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Moderador
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.  


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.
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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 H,O, 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 ?
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Stages of Evolution of a Low-Mass star: £
Main Sequence star 00T
Red Giant star ool
Horizontal Branch star T
Asymptotic Giant Branch star 9 «
Planetary Nebula phase . Smerlies
White Dwarf star Core Hydrogen Exhaustion
Main Sequence Phase Inside:
Energy Source: Hydrogen fusion in the core * He core collapses & starts to heat up.
® [ burning zone moves into a thin shell surrounding the core
What happens to the He created by H fusion? e Collapsing core heats the H shell above it, driving the fusion faster.

e More fusion = more heating, so that Pressure > Gravity
e Core is too cool to ignite He fusion

¢ Slowly builds up an inert He core .
Outside:
Main-Sequence (H-burning) Lifetime:

q ( g) * Envelope expands and cools

o ~10 Gyr for a 1 Mgy star (e.g., Sun) » Star gets brighter and redder & climbs up the Giant Branch.

® ~10 Tyr for a 0.1 Mgy star (red dwarf)




Helium Flash

A At 100 Million K, a new fusion source ignites: the Triple-alpha Process.
1081 i
This is the fusion of three *He nuclei into one 12C (carbon) nucleus:
- 104+ ; A i
2 ,Lfa/,’r; Red Giant 1057 Helium fusion in core Helium
= ‘9@9 Branch Flash
1021 t ~ 10 |
= S 2 100 A, Red Giant
a S Branch
£ 11+ = 100+
e exhaustion 2]
= s 1+
— 101 £ exhaustion
3 10 21—
1041
< | | | | 10 -
- ] ] ] ]
40,000 20,000 10,000 5,000 2,500 40,000 20,000 10,000 5 000 2,500
Temperature (K) Temperature (K)
Climbi“g the Red Giant BranCh When this occurs, the star leaves the Giant Branch.
Inside:

[t takes a star about 1 Gyr to climb the Red Giant Branch
» Starts generating primary energy from He burning in the core.

* He core contracting & heating, but no fusion e Gets additional energy from an H burning shell surrounding the core.
* H burning to He in a shell around the core _
* Huge, puffy envelope ~ size of orbit of Venus Outside:

At the Tip of the Red Giant Branch: * Gets hotter and bluer.

» Star shrinks in radius, getting fainter.
® T.qpe reaches 100 Million K

: o ) The new energy source helps the star begin to regain Hydrostatic and Thermal
e [gnite He burning in the core in a flash.

Equilibrium. As it does so, it moves onto the Horizontal Branch.



Horizontal Branch Phase

Structure:

e He-burning core
e H-burning shell

Envelope

The Triple-alpha Process is very ineflicient at producing energy, so it can only
last for about 100 Myr.

While it goes on, the star steadily builds up a C-O core, but it is still too cool to
ignite Carbon fusion

Asymptotic Giant Branch Phase
After 100 Myr, the core runs out of Helium for Triple-Alpha fusion.

Inside:

® C-O core collapses and heats up
* He burning shell outside the C-O core
¢ H burning shell outside the He burning shell

Outside:
e Star grows rapidly in radius and cools

Climbs the Giant Branch again, but at a higher effective Temperature than the
Giant Branch, so it ascends with a bluer color, putting it slightly to the left of
the original Giant Branch on the H-R Diagram:

. L Helium fusion in core
Helium fusion in shell

; OEf\, Asymptotic
Giant Branch
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, Bare Core Envelope Ejection
He burning is very temperature sensitive: Triple-alpha fusion rate ~ T4 peHl

Consequences:

* Small changes in T lead to
e Large changes in fusion energy output

Star experiences huge Thermal Pulses that destabilize the outer envelope.

Luminosity (L.,

Core-Envelope Separation
Dwarf

Rapid Process: takes ~1 0° years

1044
Outer envelope gets slowly ejected (fast wind) ' 1 ! '

. ‘40,000 20,000 10,000 5,000 2,500
C-0 core continues to contract: Temperat ure (K)

¢ With the weight of envelope taken off, the core heats up less
¢ It never reaches the Carbon fusion ignition temperature of 600 Million K

Core Collapse to White Dwarf

Core and Envelope separate physically.

The contracting C-O core becomes so dense that a new gas law takes over...

Degenerate Electron Gas:
Planetary Nebula Phase

¢ Pressure becomes independent of Temperature
Expanding envelope forms a nebula around the contracting C-O core: * P grows rapidly & soon counteracts Gravity

» Tonized and heated by the hot central core. Collapse halts when R ~ 0.01 Rgun (~ Rearth)

* Expands away to nothing in ~10* years.

. Degenerate core becomes a White Dwarf
The star briefly becomes host to a Planetary Nebula

The hot C-O core is exposed, and moves quickly to the left on the H-R
Diagram at nearly constant luminosity and increasing temperature.




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





Parameters for some Min

well known AGB stars | Magnitud | Magnitud | days

| MirafoCet) | 2 | 101 ]331,996

I I I

| RHydrae | 35 | 109 38887

| RCarianae | 39 | 105 30871

| Rleonis | 44 | 11,3 ]309,95

| SCarinae | 45 | 99 |1499 |

| RCentauri | 53 | 118 | 5462 |
| RAquarii_ | 58 | 124 38696 4
| UCygni | 59 | 121 |463,24]




OUR LABORATORIES
NO FINE TUNING OF THE EXPERIMENT ' WE
IRC +10216 or CW Leo 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.


# main source for the reclycing of the

: I1SM
AGB stars loss mass through an
isotropic wind # strong absorption of the stellar light
l : | # Mass loss rate varies between 10-3-10-8

Extended dusty and molecular
circumstellar envelope

L3

Black body
2330 K

ISO spectrum
of IRC +10216 !



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. 


=
IRC +10216:

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

- brightest object In the sky at A ~5-10 nm

A@l0 punm; ESO/La Silla
B. Stecklum & H.-U. Kaifl

cWhy 1s so interesting the study of chemical
composition of IRC +10216 ?

- IRC+10216 i1s a prototype of C-rich stars

- 50% of the molecules known In space have been detected in i1ts CSE


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

the envelope
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* 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 104 Mg yr.

* AGB stars inject into the ISM dust grains, molecules and heavy
elements (**C, 13C, N, 170, 80,...)

*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= 1stars S

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



Theoretical values for isotropic mass loss rate :

Mass loss 1(r) = n(r)pdrr?V(r)

Density

Temperature

Velocity field | B 0.984r0)1/2
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At 10 stellar radii (R.~ 6.7 10* 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 INnnermost zone is of the order of

1010-12 Cm—3

However, at 10 stellar radii is only of 10%° cm
and at 100 stellar radii of 10° cm-3,

The evolution time scale for the g [ T15
envelope is given by Tain = 1/v =10 (ﬂ)

Ve

r;: and V, are the distance and velocity (units of 10 cm, 10° cm/s)
For r: = 1-100 and V; = 1 the dynamic time scale varies between
30 and 3000 years
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Figure 1. Schematic structure of a dust forming
circumstellar shell. Dust nucleation is well con-
fined to a region approximately between 1300 K
and 700 K while the region of dust growth extends

much farther outwards. From Sedimayr and coworkers



IRC+10216 at a distance of 100 pc

Weak CO
emission

” s . w4007 detected up to
0.05 0.25 1.5” 5.0 \ R=300"
; . 5x10%cm ~2.5 x 10" cm ~5x 10" cm 1 x 107 cm
Distance: 1R, Ryo~5 R. ~100 R, 20,000 R,
Temperature: ~2,000 K ~1,000 K ~100 K ~10K
HCN+hy — CN+H ' ®
CN+CyH,— HC,N+H hy
pulsation-driven adsorbed on dust - Production of new molecules due
shocks to ion—-molecule reactions
TE molecular hv
abundances Dynamical ek ‘
atmosphere Dust hv
(pulsations, shocks) condensation Circumstellar h -+
V
Stellar zone envelope -
photosphere il acceleratmn Interstellar
. radiation
e ~ ‘ . field
Amc:-rphous carbon . hy
C/O>1 . SiC, . CfO>1 C/O>1 O —
H,, CO, CN, C, h CO, HCN, CN, H,, CO, ...
C,H,, HCN ™ ‘\V H,O, HC,N, CS, SiC,,
13002.,13(}0 O+H, — OH+H )
siofy siv0 OH+H,—»/H,0+H & -
INNER CSE INTERMEDIATE CSE OUTER CSE
H,O: Shock-induced - Vaporization of icy bodies’ Radiative association O+H, (ref.4)
chemistry®1® - Grain surface reactions®
H,O: Photochemisty in a clumpy envelope

From Decin et al., 2010, Nature



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 :

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 ( ) 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.

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



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" (k)

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 Aand B

AB* +M > AB+M (k,)
AB* > A+B (ko)




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") x n(M)k,
dn(AB®)/dt = n(A) x n(B) x k;- n(AB*) x n(M) x k,-n(AB”) x K,

dn(AB*)/dt = 0

n(A) n(B) k,
n(AB”) =

( Kstk, n(M) )
and
k, k, n(A) n(B) n(M)
dn(AB)/dt=

Ky + K, n(M)



If A, By M are neutral species then k; = 10** cm3s? and k, ~ 10-
cmis?t, but k; 10* s, and

dn(AB)/dt = 103 n(A) n(B) n(M) cm-3s
The best case in the ISM occurs for A=B=M=H
H+H+H&H,+H

For hydrides (BH) the optimal case will correspond to A=H, M=H
and B € (C,N,0), i.e.,, n(B)~10*n(H) and

dn(BH)/dt = 10-3¢n3(H) cm3s! B e (C,N,O)



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

H+H+H=H,+H

with a rate K= 1032 ¢cmb st

The formation rate of H, is given by

dn(H,) 2 nyy(t) 2 (1)
= K3y (0= =
dt ny(t) + 2 n () n

df(t)
——— = Kn?(1-f(t) )3 f(t)= 0.5 for which time ?
dt



f(t)=0.5

n(cm-3) 105 1010 1012 1015 1016 1018
t(years) 6104 610* 6 610°% 6108 61010
(600s) (6s)  (0.0006s)

The three body mechanisms is only efficient for densities larger
than 1019 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 104 cm3, i.e., the photosphere of an AGB star, the
time necessary to transform H into H, is 6 10 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

Pr = Py+ Py+ + Py- + Py, + Pye + Pe-

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

P(H) = Py+ Pu+ + Py- + 2Py,
Pue = a(He)P(H)
= a(He)[PH + Py+ + Py- + QPHQ]
P- = Py+ — Py-



The total pressure is given by

Pr=(a+1)Pu+ (24 a)Py+ + (2a + 1)Pu, + aPy-

For a molecule A_B,C_, the constant of its dissociative process
IS given by

AByC. <= aA + bB + cC

P4 PR P

BolT) = Papc

Where P; is the partial pressure of the component i and K (T),
the equilibrium constant, depends strongly on T.



For molecular hydrogen we have

Py
Py,

I(HQ =
And some thing similar can be written for the ionization
processes

H «— H'+e
H+e «—= H™

i Py+ P.-

+ —_—

. Py
Pii-

[(H" — 2



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

P}QH — Py-Py+ — Ky+ Py =0
Py- — Ky-Py+ Pau+ Ky-Py-Pyu =0
APq+ (A+ )P + (32) PA+ (A= 1D)Py- — Pr =0

where A = a(He)+1. The system can be solved easily through New-
ton-Raphson methods. When we have P, P, y P4.the value of
PH, can be obtained from

Py
Py,

I(HQ =

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

P(i)= P;+ P+ + Pi- + ) _wiP%
k

where P;, P;,, P;_ are the partial pressures of I, I*, y I and P, is the
partial pressure of molecule K in which the element i appears w!,
times

s ) l
p. PPk ... Pk
Pi)=P +Kjt+— + K, PP- + > w. - .

¥ e 1T

where w' +wi, +...+w!, =n,, is the number of atoms in the molecule
formed by the elements ij,..,I and K )(T) is the dissociation
constant



A similar expression can be written for the electrons

Po- = Z Piones+ + Z Pmoleculas+ — Z Piones— — Z Pmoleculas—
Ny A, P o POk
= ). - ZCAP - F; K Pck N

wi+Ce 1-C pCi
P KZ*P”

N~ '
— S KjePPe =3 CyP . P
k

K;Ek)

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

From pure thermodinamic concepts it can be found that

— RT'In K, = AGY



It is easy to show that

a..b oc
K, (T) = ___f;ipgic
al?gie
NA-1
kT a b Jc
= (m) 49BPC exp {m(aeo,; + beop + Ceoc — GOABC)/kT]
V PABC

Q@ b c 3/2
Ko(T) = (KI)NA'2nk/h?)z WA= (mAmBmc)

mapc

b
PaPBPC o~ AES/RT

QSABC'
- 5} 3 @ b c a tb Ic
log K,(T') = §(NA —1)logT + 5 log mf}zgznc + logfﬁ%
5 3 2r AE°loge
+§(NA—1)logk+§(NA——1)log eI

l.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

"""'5 T T | T T T T | ! L

CO

Log10 P




19 17 PQJ)
33 3110

. T 1T
Water in the Sun !!!!

i I
Thermodynamical 1“1 'l ANMM‘
equilibrium works _,JM'\ WKM SYYAVIY
b

nicew WW‘WWW
C
T ' T T " " T
11244 11247 cm’
F1G. 1.—A part of the spectrum of the 00 band of the § system (b *IT-
1 ‘ | N I | [ L B R ‘ T 1 T 1 | LN B B I T N a‘A? of TiO. (a) Laboratory spectrum; (b) sunspot spectrum; (¢) photo-
1.0 Speric spectrum.
osf ! | ) l JIBEL | =
S SUIE /00 S & -
| g‘ ] )ga g g{ﬁ‘g | 2 g ]
oof EfE BECSEL ot 2 I =
- 5 s 2 5 & = ¥ T = .
_ & BE m 8 s 5 b p B8 N
0.4 @ 8 8 @ 8 —
- o o (S -
oz - E
0.0 — -
Coo by vy o by o e by oy e by by T
788 788.5 780 790.5 791 cm'1

FiG. 3.—A section of the umbral spectrum from 12.636 to 12.674 um
from atlas 4. The unidentified lines in this region are probably H,O. The |
telluric lines were divided out with a penumbral reference spectrum similar
to a photospheric spectrum.




LOG,o(P/[F(H)+P(H ) +P(H )+2P(H,)])

1000
ALTURA (km)




ATMOS (SKYLAB) SOLAR SPECTRUM
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O-rich or C-rich, that is the question
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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.
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What happens if we consider big carbon-rich molecules?

O 0

CaHe CioHs (naphthalene) C14Hyp (snthracene)
C1aHjo (phenanthrene) CyeH 1y (triphenylene) C1aHy; (benzo|c¢)phenanthrene)

CnH14 (benso(c)chrysene)
CyH1a (benzo(ajtriphenylene)
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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 111!

SPECTRAL CATALOGS (0-2000 GHz)

JPL, CDMS, HITRAN, or private

Madrid: 2500 species
All included in the RT codes

RADIATIVE TRANSFER

LVG
NON LOCAL
ETL (in some cases)

Chemical Lab Experiments MOLECULAR ABUNDANCES

- \ / \

New Molecules Source Structure Chemistry Physical Conditions




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

Il) Systematic frequency coverage of a few prototypical objets:

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

lll) Identical to Il but with spatial information:

IRC+10216
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