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example stellar spectra

model atmospheres

model spectra

progress and challenges, esp. regarding molecular lines

The CH story



The solar spectrum (with telluric absorptions)



Telluric absorptions



The solar spectrum (withOUT telluric absorptions)

Many lines! => Large amount of data needed to correctly model this



These are high S/N spectra. 

All wiggles are lines!

Other spectacular examples

Betelgeuse, a red supergiant star. 
Large absorption bands are mostly 
due to TiO

spectra of red giant stars  
in the 671nm Li I line region



How do we model these spectra, in order to derive stellar 
parameters, in particular chemical composition?


=> Compute a model atmosphere and compare the emergent 
spectrum with observations.


Atomic and molecular lines being ubiquitous in stellar spectra, 
we need lots of (good) data


Deriving stellar parameters



We need : 


• models with a realistic T, P (v, …) structure

• accurate physical data, e.g., detailed line lists with accurate line 

positions, strengths, broadening parameters, partition functions, etc

• methods and codes to efficiently compute spectra at various 

approximation levels, e.g., 1D LTE or 3D NLTE

• and, be clever in choosing the spectral domain, which may not be 

possible when dealing with special lines (e.g. Li I , Pb I , U II, …). 
The IR is a domain of choice with new instruments coming-up and 
less line blending. (see talk by Henrik Hartman)

A&A proofs: manuscript no. Ba_nlte

tant barium is to galactic chemical evolution studies because it
traces the impact of neutron-capture nucleosynthesis, we present
a thorough analysis of the solar barium abundance using a hand-
ful of Ba ii optical lines computed using the two statistical equi-
librium codes and the same barium model atom.

The statistical equilibrium of Ba ii has already been a sub-
ject of several detailed studies (Mashonkina & Bikmaev 1996;
Mashonkina et al. 1999; Shchukina et al. 2009; Andrievsky et al.
2009; Korotin et al. 2015). The first such study was conducted by
Gigas (1988) in Vega. There are, however, important di↵erences
between our work and these earlier studies. First, we use the new
quantum-mechanical rates for transitions caused by inelastic col-
lisions with hydrogen atoms from Belyaev & Yakovleva (2018).
We also examine the impact dynamical gas flows have on Ba ii
by utilising a 3D radiative hydrodynamical model to compute
full 3D non-LTE radiative transfer, as well as 3D LTE, 1D LTE,
and 1D non-LTE. Ab initio collisional damping from Barklem
et al. (2000) was included in the linelist.

It has been observationally confirmed that the Ba ii resonance
line at 4554 Å is sensitive to the chromospheric e↵ects2, and so
naturally a polarised spectrum of the resonance line is also sen-
sitive to the quantum interferences (see, e.g. Kostik et al. 2009;
Shchukina et al. 2009; Belluzzi & Trujillo Bueno 2013; Smitha
et al. 2013; Kobanov et al. 2016), however, this is beyond the
scope of this paper.

The paper is structured as follows. In Sect. 2 we describe
the observations, we detail the model atmospheres, model atoms
and spectral synthesis codes; in Sect. 3.2 we discuss the impact
that various model assumptions have on our results; in Sect. 5
we describe the analysis and results from our Ba ii line analysis;
and in Sect. 6 we summarise the study.

2. Models and Observations

2.1. Solar spectrum

The solar spectrum is taken from the Kitt Peak National Obser-
vatory (KPNO) solar atlas published by Kurucz et al. (1984).
This solar atlas covers the spectral range of 3 000 to 13 000 Å at
a typical resolution R ⌘ �

�� = 400 000. Although newer solar
spectra exist such as the PEPSI spectrum provided by Strass-
meier et al. (2018), we chose to work with the former atlas as it
has a very high resolution, roughly twice that of the latter. Never-
theless, comparisons of these two spectra have previously been
made and they were found to be in very good agreement with
one-another (Osorio et al. 2019).

2.2. 1D model atmosphere

We use the MARCS model atmosphere that was computed for
the Sun from the opacity sampled grid published in Gustafs-
son et al. (2008). The solar parameters of this model are
Te↵/ log g/[Fe/H] = 5777/4.44/0.00 and include a mixing
length parameter, ↵MLT = 1.50. The solar composition used to
compute the model opacities are based on those published in
Grevesse et al. (2007).

2.3. 3D model atmosphere

For the work presented in this study we make use of the
solar stagger (Nordlund et al. 1994; Nordlund & Galsgaard
2 both FAL-C semi-empirical models and a 3D radiative hydrodynam-
ical model from Asplund et al. (2000) were used.
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Fig. 1. 3D,1D and h3Di temperature structure.

1995) model with stellar parameters Te↵/ log g/[Fe/H] =
5777 K/4.44/0.0, from the staggermodel atmosphere grid (Col-
let et al. 2011; Magic et al. 2013). A 3D model consists of a se-
ries of computational boxes that represent a time series, which
are commonly referred to a snapshots. These snapshots are se-
lected from a larger time series of snapshots that are produced
from the stagger code and are selected at a time when the sim-
ulation has reached dynamical and thermal relaxation. For our
purposes – and for the sake of time – we have chosen to work
with five snapshots, each consisting of 240⇥240⇥230 grid points
which cover a geometrical volume of 7.96 ⇥ 7.96 ⇥ 3.65 Mm in
the x, y, and z dimensions, respectively. These are used as in-
dependent input for our statistical equilibrium code MULTI3D
(Sect. 2.5) and then the output are averaged together, therefore
applying the ergodic approximation that averaging in time is
equivalent to averaging over space. In this case it is assumed that
averaging in time is equivalent to averaging across the disc of the
Sun. The emergent fluxes from these snapshots have an equiva-
lent width variance of only ⇠ 0.75 mÅ, suggesting that including
further snapshots to the study will not greatly improve the results
presented in this study, only increase the computational times.

Line opacities were collected from the MARCS database and
are sorted into 12 opacity bins. Continuous absorption and scat-
tering coe�cients are taken from Hayek et al. (2010). Impor-
tantly, and unlike an equivalent 1D model, 3D models provide
x, y, and z velocity fields for every voxel meaning that post-
processing spectrum synthesis codes provide more accurate ap-
proximations for the Doppler broadening, including asymmetric
line profiles, which result from these gas flows.

We also make use of the averaged 3D model to help make
qualitative comparisons between the full 3D and 1D models,
however, we do not use it with MULTI 2.3 or MULTI3D. A
h3Dimodel is computed from a 3D model by spatially averaging
the thermal structure of the 3D computational box over surfaces
of equal Rosseland optical depth. As this can be performed in
several di↵erent ways, comparing results from di↵erent studies
that do not specify their averaging techniques is ultimately self-
defeating.

Figure 1 depicts the 3D solar temperature structure (blue 2D
histogram), along with the 1D MARCS (dashed line) and h3Di
(solid red line) temperature structures. It is clear that the av-
erage temperature of the full 3D model and the 1D model are
fairly consistent in the outermost regions of the atmosphere (as
seen by comparing the 1D with the h3Di model). However, in
deeper regions of the models – where the continuum usually
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Metal-rich 

Metal-poor 

Gustafsson et al. 2008, A&A 486, 951  

Model atmospheres
Illustration with classical models:


• 1D 

• homogeneous

• hydrostatic

• Local Thermodynamic Equilibrium 

(LTE) 

• convection: mixing-length theory

• detailed radiative transfer with       

> 105 wavelengths 

opacities affect the thermal structure 
(line blanketing)


For 3D models see talk by Martin 
Asplund
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Fig. 6. The temperature as function of geometrical depth
in model atmospheres of a red giant star of Teff = 3000 K,
log(g) = 0.0, Z = Z⊙, and C/O = 0.43. Depth is given in
units of 106 km, and the surface (depth = 0) is defined as the
uppermost computed layer, where log(τRoss)≈ −5. The mod-
els differ by the completeness of the H2O absorption coefficient
included in the opacity. Only lines stronger than the limiting
intensity (in km mol−1 at 3500 K) indicated with the legend
are considered in each model.

has almost no effect on the structure, whereas inclusion of
the remaining ≈20% of the opacity forces the atmosphere
to increase ≈50% in size (from 13 to almost 20 million km
from atmospheric top to bottom). Note also the great sim-
ilarity (almost indistinguishability) of the models based on
10 million, 30 million, and 3 billion lines, respectively.

The model atmospheres shown here were computed
based on the marcs code, originally introduced by
Gustafsson et al. (1975), and with updates and most of
the modifications relevant for the present work being de-
scribed in Jørgensen et al. (1992) and Jørgensen (1997).
In addition to water, the models in Fig. 6 include opacities
from TiO, CO, SiO, and OH. If TiO (the other strong ab-
sorber in these types of stars) is excluded from the opacity
(as in Jørgensen et al. 1994), the effect of inclusion of the
weak H2O lines is even more pronounced than shown in
Fig. 6. Also for dwarf stars, where the role of TiO rela-
tive to H2O is smaller, the effect of the weak H2O lines is
bigger than illustrated in Fig. 6.

7. Comparison with stellar spectra

In Fig. 7 we show an observed SWS1 spectrum of the
semiregular variable M-type giant star SVPeg, obtained
with the Infrared Space Observatory (ISO). Details of this
spectrum as well as other cool M-type stars from our ISO
observation program will be discussed separately in a sec-
ond paper (Aringer et al. 2000, in preparation). Together
with the observed spectrum is also shown in Fig. 7 a syn-
thetic spectrum, computed from a model atmosphere of
Teff = 2900K, log g = 0, Z = Z⊙, and the present line list
of H2O (plus the opacity from TiO, CO, SiO, and OH,
and with the model and the spectrum computed mutually
consistent).

Fig. 7. Comparison of an observed ISO spectrum of the M-type
giant SVPeg (thick black line) and our computed spectrum
(thin grey line) in the region 2 to 5 µm. Upper convolving line
indicate the synthetic continuum flux.

Several vibrational bands of H2O contribute to the
observed spectrum in this region. The two strongest
ones are the 001 fundamental (centered at 2.66µm)
and the 100 fundamental (centered at 2.73µm). As
noted above, our computed integrated band intensities
of these (at room temperature) are 45.4 km mol−1 and
2.12 km mol−1, respectively, while the listed values in
hitran are 43.4 km mol−1 and 2.98 km mol−1, re-
spectively. Also several combination bands contribute in
this region, the strongest one being the bending vibra-
tion first overtone 020 at 3.17µm, with a calculated and
listed intensity of 0.61 km mol−1 and 0.456 km mol−1,
respectively.

Other molecules than H2O contribute to the absorp-
tion in the SWS1 ISO region in M-type stars, too. The
most pronounced in the region plotted in Fig. 7 are OH,
CO, and SiO. The individual contributions of each of
these molecules to the spectrum in Fig. 7 are shown
in panels 1 (OH), 2 (CO), and 3 (SiO) (from the top)
in Fig. 8, together with the contribution of H2O (low-
est panel). All spectra in Fig. 8 are computed based on
the same model atmosphere structure, but including only
the named species in the spectrum computation. While
H2O is the dominant absorber in all of the spectral re-
gion plotted, also CO and SiO contribute substantially
in the long-wavelength part of the region, and near the
short-wavelength edge of the SWS1 spectral capability
at 2.3 µm.

In Fig. 9 we show again the ISO spectrum of SVPeg
in the 2.3−4.5µm spectral region. From top to bottom
in the figure, the panels show in addition to the observed
spectrum, the synthetic spectra computed from (1) our
present Scan H2O line list, (2) a sub-set of this list con-
sisting only of the lines with an intensity stronger than
10−5 km mol−1 at 3500K, (3) the PS97 list, and (4) the
hitran data base line list. All spectra are calculated from
a model atmosphere with the same fundamental param-
eters as in Figs. 7 and 8, and with the same line data

Importance of using sufficiently complete line lists 
when computing stellar atmospheres

Jørgensen et al. 2001, A&A 372, 249
NB: line limit is in km/mol @ 3500K



1992 

2008 

In 1992 MARCS models, H2O opacity 
was underestimated, resulting in hotter 
surface layers (300K).

Gustafsson et al. 2008

Importance of using sufficiently 
complete line lists when 
computing stellar atmospheres



Importance of including all contributing species when calculating 
spectra



Impact on the model structure
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polyatomics induce  
cooling and expansion of the atmosphere



Opacities

Continuum and line opacities impact the thermal structure and the spectrum


=> For the thermal structure we need to include all sources, at least in a 
statistical way. Very accurate line positions are not necessary.


=> For the spectrum we need accurate line positions


In addition : line broadening (collisions with e, H, …), hfs, isotopic shifts, …


For cool stars : many molecules, possibly dust


And now … a few illustrations of the importance of securing the best and 
most complete opacities 
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Quite good at some places
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MARCS June 2019 Solar model

In need of improvement at some other places



The art/science of deriving detailed abundances

Uranium abundance in CS31082-001: 


Cayrel et al. 2001, Nature 409, 691



The art/science of deriving detailed abundances

Uranium abundance in CS31082-001: 

0.1 dex difference in abundance corresponds to sub-percent variations of the 
flux level,  
and over 1 Gyr of uncertainty on the age.


Cayrel et al. 2001, Nature 409, 691



The art/science of deriving detailed abundances

Uranium abundance in CS31082-001: 

0.1 dex difference in abundance corresponds to sub-percent variations of the 
flux level,  
and over 1 Gyr of uncertainty on the age.


=> Importance of completeness of line lists with accurate line positions, gf-
values, partition functions, broadening and line formation mechanism, …

in addition to a good model atmosphere (i.e. T, P, (v) in the line forming region) !

Cayrel et al. 2001, Nature 409, 691



However:  
Heiter et al. (2015) find problems when comparing calculated spectra with 
Gaia-ESO survey spectra.

• master line list built from databases (VALD) + molecules

• specific laboratory work for some lines

• careful selection of gf-values (lab or calculated), collisional broadening, 

with quality flags 


=> still unidentified lines in the optical spectrum of FGK stars!


Huge progress in the past decades concerning the 
knowledge of spectral lines
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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 observation 
red and blue calculations 

see also the BRASS effort: 
talk by Alex Lobel and  
poster by Mike Laverick
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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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A number of lines are still missing, or have insufficiently accurate data, 

even for FGK stars!

Completeness of line data

observed and  
calculated spectrum of 
Arcturus

Heiter et al. 2015, Phys. Scr 90, 054010



However:  
Heiter et al. (2015) find problems when comparing calculated spectra with 
Gaia-ESO survey spectra.

• master line list built from databases (VALD) + molecules

• specific laboratory work for some lines

• careful selection of gf-values (lab or calculated), collisional broadening, 

with quality flags 


=> still unidentified lines in the optical spectrum of FGK stars!


Need laboratory work, and calculations. 
And use stellar spectra, where higher levels may get excited: 
E.g. Peterson and Kurucz (2015): identification of high-lying FeI energy 
levels using stellar spectra.


See also Masseron et al. (2014): 

same thing for CH.

Huge progress in the past decades concerning the 
knowledge of spectral lines

The Astrophysical Journal Supplement Series, 216:1 (10pp), 2015 January Peterson & Kurucz

Table 2
New Fe i Levels and Energies

Expanded Label Label J E (cm–1) σ (cm–1)

23 Even Levels:
3d6 4s(6D)4d e7F 4s6D4d e7F 0 51143.92 0.03
3d7(4F)4d 5D (4F)4d 5D 0 54304.21 0.02
3d6 4s(6D)4d 5D 4s6D4d 5D 0 58428.17 0.03
3d6 4s(4D)4d 5P 4s4D4d 5P 1 58628.41 0.03
3d7(4P)5s 3P (4P)5s 3P 1 59300.54 0.03
3d6 4s(4D)4d 3D 4s4D4d 3D 2 58779.59 0.02
3d7(4F)5d 5F (4F)5d 5F 2 59366.79 0.02
3d6 4s(4D)4d 3P 4s4D4d 3P 2 60087.26 0.03
3d7(2F)4s 1F (2F)4s 1F 3 38602.26 0.02
3d7(4F)5d 5P (4F)5d 5P 3 58616.11 0.02
3d7(4F)5d 5F (4F)5d 5F 3 59196.87 0.02
3d6 4s(4D)4d 3G 4s4D4d 3G 3 59294.38 0.02
3d7(4F)5d 5F5D3G 5d 5F5D3G 3 59636.36 0.02
3d7(2G)5s 3G (2G)5s 3G 3 61724.84 0.01
3d6 4s(6D)6d 3 + [4 + ] s6d 3 + [4 + ] 4 59532.97 0.02
3d7(2G)5s 3G (2G)5s 3G 4 61340.46 0.01
3d7(2G)5s 1G (2G)5s 1G 4 61935.47 0.01
3d6 4s(3H)5s 5H 4s3H5s 5H 4 64531.78 0.03
3d7(2G)5s 3G (2G)5s 3G 5 61198.49 0.01
3d7(2H)5s 1H (2H)5s 1H 5 66293.98 0.01
3d7(2G)4d 3I (2G)4d 3I 5 67687.99 0.01
3d6 4s(3H)5s 5H 4s3H5s 5H 6 64300.51 0.02
3d7(2G)4d 1I (2G)4d 1I 6 67716.75 0.01

43 Odd Levels:
d7(4F)5p 5D (4F)5p 5D 0 54720.67 0.02
d7(2P)4p 1S (2P)4p 1S 0 55179.91 0.08
d6(3P)4s4p(3P) 1P 3Psp3P 1P 1 50675.08 0.05
d7(4F)6p 5D (4F)6p 5D 1 59703.05 0.05
d6(5D)4s(4F)7p 5D 4s4F7p 5D 1 60169.33 0.03
d6(5D)4s(6D)7p 5F 4s6D7p 5F 1 60336.16 0.03
d7(2F)4p 3D (2F)4p 3D 1 60375.65 0.03
d6(3F)4s4p(1P) 3Fsp1P 3D 1 61075.16 0.03
d6(3P)4s4p(1P) 3Psp1P 3P 1 61155.62 0.06
d6(5D)4s(6D)7p 5D 4s6D7p 5D 2 60237.81 0.02
d6(3P)4s4p(1P) 3P 3Psp1P 3P 2 60585.09 0.04
d7(4F)7p 5D (4F)7p 5D 2 61866.45 0.05
d7(4F)6p 5F (4F)6p 5F 3 59418.83 0.03
d7(4F)6p 5G5D3D 6p 5G5D3D 3 59503.40 0.04
d6(3P)4s4p(3P) 1F 3Dsp3P 1F 3 59794.85 0.03
d6(5D)4s(6D)7p 5D 4s6D7p 5D 3 59875.89 0.04
d7(4F)6p 3G (4F)6p 3G 3 60013.27 0.05
d6(5D)4s(6D)7p 5F 4s6D7p 5F 3 60055.93 0.05
d7(4F)7p 3D (4F)7p 3D 3 61351.66 0.06
d7(4F)7p 5D (4F)7p 5D 3 61770.94 0.04
d7(4F)7p 3G (4F)7p 3G 3 62016.99 0.10
d7(4F)7p 5G (4F)7p 5G 3 62287.54 0.10
d7(4F)8p 3D3G3F 8p 3D3G3F 3 62509.75 0.04
d7(4F)6p 5D (4F)6p 5D 4 58729.80 0.08
d6(5D)4s(6D)7p 7D 4s6D7p 7D 4 59317.86 0.04
d7(4F)6p 5G (4F)6p 5G 4 59377.30 0.02
d6(5D)4s(6D)7p 5D 4s6D7p 5D 4 59496.62 0.05
d6(5D)4s(6D)7p 7F 4s6D7p 7F 4 59595.12 0.03
d7(4F)6p 3G (4F)6p 3G 4 59731.29 0.05
d6(5D)4s(6D)7p 5F 4s6D7p 5F 4 59804.54 0.02
d7(4F)7p 3F (4F)7p 3F 4 61113.38 0.05
d7(4F)7p 5D (4F)7p 5D 4 61173.80 0.03
d7(4F)7p 3G (4F)7p 3G 4 61648.30 0.08
d7(4F)7p 5F (4F)7p 5F 4 61678.26 0.05
d7(4F)8p 3G5G5F 8p 3G5G5F 4 62683.77 0.05
d7(4F)6p 5F (4F)6p 5F 5 58609.56 0.03
d7(4F)6p 5G (4F)6p 5G 5 59021.31 0.06
d7(4F)6p 3G (4F)6p 3G 5 59357.03 0.02
d7(4F)7p 3G (4F)7p 3G 5 61140.62 0.08

Figure 5. Comparisons like those in Figure 2 are shown for three stars in the
8770 Å region. The single newly identified Fe i line in this region appears at
8772.53 Å.

and odd levels the full and abbreviated labels and J value of
each new level, and the associated energy and its uncertainty in
wavenumbers.

Table 3 provides a wavelength-ordered list of the newly iden-
tified UV and optical lines. Wavelengths are given in vacuum
below 2000 Å and in air above. For each line sufficiently strong
and unblended, we estimate a gf value good to ±0.2 dex above
2617 Å. Blueward, gf value uncertainties rise to ±0.4 dex,
as blends are poorly understood due to the lack of high-
resolution spectra for stars with −2 ! [Fe/H] ! −1 (Table 1).
Even larger uncertainties apply in the 2150–2380 Å region,
where HD 140283 is the only star with high-resolution spectra
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MoleculesLarge scale efforts, esp. ExoMol (J. 
Tennyson et al.): calculations and 
compilations of line lists for many 
molecular species 

• targeted towards planets and (very) 
cool stars


• mostly for opacities, i.e. aiming at 
completeness in terms of levels and 
transitions


• not always accurate for spectroscopy.

2000 2500 3000 3500 4000
-22

-20

-18

-16

wavelength (A)

Kurucz+Goldman 2000K  (dotted 4800K)

OH AX+XX Yousefi et al. 2000K  (dotted 4800K)OH ExoMol (Yousefi et al. 2018) 2000K (dotted 4800K)

OH Kurucz

O t h e r t h e o r e t i c a l a n d 
experimental efforts going on, 
t h a n k s t o a n u m b e r o f  
dedicated groups in atomic 
and molecular physics



Fitting the Li line of a cool red giant

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

Teff = 3000K

Absorption veil mostly due to TiO. 

The Li line is far below the continuum!

This is not the continuum level!
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3000K logg=0.00 [Fe/H]=0.0 

Li I 6707 

This is the continuum!

Note the log scale

Li in red giants
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0
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GL644C Xshooter (Chen et al. 2014)

MARCS 2700K logg=5.0 [Fe/H]=0.0

PHOENIX ACES 2700K logg=5.0 [Fe/H]=0.0 

Another example: cool M dwarf

Improvements needed in terms of line list completeness and line strengths

observation

2 different models



The CH story, the tale of a successful collaboration 
between quantum chemists and astrophysicists*

* There are many such stories, but you will soon understand why I picked that one, 
… or you probably already did !



The CH story, the tale of a successful collaboration 
between quantum chemists and astrophysicists*

Late 2003:  
• Mike Bessell finds unidentified lines in metal-poor stars 

HE0107-5240 {halo giant with [Fe/H]=-5.3, C & N/Fe=+4, +2.5} from 
about 3693 to 4110A.


• Most are broader than other lines.

• Finds correlation of strength with CH lines, but not present in any 

molecular band catalog.

• Detection in CS22957-027 as well


No progress during 2 years.


* There are many such stories, but you will soon understand why I picked that one, 
… or you probably already did !



T. Masseron’s 
plot showing the 
line at 4017Å



The CH story, the tale of a successful collaboration 
between quantum chemists and astrophysicists

Late 2003:  
• Mike Bessell finds unidentified lines in metal-poor stars 

HE0107-5240 {halo giant with [Fe/H]=-5.3, C & N/Fe=+4, +2.5} from 
about 3693 to 4110A.


• Most are broader than other lines.

• Finds correlation of strength with CH lines, but not present in any 

molecular band catalog.

• Detection in CS22957-027 as well


No progress during 2 years.


Then independently: 
• Thomas Masseron, my PhD student, finds strong lines in many 

carbon-rich metal-poor stars.

• I look back and realize I had also found the same very strong lines in 

the spectrum of G77-61, a cool very metal-poor carbon- and 
nitrogen-rich dwarf. These lines couldn’t be fit by existing CN, CH or 
C2 line lists, which otherwise dominate the spectrum of G77-61.
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Observations vs. spectral synthesis with  
existing line lists in early 2006 



December 2005:  
• Discussion between Norbert Christlieb and Thomas Masseron at the 

CRUMPS* meeting in December 2005.

• Sophie van Eck and Alain Jorissen get involved.

• Pierre-François Coheur and … Michel are invited to help


* Carbon-Rich Ultra Metal-Poor Stars

The searches merge, and more get involved



December 2005:  
• Discussion between Norbert Christlieb and Thomas Masseron at the 

CRUMPS* meeting in December 2005.

• Sophie van Eck and Alain Jorissen get involved.

• Pierre Coheur and … Michel Godefroid are invited to help


• We look at correlations with temperature, surface gravity, C, N, O, 
Fe, or heavy-element abundance. 


• We check the stability and relative abundances of molecular species, 
some quite exotic,…


• Find that some white dwarfs (DQ type) seem to show similar lines.

• think of C2H, CH2, C60, …


* Carbon-Rich Ultra Metal-Poor Stars

The searches merge, and more get involved



The quantum chemists  idea. Plot like this!  
Or, why energy is better.

i.e. energy!

=> This is definitely due to a molecular species

=> Typical energy separation of vibrational levels 



One week later we secure the identification !


Noting, that 

1) the bluest lines are at 3600A -> 27700cm-1 -> 3.44eV, which is D00 of CH

2) 𝝎e=1795cm-1


3) bandhead at the right place for being CH

4) CH very abundant in these stars


In our earlier line list (Plez & Jorissen) assembled from laboratory data + 
calculated levels, we had suppressed lines with the upper level lying above 
dissociation, … but:


=> When including these levels again, lines are 

predicted at the position of the broad features!!


Their width can be explained by the short lifetimes 

of the levels, due to predissociation.


Pre-dissociation lines in the CH B-X transition !!

T. Masseron et al.: CH in stellar atmospheres: an extensive linelist

Table A.1. Stellar parameters of the stars presented in the atlas.

Star Teff log(g) [Fe/H] [C/Fe] Reference

HD 187861 4600 1.7 –2.4 2.1 Masseron et al. (2010)
CS 22942-019 5100 2.5 –2.5 2.2 Masseron et al. (2010)
HE 1419-1324 5600 3.2 –2.1 1.2 Masseron et al. (2010)
Arcturus 4300 1.5 –0.5 0.0 Decin et al. (2003)
Sun 5777 4.44 0.0 0.0

Fig. A.1. Potential curves of the lowest excited electronic states in CH
(extracted from Brzozowski et al. 1976).

rarely been identified in astronomical objects: NH3 and NH2 pre-
dissociation lines have been observed in Halley’s comet (Fink
et al. 1992). Predissociation lines are often discussed in re-
lation with diffuse interstellar bands (DIBs; see Herbig 1975,
1995; Fulara & Krełowski 2000). Hubble Space Telescope ob-
servations of Watson (2001) assign the ∼1370 Å DIBs to the
CH molecule. Later on, Sheffer & Federman (2007) confirmed
this finding and extended it to the 1271, 1549, and 1694 Å DIBs.
Carbon-rich stars present a large number of molecular features,
and notably of CH, including predissociation lines. Because
broadening in stellar spectra is large compared to laboratory
spectra, only B−X predissociation lines are detectable. However,
the thermodynamical conditions in their atmospheres allow us to
observe a large number of those lines that we list in the following
atlas.

A.2. Atlas

We present here an atlas of predissociation lines in carbon-
rich stars (see Table A.1 for the stellar sample), the Sun, and
Arcturus. The catalog (Figs. A.3−A.10) clearly reveals the pe-
culiar shapes that may be encountered in spectra, especially in

Fig. A.2. Drop in magnitudes in the blue-yellow spectra of the barium
star ζ Cap compared to the normal giant o Uma due to blanketing by
heavy elements and by CH and CN. The black dots correspond to dif-
ferent photometric bands, as taken from Bond & Neff (1969), and the
continuous lines correspond to the synthetic spectra with s-process el-
ements increased by +1 dex (green line) and with CH added with (red
line) or without (blue line) predissociation lines. While similar atmo-
spheric parameters were used, carbon and s-process element overabun-
dances of 0.5 dex and 1 dex were adopted, respectively.

carbon-rich stars where they are the most conspicuous, but also
in normal stars like the Sun.

A.3. The Bond-Neff depression

In this section we evaluate the impact of the CH bands on low-
resolution spectra and photometry, especially in the context of
the Bond-Neff depression (Bond & Neff 1969) observed in bar-
ium stars (Bidelman & Keenan 1951), which are G-K giants en-
riched in carbon and heavy elements predominantly produced
in the s-process nucleosynthesis (see Käppeler et al. 2011, for a
recent review).

Although the Bond-Neff depression was first assigned to
CN and CH molecules, the depression was not satisfactorily ac-
counted for with the old linelists. McWilliam & Smith (1984)
therefore suggested a contribution from blanketing by heavy el-
ements. By computing synthetic spectra for two among the bar-
ium stars originally considered by Bond & Neff (1969), we show
in Fig. A.2 that there is now a very good agreement between pre-
dicted and observed colours, thanks to our complete molecular
and atomic linelists. As demonstrated by this figure, both heavy-
element and CH blanketing (including CH-predissociation lines)
are necessary to reproduce the Bond-Neff depression.

A47, page 13 of 29



Michel’s molecular career*

* This is very condensed, and most probably not fully accurate 
** http://www.ifpan.edu.pl/~kisiel/introt/belgi/belgi_references.htm

In the 80’s, Michel contributed to the writing of codes used for 
the derivation of molecular constants from FTS spectra taken in 
Brussels by e.g. Michel Herman and Jean Vander Auwera 
(HNO3, OCHCHO, CH3CHO, HNO2, C2H2, etc).


He then got interested in molecular torsion and wrote with 
Isabelle Kleiner the BELGI code**. He worked with Jon Hougen, 
and they published a well-cited paper on CH3CHO: Hougen et 
al. 1994, JMS 163, 559. The code kept being used after that, 
but by then Michel was back working on atoms.


… Except for a short interlude with us, which resulted in a quite 
well-cited paper as well!
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Michel glanced back on molecules in 2005

The 4017Å line is matched by 
one of our predicted lines, both 
in position, strength, and width

Thanks to Michel’s knowledge of molecular quantum calculations we 
could set up PGopher and use it to compute a new line list including 
high lying levels, and using stellar observations to derive better 
molecular constants. We also extrapolated lifetimes using observed 
line widths


=> line list expanded to higher rotational levels.

=> fit the strong lines




A&A 571, A47 (2014)

Table 3. Adopted stellar parameters and abundances for the sample stars.

HD 196944 HD 224959 CS 22942-019 HE 2201-0345
Teff 5250 4900 5100 4800
log g 1.7 2.0 2.5 1.9
[Fe/H] –2.25 –2.10 –2.50 –2.10
[α/Fe] +0.40 +0.40 +0.40 +0.40
log A(C) 7.35 8.15 8.10 7.95
12C/13C 5 4 12 10
log A(N) 7.05 7.60 6.40 6.70
log A(O) 6.8 7.7 6.7 7.5
[Sr,Y,Zr,Ba,La,Pb/Fe] 1.5 2.0 1.5 1.3

and pv and q v are the Λ-doubling constants. For the compu-
tation of Einstein coefficients and level radiative lifetime, we
used the electronic-transition moments of van Dishoeck (1987).
For the ro-vibrational transitions, we used the dipole moment
function calculated by Hettema & Yarkony (1994). We scaled
the electronic-transition moments to match the experimental
lifetime measurements: τ00 = 535 ns for the A2∆v = 0 level
(Luque & Crosley 1996a), τ00 = 325 ns for the B2Σ− v = 0 level
(Luque & Crosley 1996b), and τ00 = 110 ns for the C2Σ+ v = 0
level (Brzozowski et al. 1976).

4.1.1. The X2Π fundamental state

Thanks to the supplementary data offered by our spectra in the
optical region, we could improve the ground state constants. The
constants we obtained are presented in Table 4. They are consis-
tent with the work of Colin & Bernath (2010), as we included
their data in our fit. Moreover, thanks to our observations of
high J A−X transitions (see Fig. 2), we could improve the ac-
curacy of the high-order constants, notably of Lv.

4.1.2. The A2∆ state

Table 5 contains the constants we derive for the A2∆ state. We
were able to determine for the first time the constants for the
A2∆ v = 4 and 5 levels (Fig. 2). For the lower vibrational levels,
our constants agree well with the ones of Zachwieja (1995) be-
cause we used of their laboratory measurements. The small dif-
ferences come from the fact that we obtained different constants
for the ground state. However, in contrast to Zachwieja (1995),
we could not recover the Λ-doubling constants pv and q v similar
to Bernath et al. (1991). The resulting rms difference of the ob-
served minus calculated line positions is 1.46×10−2 cm−1, which
is very satisfactory for studies of stellar spectra. Because some of
the A levels are expected to predissociate (see Sect. 2), their life-
time should be shorter than their radiative lifetime (Brzozowski
et al. 1976). However, we did not observe any increased broaden-
ing for the A−X lines in our stellar spectra. The predissociation
broadening is dominated by thermal and turbulence broadening
in our target stars. Nevertheless, the predissociation lifetimes are
included in our linelist.

4.1.3. The B2Σ− state

Table 6 presents the constants we have derived for the
B2Σ− state. The constants are in good agreement with Kepa
(1996).

There are a number of high J B−X predissociation lines that
can be seen even in the solar spectrum (Fig. 3). However, as al-
ready noted by Kumar et al. (1998), their positions are not well
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Fig. 3. Top panel: example of a synthesis of the solar photospheric spec-
trum (dotted black) including (red) and omitting (blue) predissocia-
tion lines of the B−X system. Bottom panel: Same for the CEMP star
CS 22942-019. Predissociation lines, as well as many other CH lines,
are present and contribute to the flux depression. In the case of the
CEMP star, the presence of several extremely broad CH predissocia-
tion lines is so important that it acts as a pseudo-continuum.

defined. These lines do not help to improve the accuracy of the
B state constants, but nevertheless we include them in our final
linelist. Predissociative lifetimes of the corresponding levels are
listed in Table 7. They are in good agreement with the laboratory

A47, page 6 of 29

CS22942-019 
The haze of CH lines acts  
as a pseudo-continuum



T. Masseron et al.: CH in stellar atmospheres: an extensive linelist

Table A.1. Stellar parameters of the stars presented in the atlas.

Star Teff log(g) [Fe/H] [C/Fe] Reference

HD 187861 4600 1.7 –2.4 2.1 Masseron et al. (2010)
CS 22942-019 5100 2.5 –2.5 2.2 Masseron et al. (2010)
HE 1419-1324 5600 3.2 –2.1 1.2 Masseron et al. (2010)
Arcturus 4300 1.5 –0.5 0.0 Decin et al. (2003)
Sun 5777 4.44 0.0 0.0

Fig. A.1. Potential curves of the lowest excited electronic states in CH
(extracted from Brzozowski et al. 1976).

rarely been identified in astronomical objects: NH3 and NH2 pre-
dissociation lines have been observed in Halley’s comet (Fink
et al. 1992). Predissociation lines are often discussed in re-
lation with diffuse interstellar bands (DIBs; see Herbig 1975,
1995; Fulara & Krełowski 2000). Hubble Space Telescope ob-
servations of Watson (2001) assign the ∼1370 Å DIBs to the
CH molecule. Later on, Sheffer & Federman (2007) confirmed
this finding and extended it to the 1271, 1549, and 1694 Å DIBs.
Carbon-rich stars present a large number of molecular features,
and notably of CH, including predissociation lines. Because
broadening in stellar spectra is large compared to laboratory
spectra, only B−X predissociation lines are detectable. However,
the thermodynamical conditions in their atmospheres allow us to
observe a large number of those lines that we list in the following
atlas.

A.2. Atlas

We present here an atlas of predissociation lines in carbon-
rich stars (see Table A.1 for the stellar sample), the Sun, and
Arcturus. The catalog (Figs. A.3−A.10) clearly reveals the pe-
culiar shapes that may be encountered in spectra, especially in

Fig. A.2. Drop in magnitudes in the blue-yellow spectra of the barium
star ζ Cap compared to the normal giant o Uma due to blanketing by
heavy elements and by CH and CN. The black dots correspond to dif-
ferent photometric bands, as taken from Bond & Neff (1969), and the
continuous lines correspond to the synthetic spectra with s-process el-
ements increased by +1 dex (green line) and with CH added with (red
line) or without (blue line) predissociation lines. While similar atmo-
spheric parameters were used, carbon and s-process element overabun-
dances of 0.5 dex and 1 dex were adopted, respectively.

carbon-rich stars where they are the most conspicuous, but also
in normal stars like the Sun.

A.3. The Bond-Neff depression

In this section we evaluate the impact of the CH bands on low-
resolution spectra and photometry, especially in the context of
the Bond-Neff depression (Bond & Neff 1969) observed in bar-
ium stars (Bidelman & Keenan 1951), which are G-K giants en-
riched in carbon and heavy elements predominantly produced
in the s-process nucleosynthesis (see Käppeler et al. 2011, for a
recent review).

Although the Bond-Neff depression was first assigned to
CN and CH molecules, the depression was not satisfactorily ac-
counted for with the old linelists. McWilliam & Smith (1984)
therefore suggested a contribution from blanketing by heavy el-
ements. By computing synthetic spectra for two among the bar-
ium stars originally considered by Bond & Neff (1969), we show
in Fig. A.2 that there is now a very good agreement between pre-
dicted and observed colours, thanks to our complete molecular
and atomic linelists. As demonstrated by this figure, both heavy-
element and CH blanketing (including CH-predissociation lines)
are necessary to reproduce the Bond-Neff depression.

A47, page 13 of 29

The Bond-Neff (1969) depression in Barium stars is explained

Black dots are photometric observations (difference between a Ba and 
non-Ba star). 

Red line is the calculated photometry using our full line list for CH.



A&A 571, A47 (2014)
DOI: 10.1051/0004-6361/201423956
c⃝ ESO 2014

Astronomy
&

Astrophysics

CH in stellar atmospheres: an extensive linelist⋆

T. Masseron1, B. Plez2, S. Van Eck1, R. Colin3, I. Daoutidis1, M. Godefroid3, P.-F. Coheur3, P. Bernath4,
A. Jorissen1, and N. Christlieb5

1 Institut d’Astronomie et d’Astrophysique, Université Libre de Bruxelles (ULB), CP 226, Boulevard du Triomphe, 1050 Bruxelles,
Belgium
e-mail: tpm40@ast.cam.ac.uk

2 Laboratoire Univers et Particules de Montpellier , Université Montpellier 2, CNRS, 34095 Montpellier, France
3 Service de Chimie quantique et Photophysique, Université Libre de Bruxelles, CP160/09, avenue F.D. Roosevelt 50, 1050 Bruxelles,

Belgium
4 Department of Chemistry & Biochemistry, Old Dominion University, Norfolk, VA, USA
5 University of Heidelberg, Zentrum für Astronomie, Landessternwarte, Königstuhl 12, 69117 Heidelberg, Germany

Received 7 April 2014 /Accepted 2 June 2014

ABSTRACT

The advent of high-resolution spectrographs and detailed stellar atmosphere modelling has strengthened the need for accurate
molecular data. Carbon-enhanced metal-poor (CEMP) stars spectra are interesting objects with which to study transitions from
the CH molecule. We combine programs for spectral analysis of molecules and stellar-radiative transfer codes to build an exten-
sive CH linelist, including predissociation broadening as well as newly identified levels. We show examples of strong predissociation
CH lines in CEMP stars, and we stress the important role played by the CH features in the Bond-Neff feature depressing the spectra
of barium stars by as much as 0.2 mag in the λ = 3000−5500 Å range. Because of the extreme thermodynamic conditions prevailing
in stellar atmospheres (compared to the laboratory), molecular transitions with high energy levels can be observed. Stellar spectra can
thus be used to constrain and improve molecular data.

Key words. molecular data – techniques: spectroscopic – stars: carbon

1. Introduction

The computation of stellar atmosphere models requires, among
various other ingredients, the knowledge of radiative transi-
tion rates for a large number of atomic and molecular species
(Gustafsson et al. 2008). Extensive linelists, as complete as pos-
sible, with accurate oscillator strength values are needed for
the calculation of opacities that affect the thermal structure of
the atmosphere. The computation of detailed emergent spectra
also requires accurate line positions (Plez 2008). The advent
of high-resolution spectrographs on 8 m-class telescopes (e.g.
VLT/UVES, Keck/HIRES, VLT/CRIRES, SUBARU/HRS) al-
lows a very detailed study of spectra of many astronomical ob-
jects. The discussion of possible abundance pattern differences
between stars with and without planets lies now at a level of the
order of 0.01 dex (Gustafsson et al. 2010; Asplund 2005). The
conclusions therefore heavily depend on the quality of the whole
chain of data acquisition and analysis, not the least of which are
the physical data. This kind of study requires a line position ac-
curacy of the order of a few hundredths of Å or cm−1 in the
optical domain, and oscillator strengths with an accuracy better
than 5%.

Great efforts have been devoted to improving atomic and
molecular line data, e.g. VALD (Kupka et al. 1999) and DREAM
(Biémont et al. 1999) for atoms, and Bernath (2009) and
EXOMOL (Tennyson & Yurchenko 2012) for molecules. In
particular, many transitions have been analysed in the laboratory,

⋆ Full Table 14 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/571/A47

leading to a large number of accurate line positions, and molec-
ular constants. However, line strength information is often miss-
ing, and lines involving highly excited states, not visible in the
laboratory but important in warm astrophysical environments
like stellar atmospheres, are lacking. We are therefore aiming
at constructing molecular linelists for astrophysical use. The
present paper targets CH.

The CH molecule is one of the most studied free radicals
because it forms in various physical and astrophysical environ-
ments. This molecule was first detected by Heurlinger & Hulthen
(1919) and then studied by many scientists (see references in
Kalemos et al. 1999). This molecule has many valence and
Rydberg states as reviewed by Vázquez et al. (2007), but only the
lower energy states are of interest for stellar astrophysics. Our
aim in this paper is to improve the situation for the ro-vibrational
X2Π-X2Π and the A2∆-X2Π, B2Σ−-X2Π, and C2Σ+-X2Π elec-
tronic transitions of CH (for both 12CH and 13CH isotopologues).
Bound-bound transitions for CH appear in the near UV spectra
of almost all F, G, K stars, whatever their carbon enrichment is.
The G band at 4300 Å is particularly prominent, and is used, for
example as a criterion for stellar classification (CH stars), and as
a proxy for magnetic flux concentrations in the solar photosphere
(Shelyag et al. 2004). As another example the 12C/13C isotopic
ratio can be derived from the CH molecular lines in the near
UV, and are often the only available carbon abundance indicator
in very metal-poor stars. In addition, a good knowledge of the
CH lines in the blue-UV part of the spectrum is also a prerequi-
site for determining the abundance of heavier metals (e.g. Bi, Pb,
and U) in stellar environments, as these lines often blend those of
the atomic species. To date, three linelists exist for CH. The first
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--------	Forwarded	Message	--------	
From:	Howard	E.	Bond	<bond@stsci.edu>	
To:	tpm40@ast.cam.ac.uk	
Subject:	Bond-Neff	feature	
Date:	Wed,	29	Oct	2014	18:40:20	-0400	

Hello,	

Just	wanted	to	say	I	very	much	enjoyed	your	recent	posTng	in	astro-ph,	in	which		
you	seem	to	have	provided	an	excellent	explanaTon	for	the	Bond-Neff	depression		
in	barium	stars.	

I	had	always	thought	that	the	feature	must	be	due	primarily	to	CH...partly		
because	there	is	a	class	of	red-giant	stars	that	lack	CH	(due	to	carbon		
deficiency...someTmes	they	are	called	"weak-G-band	stars").		The	same	type	of		
photometry	that	shows	the	B-N	depression	in	barium	and	CH	stars	reveals	an		
effecTve	flux	excess	in	the	weak-CH	stars,	instead	of	a	depression,	when		
compared	to	red	giants	of	normal	composiTon.		So	it	was	pre]y	clear	that	the		
depression	must	be	closely	linked	to	the	presence	of	CH.	

regards,	
Howard	

--		
		Howard	E.	Bond																								Dept.	of	Astronomy	&	Astrophysics	
		Professor	of	PracTce,	Penn	State									Pennsylvania	State	University	
		Astronomer	Emeritus,	STScI																				University	Park,	PA	16802	
		Web:	h]p://www.stsci.edu/~bond		Email:	heb11@psu.edu	or	bond@stsci.edu

And Howard Bond writes to Thomas Masseron: 



The origin of carbon-rich metal-poor stars (CEMP)

Large fraction of metal-poor stars are 

carbon-rich (7 out of 8 at [Fe/H]<-4.5).


Many posibilities for their origin

• they form more easily

• supermassive fast rotating stars

• mixing and fallback SN II

• zero-metallicity rotating massive stars

• binary evolution

• …and a number of other scenarios


First thing to do: make sure we got the abundances right.
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Figure 8
[C/Fe], [N/Fe], and [O/Fe] are shown as a function of [Fe/H] (left) and [C/Fe] (right). Red and black symbols
refer to C-rich (excluding CEMP-s, CEMP-r, and CEMP-r/s subclasses) and C-normal stars, respectively;
the circles and star symbols stand for objects with [Fe/H] above and below −4.5, respectively. The middle
column contains generalized histograms pertaining to the abundances to the left (Gaussian kernel, with
σ = 0.30). The red dotted line in the upper-left panel is the boundary between C-rich and C-normal stars
adopted in the present work. See Section 3.8.1 for discussion. The data are from Cayrel et al. (2004), Spite
et al. (2005), Sivarani et al. (2006), Caffau et al. (2012), Cohen et al. (2013), Norris et al. (2013), Yong et al.
(2013a), Hansen et al. (2014), and Keller et al. (2014).

stars, and the open and filled circles denote the mixed and unmixed red giant stars, respectively,
of Spite et al. (2005). The red symbols stand for C-rich stars (excluding CEMP-s, CEMP-r, and
CEMP-r/s subclasses).

The leftmost panels show [C/Fe], [N/Fe], and [O/Fe] as a function of [Fe/H]; the middle panels
present the generalized histograms of the abundances of these elements in the C-rich stars. On
the right, [C/N], [N/Fe], and [O/Fe] are plotted as a function of [C/Fe].

654 Frebel · Norris

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

5.
53

:6
31

-6
88

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ite
 L

ib
re

 d
e 

B
ru

xe
lle

s (
U

LB
) -

 IB
M

M
 - 

G
os

se
lie

s o
n 

11
/2

5/
19

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

Frebel & Norris 2015

AA53CH16-Frebel ARI 29 July 2015 12:54

5.0

4.0

[C
/F

e]

[C
/N

]3.0

2.0

1.0

0.0

5.0

4.0

[N
/F

e] 3.0

2.0

1.0

0.0

5.0

–7.0 –6.0 –5.0 –4.0 0.5 1.0

4.0

[O
/F

e]

[Fe/H] φ

3.0

2.0

1.0

0.0

5.0

4.0

[O
/F

e] 3.0

2.0

1.0

0.0

5.0

4.0

[N
/F

e] 3.0

2.0

1.0

0.0

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5

C C

N N

O

C/N

N

OO

0.0 1.0 2.0 3.0 4.0 5.0

[C/Fe]

Figure 8
[C/Fe], [N/Fe], and [O/Fe] are shown as a function of [Fe/H] (left) and [C/Fe] (right). Red and black symbols
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σ = 0.30). The red dotted line in the upper-left panel is the boundary between C-rich and C-normal stars
adopted in the present work. See Section 3.8.1 for discussion. The data are from Cayrel et al. (2004), Spite
et al. (2005), Sivarani et al. (2006), Caffau et al. (2012), Cohen et al. (2013), Norris et al. (2013), Yong et al.
(2013a), Hansen et al. (2014), and Keller et al. (2014).

stars, and the open and filled circles denote the mixed and unmixed red giant stars, respectively,
of Spite et al. (2005). The red symbols stand for C-rich stars (excluding CEMP-s, CEMP-r, and
CEMP-r/s subclasses).

The leftmost panels show [C/Fe], [N/Fe], and [O/Fe] as a function of [Fe/H]; the middle panels
present the generalized histograms of the abundances of these elements in the C-rich stars. On
the right, [C/N], [N/Fe], and [O/Fe] are plotted as a function of [C/Fe].
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3D effects in CH line formation in Fe-poor stars

What about 
NLTE effects?

– 31 –

Fig. 2.— 3D and NLTE corrections as a function of [Fe/H]1D,LTE. In all panels, red and

green symbols represent dwarfs and giants, respectively, from the work of Amarsi et al. (2016),

Collet et al. (2006, 2007, 2018), Ezzeddine et al. (2017), Frebel et al. (2008), Gallagher et al. (2016)

and Spite et al. (2013) (see Table 2). The panel (a) ordinate shows ∆A(C)(3D−1D),LTE, while (b)

presents ∆[Fe/H]1D,(NLTE−LTE) and ∆[Fe/H](3D−1D),LTE. (The lines represent the least-squares

best fits: (a) ∆A(C)(3D−1D),LTE = A(C)3D,LTE – A(C)1D,LTE = 0.087 + 0.170 [Fe/H]1D,LTE,

and (b) ∆[Fe/H]1D,(NLTE−LTE) = [Fe/H]1D,NLTE – [Fe/H]1D,LTE = 0.013 – 0.011 [Fe/H]1D,LTE

+ 0.019 [Fe/H]1D,LTE
2 and ∆[Fe/H](3D−1D),LTE = [Fe/H]3D,LTE – [Fe/H]1D,LTE = 0.061 +

0.053 [Fe/H]1D,LTE). In panel (c) the grey symbols repeat the Amarsi et al. (2016) [Fe/H] (3D–

1D),LTE and 1D,(NLTE-LTE) corrections from panel (b), while the squares stand for ∆[Fe/H]

= [Fe/H]3D,NLTE – [Fe/H]1D,LTE. We adopt [Fe/H]3D,NLTE – [Fe/H]1D,NLTE = 0.12. See text for

discussion.
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This is our next step. For that we need:   
• levels energies + gf-values

• photoionization + photodissociation

• collisional excitation / ionization / dissociation (H and e)

Norris & Yong 2019 
compilation of data from 

various sources



As conclusion:  
Challenges for line lists

In order to compute the thermal structure of models, we need:

• line lists complete up to high lying energy levels

• medium accuracy on line positions, sufficient for lines to appear in the 

right frequency domain

• good accuracy on line strength


For the computation of spectra, for e.g. abundance analysis

• line list complete in the calculated frequency interval

• laboratory precision on line positions (<< 1km/s)

• line strengths in the 1-10% precision range


Atoms: there are still unidentified lines in stellar spectra !


Molecules: good quality and/or complete line lists still lack for some 
species: LaO, C3, FeH, C2, …


The demand is moving more and more to the IR (less blends, more flux 
in cool stars, …)



Other challenges

For detailed abundance analyses, we are shifting to 3D, NLTE

This requires: 

• inelastic collision cross-sections for electron and hydrogen 

collisions

• photo-ionization cross-sections

• and for molecules, photo-dissociation, and excitation and 

dissociation collisional cross-sections (H and e)


For magnetic fields, Landé factors, also for molecules (FeH, TiO, …)


Progress is fast in all these domains.


! The demand is increasing, with many large instruments and surveys 
being designed and in operation. Analyses are turning large-scale, 
fully automatic, and for a science requiring small errors !


Keep going! 





Abstract

Atomic and molecular lines make a strong imprint on stellar spectra, and are ubiquitous at all wavelengths in 
cool star spectra. They also have a profound impact on the thermal structure of cool star atmospheres. 
Large efforts have been devoted in recent years to compute and assemble line lists for model atmosphere 
and spectra calculations. I will show a few illustrative examples, including CH where Michel Godefroid 
contributed to creating a line list which in particular solved the enigma of the Bond-Neff depression in Ba 
stars.


