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Notas de la presentación
La tesis lleva por título “Estudio de la …” y ha sido dirigida por el Prof. José Cernicharo, mientras que mi tutor en la Universidad Autónoma ha sido el Prof. Carlos Eiroa.  



AGBs and Astrochemistry
Why Molecular Astrophysics in AGBs ?
50% of known molecular species in space detected in 

AGBs (most of them in IRC+10216, but also VyCMa)
Determination of the physical conditions of the gas
Determination of the molecular abundances => Chemical evolution=> Chemical 

Complexity=>feedback to the ISM
Determination of the dynamical evolution of circumstellar clouds
Main source of dust grains production in space
Water has been found in C- and O-rich CSM.

Mira Star



A BRIEF INTRODUCTION TO THE STRUCTURE AND EVOLUTION
OF AGB STARS

CHEMISTRY UNDER THERMODYNAMICAL EQUILIBRIUM

DUST GRAIN FORMATION

CHEMISTRY IN THE EXTERNAL SHELLS

THE PROBLEM OF H2O, C-rich or O-rich, that is the question !

THE CHEMICAL EVOLUTION OF THE ENVELOPE:
FROM AGBs TO PLANETARY NEBULA

WHAT ALMA CAN DO IN THE FIELD OF EVOLVED STARS ?





Helium fusion in core



Helium fusion in coreHelium fusion in shell





Porter et al. http://www.lcse.umn.edu/research/RedGiant/





Parameters for some
well known AGB stars

Max
Magnitud

Min
Magnitud 

Period
days

Mira (ο Ceti) 2 10,1 331,996
χ Cygni 3,3 14,2 408,5

R Hydrae 3,5 10,9 388,87
R Carianae 3,9 10,5 308,71
R Leonis 4,4 11,3 309,95
S Carinae 4,5 9,9 149,9

R Cassiopeiae 4,7 13,5 430,46
R Horologii 4,7 14,3 407,6
U Orionis 4,8 13 368,3

RR Scorpii 5,0 12,4 281,45
R Serpentis 5,16 14,4 356,41
R Centauri 5,3 11,8 546,2

R. Trianguli 5,4 12,6 266,9
R Leporis 5,5 11,7 427,1
R Aquilae 5,5 12 284,2
R Aquarii 5,8 12,4 386,96
U Cygni 5,9 12,1 463,24



IRC +10216 or CW Leo

λ 1.65 mm
2MASS

1’

OUR LABORATORIES
NO FINE TUNING OF THE EXPERIMENT !!! WE 

HAVE TO DEAL WITH THE NATURE AS IT IS

Moderador
Notas de la presentación
Esta tesis en concreto trata sobre un objeto que se conoce como IRC +10216. Esta fuente es una envoltura circunestelar alrededor de una estrella evolucionada y es una de las fuentes más ricas en moléculas del cielo.



AGB stars loss mass through an
isotropic wind

# main source for the reclycing of the 
ISM

# strong absorption of the stellar light

# Mass loss rate varies between 10-3-10-8

Black body
2330 K

ISO spectrum
of IRC +10216

λ(μm)

F(Jy)

Extended dusty and molecular
circumstellar envelope

Moderador
Notas de la presentación
La envoltura además produce una fuerte extinción de la luz estelar, debido a la presencia de polvo que absorbe la luz de la estrella y la re-emite a mayores longitudes de onda. 
Esto hace que el espectro global se desplace hacia el rojo con respecto al espectro de la estrella. 
En general, la mayor parte de estrellas AGB rodeadas de envolturas circunestelares tienen el máximo de emisión a 5-10 micras. 



¿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

λ= 10 µmm; ESO/La Silla
B. Stecklum & H.-U. Kaüfl

IRC +10216:

- the carbon-rich star nearest 
to the Earth (~120 pc)

- brightest object in the sky at λ ~5-10 mm

Moderador
Notas de la presentación
En esta imagen podemos apreciar como IRC +10216 se oculta detrás de la Luna. La imagen está tomada a una longitud de onda de 10 micras, y se aprecia como el brillo de IRC +10216 es comparable al de la Luna.
La cercanía de este objeto a la Tierra permite caracterizar de forma muy detallada la composición química de la CSE.
¿Por qué resulta interesante estudiar la composición química de la envoltura circunestelar?
Al menos por dos motivos:
IRC +10216 es el prototipo de estrella AGB rica en carbono, por lo que su estudio permite caracterizar con un elevado nivel de detalle fenómenos típicos de estrellas AGB ricas en carbono que no pueden ser observados en otros objetos del mismo tipo.
2)El estudio de la composición de la envoltura de IRC +10216 tiene interés desde un punto de vista puramente químico ya que es una de las fuentes astronómicas con una mayor variedad de moléculas.



The Extended Molecular envelope : The millimeter domain

Two type of molecules:

I) Species formed under thermodynamical equilibrium near the photosphere

II) Species formed in the photodominated zone (the external shells of 

the envelope

Leao et al. 2006



EVOLVED STARS. BASIC CONCEPTS

* In the last stage of the star evolution stars are submitted to diffe-
rent processes of mass loss. 

* The mass loss rate, dM/dt, can be as high as 10-4 MO yr-1. 

* AGB stars inject into the ISM dust grains, molecules and heavy
elements (12C, 13C, N, 17O, 18O,...)

*AGB stars inject momentum and energy into the ISM. O and B
stars play a much more important role in this context but not in 
the chemical aspects.

* ¿ Which is the structure of an evolved star ?



The structure of the envelope depends on the distance to the star. 
The chemical composition will depend on the relative abundance 
of the atoms. 

In the inner layers the abundance of C/O could be very different
from the external layers because the gas is continuously enriched
by the ejection of matter from the central object.

if C/O >  1 stars rich in Carbon
if C/O <  1 stars rich in Oxygen
if C/O ≈ 1 stars S

Photosphere :  Temperature < 3000 K.
Very complex physical processes. Pulsation. 



Theoretical values for isotropic mass loss rate :

Mass loss

Density

Temperature

Velocity field



Density of H2

Temperature (K)

Physical Properties of an AGB Star

Velocity field

Pressure



At  10 stellar radii (R* ≈ 6.7 1014 cm) 
the  temperature is  450 K while in the zone 
of 1-2 stellar radii the gas must be at a 
temperature close to 1500 K. The density 
in innermost zone is of the order of
1010-12 cm-3

.

However, at 10 stellar radii is only of  108-9 cm-3

and at 100 stellar radii of  106 cm-3.

The evolution time scale for the 
envelope is given by

r15 and V6 are the distance and velocity (units of 1015 cm, 106 cm/s)
For r15 = 1-100 and V6 = 1 the dynamic time scale varies between 
30 and 3000 years



From Sedlmayr and coworkers



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



MODELS UNDER THERMAL EQUILIBRIUM

Reaction rates and the path to form molecules are not important. 
Molecular abundances are determined by their value at thermo-
dinamical equilibrium. 

That means that two and three body reactions must be much
faster that the time scale for dinamic evolution.

Of course, these models will provide reasonable results only
for the most dense and warm regions. In the external layers of
the envelope molecular abundances will be strongly dependent
on the chemical kinetics and on the UV photons entering the
envelope.



First studies for cold stars under the hyphotesis of  ET :
Russell (1934)
Fujita (1939, 1940, 1941)

These models were able to predict the abundances of the most
conspicous diatomic molecules detected in red giant stars (VO, TiO, 
CN, CH,…). These models also predicted the presence of  some
Polyatomic molecules that were detected 50 years later.

The models (Fujita) clearly indicated the role of the atomic abun-
dances H:C:N:O  in the abundances of diatomic species determi-
ned in ET. Russell was even able to apply his models to the Sun and
to predict the presence of CO, CN and C2 for temperatures below
4000 K.

Tsuji 1973 : 
Very detailed study of the chemistry under ET in cold stars. He
considered 36 elementos and hundreds of molecules



McCabe in 1979 introduces the concept of molecular freezing. 
* Molecules are formed in the innermost region of the envelope. 

* Refractory species condensate and form dust grains. 

* Radiation pression over dust grains and the star pulsation ini-
tiate the expansion of the envelope

* When  the density and temperature of the gas decrease due to
the expansion chemical reactions become very slow. The time
scale for dinamic evolution is faster that the formation rate of
molecules.

* The molecular abundances in the external layers reflect the
abundances produced under ET in the innermost region.

* OK for many species but of very difficult justification for
radicals and large carbon-chains.



THREE BODY REACTIONS
Let us consider the reaction

A + B  → AB* (k1) 

It may happens that AB* interacts with a third body (catalizer) to remove the
energy excess produced in the formation of the activated complex. However, also
AB* could dissociate into the initial particles A and B

AB* + M →AB + M (k2) 
AB* → A + B   (k3)



The formation rate of the molecule AB, assuming that the activated
complex reaches an equilibrium between formation and
destruction is given by

dn(AB)/dt  = n(AB*) × n(M)k2
dn(AB*)/dt = n(A) × n(B) × k1- n(AB*) × n(M) × k2-n(AB*) × k3

dn(AB*)/dt = 0

n(A)  n(B)  k1
n(AB*) = ________________________

( k3+k2  n(M) )
and    

k1 k2 n(A)  n(B)  n(M)
dn(AB)/dt= ___________________________

k3 + k2 n(M)



If A, B y M are neutral species then k1 ≈ 10-11 cm3s-1 and k2 ≈ 10-10

cm3s-1 , but  k3 10+11 s-1, and

dn(AB)/dt ≈ 10-32 n(A)  n(B)   n(M)  cm-3s-1

The best case in the ISM occurs for A=B=M= H

H + H + H ⇔ H2 + H

For hydrides (BH) the optimal case will correspond to A=H, M=H
and B ∈ (C,N,O), i.e., n(B) ≈ 10-4 n(H) and

dn(BH)/dt ≈ 10-36 n3(H) cm-3 s-1 B ∈ (C,N,O)



EXAMPLE:

Let us consider an atomic cloud without dust grains and without radiation
field. For t=0 the density of atomic hydrogen is n and that of molecular
hydrogen is 0. The formation of H2 occurs through the reaction

H + H + H = H2 + H

with a rate K= 10-32 cm6 s-1

The formation rate of H2 is given by
dn(H2) 2 nH2(t) 2 nH2(t)
_________ = K n3

H(t); f(t)= ___________________ = ________________

dt nH(t) + 2 nH2(t) n

df(t)
______ = K n2 (1- f(t) )3 f(t)= 0.5 for which time ?
dt



EXAMPLE

f(t)=0.5

n(cm-3) 105 1010 1012 1015 1016 1018

t(years) 6 1014 6 104 6 6 10-6 6 10-8 6 10-10

(600 s) (6s) (0.0006s)

The three body mechanisms is only efficient for densities larger
than 1010 cm-3. Even in this case, the density is not enough taken
into account the dynamical time scale of evolution of the object.

For a density of 1014 cm-3, i.e., the photosphere of an AGB star, the
time necessary to transform H into H2 is 6 10-4 yr = 5.3 hours !!!!



What chemistry under TE means ?

The main parameter is the total pressure of the gas (density and
temperature). Let us define a fictious total pressure for H as

It is possible to stablished a series of equations for each element



The total pressure is given by

For a molecule AaBbCc, the constant of its dissociative process
is given by

Where Pi is the partial pressure of the component i and Kp(T), 
the equilibrium constant, depends strongly on T.



For molecular hydrogen we have

And some thing similar can be written for the ionization 
processes



We obtain three equations -non linear- for the fictious pressures

where A = a(He)+1. The system can be solved easily through New-
ton-Raphson methods. When we have PH, PH+ y PH- the value of 
PH2 can be obtained from

And then we can derive P(H). For the other elements we obtain the
partial pressures from the relation 



Thermodinamical equilibrium
For each element we stablish a conservation law

where Pi, Pi+, Pi- are the partial pressures of i, i+, y i- and PK is the
partial pressure of molecule K in which the element i appears wi

K. 
times

where wi
K+wj

K+...+wl
K=nK, is the number of atoms in the molecule

formed by the elements  i,j,..,l and Kp
(K)(T) is the dissociation 

constant



A similar expression can be written for the electrons

where N+ y N- are the number of positive and negative ions, etc..

From pure thermodinamic concepts it can be found that



It is easy to show that

i.e., equilibrium constants can be derived from the partition 
functions of individual atoms and of the molecule !!!! 



MOLECULAR ABUNDANCES AS A FUNCTION OF THE TEMPERATURE



Water in the Sun !!!!
Thermodynamical 
equilibrium works 
nicely





All frequencies can be computed with a few constants !

CO in the Sun



Cold Gas in the Sun ???? (TK around 150-200 K)

Or detritus around Skylab ?





O-rich star
[C]/[O] < 1

C-rich star
[C]/[O] > 1

O-bearing molecules:
H2O, SiO, OH, …

C-bearing molecules:
C2H2, HCN, CS, …

O-rich or C-rich,  that is the question

Moderador
Notas de la presentación
Así, existen dos tipos de estrellas AGB dependiendo de cuál sea la relación de abundancias C/O en la superficie de la estrella. Las estrellas ricas en oxígeno poseen una relación de abundancias C/O menor que 1 mientras que en las estrellas ricas en carbono el carbono es más abundante que el oxígeno.
En estos gráficos se muestra la abundancia de varias moléculas (relativa a H total) calculada en equilibrio químico en función de la temperatura y para una densidad de 1e12 cm-3, típica de las regiones cercanas a la superficie de estrellas AGB.
La composición química es completamente diferente en ambos tipos de estrellas debido a la elevada estabilidad del monóxido de carbono. 
Así en estrellas ricas en oxígeno el CO atrapa la mayor parte del carbono y el oxígeno restante forma moléculas como H2O, SiO, OH, mientras que en estrellas ricas en carbono el CO atrapa la mayor parte del oxígeno y el carbono restante forma parte de moléculas como C2H2, HCN, CS.



C-rich Stars (IRC+10216)

Carbon-bearing Molecules                      



Molecules with N and P                                Molecules with Si



What happens if we consider big carbon-rich molecules?



With PAHs                                            Without PAHs



With PAHs                                               Without PAHs



With PAHs                                            Without PAHs







Molecular abundances in O-rich stars

O-rich                                                 C-rich             



O-rich



O-rich



METHODS

Astronomical Observations at all frequencies
optical, infrared and radio telescopes

Radiative transfer modeling

Chemical modeling



How we proceed to interpret astrophysical data?
In most cases the gas is out of equilibrium !!!!

SPECTRAL CATALOGS (0-2000 GHz)
JPL, CDMS, HITRAN, or private
Madrid: 2500 species 
All included in the RT codes

CHEMICAL MODELS

MOLECULAR ABUNDANCES

RADIATIVE TRANSFER
LVG

NON LOCAL
ETL (in some cases)

DATA

New Molecules          Source Structure              Chemistry         Physical Conditions

Collisional
Rates

Chemical Lab Experiments



Three different approaches (single dish or interferometric observations):
I) Systematic observation of selected molecular lines in a large sample of
objects:

-Physical conditions derived from each molecule
-Statistical studies
-Good estimation of mass loss rates

II) Systematic frequency coverage of a few prototypical objets:
-Full census of molecular lines. Spectroscopy in space
-Physical and chemical conditions
-New molecules. Chemical complexity

IRC+10216, CRL618, VyCMa, IK Tau, OH231 (see poster by Sanchez-
Contreras et al.)

III) Identical to II but with spatial information:
-In most cases interferometric observations are needed
-But for a few cases (nearby objects)  single dish observations
can be used to get a complete line survey at different positions
=> Physical structure of the envelope.

IRC+10216
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