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On observe des spectres	

Non, ce n’est pas du 
bruit…	



On les modélise…	

•  …plus ou moins bien	

CO dans l’IR	

Spectre visible (obs + mod) 
d’une supergéante (TiO)	



Modèles	d'atmosphères	classiques		
	

classiques	=	ETL	(équilibre	thermodynamique	local),	1-D,	hydrosta>ques	
Les	étoiles	réelles	ne	sont	pas	“classiques”	!	
Mais...	
	
• 	les	modèles	classiques	incluent	des	opacités	détaillées	
• 	 Ils	 servent	 de	 référence	 pour	 des	 approches	 plus	 ambiDeuses	 (3-D,	 hors-
ETL,	...)	
• 	Les	spectres	d'étoiles	froides	sont	très	affectés	par	les	raies	moléculaires	
et	pas	encore	tous	analysés	en	détail	à	l'aide	de	modèles	classiques	
	
	
NB:	 développements	 impressionnants:	 convecDon	 3D	 (Asplund	 et	 al.,	 Freytag	 et	 al.),	
NETL	(Hauschildt	et	al.),	pulsaDon-poussières-vents	(Hoefner	et	al.).	



Exemples	de	modèles	MARCS	1D	(hydrostaDques,	ETL)	
spectres	émergents	en	f(C/O)	



Effet des opacités (cf. effet 
de serre):	
	
Chauffage en profondeur	
	
Refroidissement/chauffage 
en surface	

Riches en métaux	

Pauvres	en	métaux	



Importance de la complétude des listes de raies pour la structure 
thermique (Jørgensen et al. 2001)  M-type stars	
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Influence des opacités 
moléculaires	
	
	
Les modèles de 1992 
intègrent des opacités pour 
H2O qui ne sont pas 
correctes. 	
Leur sous-estimation 
conduit à des couches de 
surface trop chaudes.	



Importance de la complétude et de l’exactitude des listes de 
raies pour la modélisation des spectres (Jørgensen et al. 2001)	

H2O	@	3microns	
M-type	stars	



Importance de la complétude des listes de raies pour la structure 
thermique	

carbon	stars	



Importance de la complétude des listes de raies pour la 
modélisation du spectre	

carbon	stars	



Étoiles C : opacités C2, CN, CO, CH	



Étoiles C : opacités C3, C2H2, HCN	
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  Introduction 
Ethyne (C2H2) is among the polyatomic molecules dominating the IR spectra of cool carbon-rich evolved 
AGB stars [1] characterized by surface layer temperatures between 1000K and 4000K. The complex and 
strong ro-vibrational IR absorption spectrum of ethyne has a deep impact on the opacity and therefore on 
the thermal structure of carbon star atmospheres [2]. From this perspective high temperature C2H2 
emission spectra were recorded in the laboratory in the 3 and 13.7 µm regions. The line list developed in 
Université libre de Bruxelles (ULB) & Louvain-la-Neuve (LLN) [3], partly based on the high temperature 
spectra, is used to model the opacity carbon stars, such as T Lyr observed by the ISO satellite. 

 Spectral Analysis  
A global model of C2H2 has been developed in Brussels on the basis of 18415 observed vibration-
rotation lines up to 8900 cm-1 [6]. This model has been successfully used in the analysis of the 3 µm [5] 
and 1.5 µm regions [6]. It is presently applied to assign the experimental high temperature emission 
spectrum recorded around 13.7 µm (Fig. 3).  
The extreme conditions used in the present work (T=1300 K) allow for the emergence of new data. The 
analysis of previously observed bands from the literature [7,8] was extended to high J-lines up to 73. 
This concerns the cold band ν5 and related hot bands as illustrated in Fig 5 (a-d). In addition, 33 hot 
bands with three quanta excitation of bending modes are observed for the first time.  

  Conclusions 
The ethyne line list developed in ULB & LLN is able to reproduce high temperature (~1300 K) emission 
spectra in the 3 and 13.7 µm regions within the experimental uncertainty of 0.001 cm-1. With the 
calculations extended to other bands, the line list was included in carbon star model atmosphere 
computations. A first comparison with the spectrum of the carbon star T Lyr shows an agreement much 
better than any previous attempt. 

  Experimental setup 
A High Enthalpy Source (HES) (fig. 1) 
is used to generate a high temperature 
continuous flow in LTE  [4]. The HES is 
based on an electrically heated 
graphite rod whose open porosity 
provides a huge exchange surface. The 
gas is heated up by passing through 
the porous walls into a cavity which is 
drilled over the length of the rod. The 
IR light emitted by the gas (C2H2, CO) 
contained in the hot cavity is analysed 
by a high resolution FT interferometer 
(Bruker IFS125HR).  
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Fig. 1: Heating device (High Enthalpy Source) used to produce high 
temperature emitting flows. 

  Ethyne spectra 
The C2H2 emission spectra were recorded in the 3 [5] and 13.7 µm regions (Fig. 2 & 3) at a resolution 
of 0.015 and 0.008 cm-1, respectively. The emission lines of ethyne and CO seat on the graphite 
continuum emission (see insert in Fig.2). The rotational temperature is extracted from the 1→0 
emission band of CO admixed to C2H2, yielding values comprised between 870 and 1455 K. 

The strongest emission lines are affected by self-absorption which can be taken into account using the 
following radiative transfer model : 

Imod(ν) = (1-ε)Lν°[1-exp(-σijgD(ν-νij)ℓn] 
where ε is the emissivity of carbon, Lν° is the blackbody brightness, σij is the integrated absorption 
cross section calculated using the model developed in Brussels, gD(ν-νij) is a Gaussian profile, ℓ is the 
carbon rod’s length and n is the number density of C2H2 in the emitting sample of gas. 
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Fig. 5: Simulated relative intensities of R-branches of C2H2 around 13.7 µm as a function of m (=J”+1) 
using the global model. Calculated R-branches correspond to solid curves while observed J-lines are 
indicated using dots. Line intensities from para ethyne were multiplied by a factor 3 to simplify the reading 
of the figures. 

(a) : Cold band and first related hot bands with lower state ν4+ν5≤1, (b): Hot bands with lower state ν5=2, 
(c): Hot bands with lower state ν5=ν4=1 and (d):  Hot bands with lower state ν4=2. 

Fig. 4: Calculated emitted intensity of 12C2H2 for different of gas number density (n) in the 13.7 µm range at 1300 K. The 
self-absorption effect increases from left to right with the number density of C2H2 (a): 10+16, (b) 10+17, and (c) 10+18 
molecule.cm-3.  
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Fig. 3: Emission spectrum of C2H2 recorded 
at 1300 K with a resolution of 0.008 cm-1 in 
the 13.7 µm range. The intensities are 
corrected from the instrumental transmission 
function. 

Fig. 2: Emission spectrum of C2H2 recorded at 1355 
K with a resolution of 0.015 cm-1 in the 3 µm range. 
The intensities are corrected from the instrumental 
transmission function. 

  Carbon star spectra 
Cool carbon stars are red giants stars with a carbon to oxygen 
ratio, C/O > 1. With effective temperatures, Teff, of the order of 
3000K or cooler, their upper atmospheres contain relatively high 
concentrations of polyatomic carbon-bearing species, in addition to 
CO, CN or C2 also encountered at higher temperature. Among 
these, HCN, C2H2, and C3 have been known for a long time to 
dominate their IR spectra, and strongly affect their thermal 
structure (Fig. 6). Following the pioneering work of [2], it was 
obvious that progress had to be made on the description of the line 
opacity of the 3 species. Neither line positions nor strengths were 
sufficiently accurate to properly describe cool carbon star spectra. 
Work has been done on HCN/HNC by [9], but none on C3, and 
C2H2 so far.  

We show here the impact of our new C2H2 line list on the model 
atmospheric structure and spectrum of a prototypical carbon star, T 
Lyr. Although still incomplete, our list allows a fit of a large part of 
the IR spectrum, from 2.4 to 20 microns, with an unprecedented 
quality (Fig. 7, and 8).  

The fact that we cannot fit all the bands perfectly may have various 
explanations: (i) T Lyr is a pulsating AGB star, which atmosphere is 
probably affected by dynamical effects modifying its thermal 
structure, (ii) although it has a low mass loss rate, the spectrum at 
longer wavelengths may be altered by circumstellar emission, (iii) 
no lines of C3 are included in our model, (iv) our line list is 
incomplete, and should be extended to higher energy levels. 

Fig. 7: IR spectrum of the carbon star T Lyr. In black: observed ISO 
SWS06 spectrum (Short Wave Spectrograph with a resolution of about 
1000). In colors: various model spectra. No attempt has been made to 
derive the best set of model parameters.The strong band at 5 micron is 
claimed [11] to be due to C3, which is not included in our calculations. 

Fig. 6: Line blanketing effect of C2H2 on the 
thermal structure of a carbon star MARCS 
[10] model atmosphere. 

Fig. 8: Theoretical carbon star spectra, showing the effect of 
C2H2. Our new line list is markedly different from the data of 
Jørgensen, used in all previous models of carbon stars. 
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Fig. 1: Heating device (High Enthalpy Source) used to produce high 
temperature emitting flows. 

  Ethyne spectra 
The C2H2 emission spectra were recorded in the 3 [5] and 13.7 µm regions (Fig. 2 & 3) at a resolution 
of 0.015 and 0.008 cm-1, respectively. The emission lines of ethyne and CO seat on the graphite 
continuum emission (see insert in Fig.2). The rotational temperature is extracted from the 1→0 
emission band of CO admixed to C2H2, yielding values comprised between 870 and 1455 K. 

The strongest emission lines are affected by self-absorption which can be taken into account using the 
following radiative transfer model : 

Imod(ν) = (1-ε)Lν°[1-exp(-σijgD(ν-νij)ℓn] 
where ε is the emissivity of carbon, Lν° is the blackbody brightness, σij is the integrated absorption 
cross section calculated using the model developed in Brussels, gD(ν-νij) is a Gaussian profile, ℓ is the 
carbon rod’s length and n is the number density of C2H2 in the emitting sample of gas. 
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Fig. 5: Simulated relative intensities of R-branches of C2H2 around 13.7 µm as a function of m (=J”+1) 
using the global model. Calculated R-branches correspond to solid curves while observed J-lines are 
indicated using dots. Line intensities from para ethyne were multiplied by a factor 3 to simplify the reading 
of the figures. 

(a) : Cold band and first related hot bands with lower state ν4+ν5≤1, (b): Hot bands with lower state ν5=2, 
(c): Hot bands with lower state ν5=ν4=1 and (d):  Hot bands with lower state ν4=2. 

Fig. 4: Calculated emitted intensity of 12C2H2 for different of gas number density (n) in the 13.7 µm range at 1300 K. The 
self-absorption effect increases from left to right with the number density of C2H2 (a): 10+16, (b) 10+17, and (c) 10+18 
molecule.cm-3.  
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Fig. 3: Emission spectrum of C2H2 recorded 
at 1300 K with a resolution of 0.008 cm-1 in 
the 13.7 µm range. The intensities are 
corrected from the instrumental transmission 
function. 

Fig. 2: Emission spectrum of C2H2 recorded at 1355 
K with a resolution of 0.015 cm-1 in the 3 µm range. 
The intensities are corrected from the instrumental 
transmission function. 

  Carbon star spectra 
Cool carbon stars are red giants stars with a carbon to oxygen 
ratio, C/O > 1. With effective temperatures, Teff, of the order of 
3000K or cooler, their upper atmospheres contain relatively high 
concentrations of polyatomic carbon-bearing species, in addition to 
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dominate their IR spectra, and strongly affect their thermal 
structure (Fig. 6). Following the pioneering work of [2], it was 
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We show here the impact of our new C2H2 line list on the model 
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Lyr. Although still incomplete, our list allows a fit of a large part of 
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structure, (ii) although it has a low mass loss rate, the spectrum at 
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Fig. 7: IR spectrum of the carbon star T Lyr. In black: observed ISO 
SWS06 spectrum (Short Wave Spectrograph with a resolution of about 
1000). In colors: various model spectra. No attempt has been made to 
derive the best set of model parameters.The strong band at 5 micron is 
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thermal structure of a carbon star MARCS 
[10] model atmosphere. 

Fig. 8: Theoretical carbon star spectra, showing the effect of 
C2H2. Our new line list is markedly different from the data of 
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Contributions: toutes les raies; atomes; TiO, CN, FeH	

Gaia RVS	
Géante rouge de composition solaire : 3200K logg=0.35 C/O=0.5	



Observed spectra of M giants (Serote-Roos et al. 1996, A&AS, 117, 93) �
	

Exemple de calcul de spectre de géantes M	



Observed spectra of M giants (Serote-Roos et al. 1996, A&AS, 117, 93),�
 and MARCS model spectra �

(from Alvarez & Plez 1998, A&A 330, 1109)	

Exemple de calcul de spectre de géantes M	



Ajustement du spectre d’une géante rouge très froide (raies de TiO, ZrO, 
atomes) à l’aide d’un modèle (Teff, logg, composition chimique)	

Il faut de bonnes listes de raies	

Ceci n’est pas le continu!	

From García-Hernández et al. 2007, A&A 462, 711 	



Ressource	:	
h`p://www.exomol.com	
	
ü  line	lists	computed	or	

reforma`ed	from	
various	sources	

ü  not	all	isotopes	
ü  not	always	accurate	

for	spectroscopy	
ü  group	open	to	

suggesDons	
ü  they	don’t	duplicate	

exisDng	efforts.	
ü  mostly	planet	oriented	

=>	missing	carbon	
polyatomics.	



worth	looking	at	
Heiter	et	al.	Atomic	and	molecular	data	for	op>cal	stellar	spectroscopy,	
Physica	Scripta,	Vol.	90,	054010	
compare	calculated	spectra	with	Gaia-ESO	survey	spectra	
master	line	list	built	from	databases	(VALD)	+	molecules,	specific	laboratory	
work	for	some	lines,	careful	selecDon,	quality	flags.	
gf-values	(lab	or	calculated),	collisional	broadening,	…	
⇒  sDll	unidenDfied	lines	in	the	opDcal	spectrum	of	FGK	stars!	
	
Need	lab	work!	and/or	work	on	stellar	spectra.	
	
Note	Peterson	and	Kurucz,	2015,	ApJS	216,	1	:	idenDficaDon	of	high-lying	FeI	
energy	levels	using	stellar	spectra.	
See	also	Masseron	et	al.	2014,	A&A	571,	A47,		same	thing	for	CH.	
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Figure 3. Comparison of observed and synthetic spectra around three Fe lines with
di↵erent flags (Y for Yes, U for Undecided, N for No) for the Sun (left) and Arcturus
(right). Black lines: observations, red lines: calculations including preselected spectral
lines only, blue lines: calculations including blends.

Gaia-ESO line list is regularly updated, resulting in a new version about once a year.

The tests of the performance of the preselected lines should be extended to all of the

Gaia FGK benchmark stars. Work in this direction has started within the Gaia-ESO

collaboration. It is worth noting that numerous lines in the spectra of FGK stars are

still unidentified. This problem can be remedied either by analysis of laboratory spectra,

Heiter	et	al.	2015	
3	iron	lines	with	different	
quality	flags	:	
Y	=	yes	
U	=	undecided	
N	=	no	
	
Black	line	is	observaDon	
red	and	blue	calculaDons	
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Arcturus	
	
Black	line	is	observaDon	
red	is	calculaDon	
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Figure 4. Observed (black) and calculated (red) spectra for Arcturus around the Na
doublet lines at 589 nm. The calculations include the full Gaia-ESO line list.

or analysis of carefully selected stellar spectra (see e.g. Peterson & Kurucz 2015, for a

novel approach to energy-level determinations for Fe lines).
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Listes	de	raies	/	défis	
	

Il	faut	donc	des	listes	de	raies	aussi	complètes	que	possible	
	
• 	pour	la	structure	thermique	des	modèles:	

ü 	complétude	jusqu’à	des	énergies	élevées	
ü 	posiDons	approximaDves	(si	pas	de	décalages	systémaDques)	
ü 	intensités	approximaDves	(et	dans	les	bonnes	bandes,	pas	de	systémaDques)	
	

• 	pour	le	calcul	des	spectres	
ü 	complétude	dans	le	domaine	modélisé	
ü 	posiDons	avec	une	précision	de	“laboratoire”	
ü 	intensités	à	10%	ou	mieux,	si	possible	
	

Atomes:	il	reste	des	raies	non	idenDfiées!	
molécules:	certaines	listes	ne	sont	pas	assez	précises	ou	complètes:	TiO,	C2,	FeH,	C3,	
C2H2,	LaO,..	
	
Autres	défis:	
hors-ETL:	collisions	inélasDques	avec	e	et	H	pour	les	atomes	(e.g.	Belyaev	et	al.	2016,	….)	
La	même	chose	pour	les	molécules	!	
	
polarisa>on:	facteurs	de	Landé	pour	les	molécules	aussi	
	
	



•  Certains spectres moléculaires insuffisamment connus 
(C2H2, C3, LaO, …)	

•  Idem  pour  des  raies  atomiques  dans  le  visible  qui 
restent à identifier/caractériser 	

•  IR où l'on va de plus en plus: bandes JHK !	
	
•  Besoin  de  paramètres  supplémentaires  (atomes  et 
molécules!), e.g. 	

ü   section  efficace  d’excitation  collisionnelle,  pour 
calculs hors-ETL	
ü  facteurs de Landé pour la polarisation	
ü  élargissement collisionel, avec H, e- (profils de raies)	
	

•  besoin de précision accrue,  pour analyser des données 
astrophysiques  de  très  haut  S/B  et  résolution  spectrale, 
grands relevés coûteux.	

En résumé	


