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@ The circumstellar envelopes of evolved stars
@ Asymptotic Giant Branch (AGB) stars
@ (Proto-)Planetary Nebulae [(P)PNe]
@ The photodissociation region (PDR)
@ Why do we observe them in the IR and optical spectral ranges?

© Infrared observations
@ Continuum emission
@ The dusty component of the CSEs
@ Molecular ro-vibrational spectra
@ Physical conditions
@ Gas kinematics derived from infrared spectra
@ Molecular abundances
@ Masing lines involving infrared pumping

@ Optical observations
@ Molecular electronic spectra



CSE of evolved stars[1] AGB stars

e P ~ 100 — 2000 days [2]
o M,~1-8Mg
@ R, ~ 100 — 1000 Rg [1]
o T, ~ 1500 — 3000 K [3]
e High abundance of metals
@ Formation of a circumstellar
envelope (CSE) [4]:
@ Matter ejection due to stellar
pulsation,
© formation of dust
(r~1—-50R.),
© radiation pressure over the
dust grains,
© dust and gas acceleration
(Voo =~ 5—30km s[5, 3]).
e E.g.: IRC+10216, R Leo, IK Tau,
Y CVn, VX Sgr, V Cyg, x Cyg,
W AqL...

Observation of
5 CO2-1) at 230
GHz towards
IRC+10216 [6]

RA offset (arcsec)

Observation of the
continuum at 2.19 pm
with a spatial resolution
~70—90 mas [7]

© 2.19um, 01/97. $=0.61

200 mas

Images from IRC+10216, the archetypical C-rich AGB star



CSE of evolved stars[1] AGB stars

] . 5x10"%cm ~2.5 x 10" cm ~5x 10" cm ~1x 10" cm
Distance: 1R, R, ..~5R. ~100 R, ~20,000 R,
Temperature: ~2,000 K ~1,000 K ~100 K ~10K
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(Decin etal., 2010 [8])



CSE of evolved stars (P)PNe

@ Next evolutive phase (transient)
to the AGB stage.

@ Most of the stellar envelope is
ejected, unveiling the nucleus.

0 Ttnuciens ~ 10* - 10°K

@ The UV radiatioin field emitted
by the new white dwarf is quite
strong.

@ A new ultracompact HII region
surrounds the central star.

o Eg.: CRL618, CRL268S,
Calabash nebula

Images of CRL618, OH231.8+4.2, and CRL2688 (from top to bottom,).



CSE of evolved stars (P)PNe
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(Burton & Geballe, 1986 [9])



CSE of evolved stars (P)PNe: PDRs [10]

@ Features:
@ Ty ~ 100 — 1000 K,
0 Mg ~ 107 =108 m~3,
e neutral gas with denser
clumps prevail.

Photodissociation Region

e Important reactions: ; '
e photoreactions, o — A
. . . w + s
e reactions involving HI, g L H H/H, H,
e reactions involving 5 o R c C'/C/CO. CO
vibrationally excited Hy, g ' o 0/0,
o endothermic reactions, 3 : T.>T,
e combustion (OI). K Al T, 210 10K T,.=10-10'K
. . .. : | |
@ Shielding is important (H,, CO). a0 1? TR ——
L
e HI, OI, OII, CI, CIL,. .. o —
+ il
e Hy, H3 ,C.H, Cz""rlN’ H,O, OH, Structure of a photodissociation region (Hollenbach & Tie-
HCO*, CH*, H;0™, C,Ha, lens, 1997 [10])

HC,,1N, HoCO,. ..



CSE of evolved stars

Potential Energy (10° cm™)
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Why the optical and IR?
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CSE of evolved stars Why the optical and IR?
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CSE of evolved stars Why the optical and IR?

C, Swan system (A ~ 5200A)
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CSE of evolved stars the optical and IR?
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Why the optical and IR?

CSE of evolved stars
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CSE of evolved stars Why the optical and IR?
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Continuum emission: AGBs

Solid-state band of MgS?
LWS
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Infrared observations
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(Cernicharo et al., 1999 [13]; Agtindez et al., 2012 [15])
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Infrared observations Continuum emission: AGBs
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(Monnier etal., 1998 [2]; Loup et al., 1993 [16]; Bujarrabal et al., 1994 [5]; Ramstedt et al., 2014 [3])



Infrared observations Continuum emission: PPNe
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(Sénchez—Contreras etal., 2008 [17])

Observations of two PPNe composed of data from GSC2, 2MASS, MSX, IRAS,
and ISO. The dashed curve is the fit to the observed data while the solid curve is
the emission corrected from interstellar extinction. The continuum is composed
of two contributions with different temperatures: the central star and the cold

dust component.



Infrared observations Vibrational transitions

CH, HCN
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Infrared observations
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Infrared observations

Ro-vibrational spectra
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Infrared observations Ro-vibrational spectra
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(Fonfria et al., 2011 [21])



Infrared observations Ro-vibrational spectra
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Infrared observations Physical conditions

@ The opacity of each line depends on
the excitation temperature

Expansion velocity

0.8

0.6

kV x e*Elow/kBTexc (1 _ eth/kBTcxc)

v (km s7%)

#(r)n(r)/(e(r)n(r)) max
0.4

@ Usually the opacity decreases with |
mostly due to the Boltzmann factor:

efElow/kBTexc ~ ethz/kBTexc X °

r (R.)
o~ BIU+1) /ksTexc
(Fonfria et al., 2008 [18])
@ The high excitation lines trace the inner layers of the CSE, where the
excitation temperature is higher

@ The low excitation lines mostly trace the middle and outer layers of
the CSE

@ The large number of ro-vibrational lines in a small spectral range
allows us to analyze the whole CSE at the same time



Infrared observations Gas kinematics
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@ The emission/absorption N e f/'
components of the line profiles are 1
coupled to the gas expansion
velocity field due to the Doppler
effect

@ We can derive this field with a good L ‘ w
—20 -10 0 10 20

fit to the observed lines v (km s™)

(Decin et al., 2015 [23]; Fonfrfa et al., 2015 [24])



Infrared observations Molecular abundances

Chemistry under TE Chemistry with UV radiation field
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Infrared observations Masers: line blending
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o If the exciting lines are strong = ‘

enough, the population .
inversion happens w |

o Typical mechanism to explain

the SiO and SiS masers 7m ’




Infrared observations Masers: resonances
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Optical observations Electronic transitions

(@) TiO
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Optical observations Electronic spectra
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