up to 1100 cm-1. 

• The line profiles show : high velocity 
wind, low velocity expanding envelope, 
P-Cygni profiles decreasing when 
increases.

Spectroscopy of HC3N Some HC3N line profiles

H     C      C     C      N

T A
*(

K
)



Reconstructing CRL618 step by step

Region responsible for the P-Cygni (inner envelope)

Tracer : code for HC3N in vib excited states

Help: Previous 
studies, continuum 

and lines

Pardo & Cernicharo 2007, ApJ 654; Pardo et al., 2004, ApJ, 615, 495 & 2005, ApJ, 628, 275; 



3 mm window : Data and final model



2 mm window : Data and final model



1.3 mm window : Data & final model



1 mm window : Data & final model



Looking for new molecules : Modelling

Chemical 
modelling 
specific 
to a C-rich 
PDR

Cernicharo 
2004,

ApJ, 608, L41





ISO-SWS data 

Cernicharo et al., 2001, ApJ



LINE SURVEYS : ASTROCHEMISTRY WITH 
ALMA

• The need to know essential molecular parameters to interpret 
observations appear as a mandatory step in any observation of 
the Interstellar and Circumstellar media.

• Many molecules detected in space are exotic species difficult to 
be produced and observed in the Earth laboratories (CnH, 
CnN, CnH-, CnN-,…). Special physical conditions have to be 
reproduced. Spectroscopy is needed

• In most cases astrophysical environments are out of 
equilibrium (physical and chemical). Collisional rates between 
molecules and H2/He/H/e- are needed.

• Weeds to be identified before we can progress in the study of 
chemical complexity and improve our chemical models. 
Reaction rates are needed



THE SPECTROSCOPY PROBLEM

• Weeds
• How to deal with future ALMA data ?
• What we need from laboratory groups ?
• Which direction have we to follow  ?

=> high frequency (ALMA) => Physical processes
=> Low frequency (GBT, VLA, SKA) => Heavy 
species ?



17/06/2011 10:01

3mm line survey of IRC+10216  -30m IRAM telescope-

1975

1980

1985

1995

• What we could expect from line surveys ?

• Why we want to carry out line surveys ?

•What we need to interpret ALMA & Herschel line surveys ?

2007



Cernicharo et al., 2010, A&A, 521, L8. SiC2 spectroscopy from space. 
HCl has been detected with PACS/SPIRE (Cernicharo et al., 2010, A&A, 518, L136)

HERSCHEL









LINE CONFUSION LIMIT REACHED. WHAT TO DO ?
ALMA WILL BE 7 times more sensitive than the 30-m telescope !!!



Orion as seen with 30-m IRAM Telescope. 
10 min observing time/GHz

ALMA will see hundreds of Orions

How to identify new species ? 
(Chemical Complexity)

Isotopes for most known species will be more
abundant than unknown species !!

A real challenge !!!!

We need to maintain a very fruitful and close collaboration
with chemists and physicists

(laboratory and ab initio)

Vibrational states
Isotopes

CH3OCH3
CH3CH2CN

HCOOCH3,….

New species :
Alcohols, X-CN,
Ethers, (X-O-Y)

Cetones (X-CO-Y)
Isomers, …





More than 800 lines from the isotopes
of CH3CH2CN

Around 600 lines from the vibrational 
excited states of ethyl cyanide

More than 400 lines from those of 
CH3OCOH

Around 800-1000 lines identified every
2 years in Orion. All lines above

confusion limit could be identified
around 2020 !!!

Belen started her PhD based on
this line survey in 2006. 

When combined with HEXOS data=>
Work for a long period
(several Nigel’s units)

ALMA ?



Astrochemistry : the problem of collisional rates

Getting physical and chemical conditions from data requires 
a detailed study of the radiative transfer through the observed 

source.

Only a few molecules (see, e.g., BASECOL) have been studied in 
detail and in most cases in collisions with He.

When collisional rates are not available astronomers do a lot
of poor assumptions : This molecule is isoelectronic to this 

one, then let us use the same collisional rates !!

For example HNC and HCN. A rather simple case but 
HNC/HCN>1 in cold dark clouds. Chemical models have 

problems to explain this result. However,…



Detailed comparisons between species are only possible if collisional
rates are available for both species

Even for an isotopologue and its mother molecule the rates can be very
different (H2O and HDO; CH3OH, CH2DOH and CH3OD,…)

Source structure and isotopic shifts in the frequencies of vibrational and
electronic transitions can affect the excitation of the molecule and even its

chemistry (UV selfshielding).

The calculation of a the collisional rates for a complex molecule can take
a long time, even with the faster and cheaper computers we have nowadays

We rely 100% on chemical-physics groups accepting to do the job
in close collaboration with astronomers.

(When quoting databases, please, quote also the sources !!)
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