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Atmosphere models from supergiants 
to brown dwarfs — and beyond
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Sordo et al. 
2011

http://phoenix.ens-lyon.fr/fallard/GAIA/

BP/RP and 
RVS spectra

http://phoenix.ens-lyon.fr/fallard/GAIA/GAIA2012/
http://phoenix.ens-lyon.fr/fallard/GAIA/GAIA2012/
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(Sub-) stellar atmosphere modelling

• convection   ➙ 
  (micro-) turbulence & mixing

• rotation

• chemical peculiarities

• magnetic fields etc….
➙ adding more dimensions to the modelling problem

    Field
Radiation

Temperature
Correction

END
SYNTHETIC  SPECTRUM

OUTPUT

Pressure 

INPUT

Stratification

line
opacity

continuum
opacity

molecular band
opacity

NO

Converged?
YES

IT
ER
A
TI
O
N

PHOENIX workflow (P. Hauschildt)

★ independent Variables 
(minimal):

• effective temperature     Teff

• surface gravity      g(r) = GM/r2

• mass M or radius R or luminosity                     

L = 4 π R2 σ Teff
4

• composition (“metallicity”)
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(Ultra)cool Atmospheres — Molecular Bands

• Line strengths ➙	 gf, Abundances

• Line shapes

• Line numbers

• Line distribution

Importance of molecular bands dependent on

Bands with complex spectra 
(polyatomic molecules)              
produce strongest  blanketing effects.
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Molecular line blanketing: Methane
• 30 Mio. lines computed with the STDS program

 (Université de Bourgogne) — 2013 update: 80 Mio.

• Vibrational and rotational states up to ~ 8000 cm-1

• Completeness: ~50% (mid-IR) - 10% (H-band) - 0% (Y/J) 
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transitions were taken from Smith et al. [140,141]. For the pentad, about 500 prior measurements [138] were used along
with approximately 3800 predicted values for gair, n, and d of the n3 transitions from Antony et al. [142]. Scaled
N2-broadening from Frankenberg et al. [132] were inserted from 5860 to 6184 cm!1 and a few hundred values for gair, were
entered between 5560 to 5860 cm!1 [143]. The value for the parameter n was set either to a default constant (0.75 below
5860 cm!1 or 0.85 above 5860 cm!1) unless direct measurements were available [143].

There are a number of ongoing and recent studies [143,144] which can further improve the near-IR parameters
(4800–7700 cm!1). It is expected that an interim update of this region and a new semi-empirical list of the octad will be
available within one year. Finally, the list described here is tailored for Earth remote sensing and will be inadequate to
interpret high-temperature spectra (e.g. [145]). More extensive calculation of weaker transitions and partition functions
[146] can be found at http://icb.u-bourgogne.fr/OMR/SMA/SHTDS. As usual, the predicted values beyond the range of
measurements are expected to become very inaccurate because of extensive rovibrational interactions.

Most of the parameters for the monodeuterated form of methane, CH3D, were retained from HITRAN2004. For the 2008
modifications, the positions and intensities of the far-IR (rotational) transitions were replaced with improved predictions,
and a total of nine new bands were added at three different wavelengths (8, 2.9 and 1.56mm). The far-IR prediction, based
on the frequency analysis of Lattanzi et al. [147], was obtained from the JPL and Cologne Molecular Spectroscopy databases
[148,149]. Because 13CH3D was detected in Titan’s atmosphere [150], this species was added to the database for the first
time. The prediction of the 13CH3D triad (n6, n3 and n5) near 8mm used a program written for C3v molecules by Tarrago and
Delaveau [151]. This prediction was based on the position analysis by Ulenikov et al. [152] and employed the transition-
moment parameters of the 12CH3D isotopologue from Brown et al. [153]. Six new 12CH3D vibrational bands were also added
in the near-IR, using the analyzed positions and line intensities of n2+n3, n2+n5, n2+n6, n3+2n6 and 3n6 at 2.9mm by Nikitin
et al. [154] and empirical measurements of 3n2 at 1.56mm reported by Boussin et al. [155]. The values for gair and gself were
generally obtained using empirical formulae obtained from 12CH3D triad measurements [1,156]. However, gair, gself, and d
values observed by Boussin et al. [155] were used for 3n2. The temperature dependence of the half-widths, n, was crudely
estimated in all bands using CH4 values averaged by J [1]. The new mid- and near-IR parameters are considered to be
preliminary and so rather conservative accuracies were set; this certainly indicates that additional laboratory and
theoretical studies are needed.

2.7. O2 (molecule 7)

The line positions, intensities, and pressure-broadening parameters (gair, gair, and d) of the oxygen A-band
(b1Sþg  X3S!g ) near 13100 cm!1 were modified for all three isotopologues (16O2, 16O18O, and 16O17O). The 16O2 line
positions and pressure shifts in HITRAN2004 in this region were replaced with values from Robichaud et al. [157] and
intensities and the self- and air-broadened half-widths from Robichaud et al. [158]; these measurements obtained for the P
branch using cavity ringdown spectroscopy [159] were extrapolated to the R branch. The value of the temperature

ARTICLE IN PRESS

Fig. 2. Polyad energy-level structure for 12CH4.

L.S. Rothman et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 533–572542
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Molecular Bands — Methane
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estimated in all bands using CH4 values averaged by J [1]. The new mid- and near-IR parameters are considered to be
preliminary and so rather conservative accuracies were set; this certainly indicates that additional laboratory and
theoretical studies are needed.

2.7. O2 (molecule 7)

The line positions, intensities, and pressure-broadening parameters (gair, gair, and d) of the oxygen A-band
(b1Sþg  X3S!g ) near 13100 cm!1 were modified for all three isotopologues (16O2, 16O18O, and 16O17O). The 16O2 line
positions and pressure shifts in HITRAN2004 in this region were replaced with values from Robichaud et al. [157] and
intensities and the self- and air-broadened half-widths from Robichaud et al. [158]; these measurements obtained for the P
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Molecular Bands — Methane
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Molecular Line Profiles - Data

• Molecular line data for stellar atmosphere calculations:

• Extensive data available from spectroscopy line lists (HITRAN 
and others)

• O8en damping widths and shi8s included, sometimes 
temperature dependence

• Challenges:

• Most data for Earth and outer planets’ atmosphere studies
  ➙ line lists complete only at 296 K
  ➙ damping constants at low temperatures

• Most experimental measurements for N2 and O2 as perturbers

• Generalisation for large theoretical line lists required
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Molecular Line Profiles - Data

• Molecular line data for stellar atmosphere calculations:

• Extensive data available from spectroscopy line lists (HITRAN 
and others)

• O8en damping widths and shi8s included, sometimes 
temperature dependence

• Challenges:

• Most data for Earth and outer planets’ atmosphere studies
  ➙ line lists complete only at 296 K
  ➙ damping constants at low temperatures

• Most experimental measurements for N2 and O2 as perturbers

• Generalisation for large theoretical line lists required
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0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

F
�

⇥1012

�4

�3

�2

�1

0

1

2

3

�
l
(e

V
)

Luhman 16B



1000200030004000500060007000
T e↵ (K)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

↵
M

L
T

log g = 3.5
log g = 4.0
log g = 4.5
log g = 5.0
log g = 5.5

Derek Homeier   Atmosphere models across the substellar boundary   Gaia and the Unseen - Torino, 25/03/14 2014

Modelling convection — calibration of MLT

Ludwig et al. 1999 RHD models
Freytag et al. 2D models



  CO5BOLD 3D global 
RHD Simulation of       

scaled-down 2200 K 
L dwarf atmosphere

with Forsterite 
(Mg2SiO4) cloud 

model
B. Freytag et al., in prep.
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Modelling convection — calibration of MLT

Freytag et al. 2D 
models
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Modelling convection — calibration of MLT
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Modelling convection — calibration of MLT
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Modelling convection — calibration of MLT
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Atmosphere models — M dwarfs

• Cloud opacity 
impacts spectra 
below Teff ~2600K

Rajpurohit et al. 
(2012) 
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Figure 10. Color–color diagrams using WISE and near-infrared data. Observed J − H vs. H − W2 colors of L and T dwarfs (Kirkpatrick et al. 2011) and proposed
WISE Y dwarfs (Cushing et al. 2011; Kirkpatrick et al. 2012) are plotted. For J and H bands, we use MKO photometry. L and T dwarfs are plotted as red and blue dots,
respectively. WISE Y dwarfs are plotted as purple error bars; Y dwarfs with magnitude upper limits are shown in pink. Model photometric colors are shown as solid
and dashed lines; the blue line shows a cloudless model and the red lines show two cloudy models (from left to right, fsed = 4 and fsed = 2). Each labeled temperature
marks the approximate location of the models with that effective temperature. Many of these cold brown dwarfs have photometric colors closer to the cloudy models
than the cloud-free model. The left plot shows log g = 4.0 and the right plot shows log g = 5.0.
(A color version of this figure is available in the online journal.)

with the FIRE spectrograph (Simcoe et al. 2008, 2010) on the
Magellan Baade 6.5 m telescope at Las Campanas Observatory.
They fit the spectrum using cloudless and cloudy models (which
include only the opacity of the iron, silicate, and corundum
clouds) and find that cloudy models fit significantly better than
cloudless models. Burgasser et al. (2010) conclude that cloud
opacity is necessary to reproduce the spectral data and invoke a
reemergence of the iron and silicate clouds. We instead assume
that the iron and silicate clouds are depleted, as we observe
generally in other T dwarfs, and investigate the effect of the
sulfide clouds.

In Figure 11, we show the FIRE spectrum and the best-fitting
cloudy and cloudless models. We also show photometry in J,
H, and K (Dupuy & Liu 2012), WISE photometry (Kirkpatrick
et al. 2011), and Spitzer photometry (Burningham et al. 2011).
The spectra used to generate these results differ somewhat from
those in Burgasser et al. (2010) because we use models that
include recent improvements to the opacity database (Saumon
et al. 2012) for both ammonia and the pressure-induced opacity
of H2 collisions. All models are fit by eye to the observations.

Like Burgasser et al. (2010), we find that clouds are essential
to match the spectrum of Ross 458C. Figure 11 shows the
best-fitting cloudless model and the two best-fitting cloudy
models (one including the iron and silicate clouds and the other
including the sulfide clouds). The cloudless model is a poor
representation of the spectral data; the flux in Y and J is too high
and the flux in H and K is too low. The cloudy models are better
representations of the relative flux in each band.

Burgasser et al. (2010) found that the surface gravity of Ross
458C must be low (log g = 4.0) for models to match the observed
spectrum. Likewise, we find that our best-fitting models have
surface gravities of 4.0 (cloudless), 3.7 (silicate clouds), and 4.0
(sulfide clouds).

We conclude that we do not need to invoke a reemergence
of iron and silicate clouds into the photosphere of Ross 458C
to reproduce the observed spectrum. Instead, we are able
to reproduce the spectrum using the sulfide clouds that are
naturally expected to form in the photospheres of cool T dwarfs.
Section 5.2 contains additional discussion on which cloud
species we expect to be important.

The very red slope to the L-band spectrum of Ross 458C—
much redder than all the models—is reminiscent of the behavior
of some cloudy L dwarfs, including 2MASS2224 and DE 0255
(L3.5 and L9, respectively) and may be a signature of very small
dust grains (Stephens et al. 2009).

The discrepancies at 4.5 µm are likely to be a result of non-
equilibrium chemistry, which is not included in these models.
This effect is discussed in more detail in Section 4.4.

4.3.2. UGPS J072227.51−054031.2

UGPS J072227.51−054031.2 (hereafter UGPS 0722–05) is a
T9 or T10 dwarf with an effective temperature of approximately
500 K, discovered by Lucas et al. (2010). Previous spectral anal-
ysis with cloudless models has been unsuccessful at modeling
the flux in the near-infrared in Y and J bands (Leggett et al.
2012).

In Figure 12, we plot the near-infrared spectra published in
Lucas et al. (2010) and Leggett et al. (2012) with the cloudy and
cloudless models that are fit by eye to be the closest representa-
tions of the data. We also show J, H, K, and Spitzer photometry
(Lucas et al. 2010) and WISE photometry (Kirkpatrick et al.
2011). These models have similar temperatures and gravities to
previous studies; Leggett et al. (2012) presented fits with Teff
between 492 and 550 K and log g = 3.52–5.0, whereas our fits
have Teff of 600 K (cloudless) and 500 K (with sulfide clouds)
and both have log g = 4.5.

12
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Y dwarfs — yet more clouds

Morley et 
al. 2012

240 K

300 K 300 K
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WISE Y dwarfs (Cushing et al. 2011; Kirkpatrick et al. 2012) are plotted. For J and H bands, we use MKO photometry. L and T dwarfs are plotted as red and blue dots,
respectively. WISE Y dwarfs are plotted as purple error bars; Y dwarfs with magnitude upper limits are shown in pink. Model photometric colors are shown as solid
and dashed lines; the blue line shows a cloudless model and the red lines show two cloudy models (from left to right, fsed = 4 and fsed = 2). Each labeled temperature
marks the approximate location of the models with that effective temperature. Many of these cold brown dwarfs have photometric colors closer to the cloudy models
than the cloud-free model. The left plot shows log g = 4.0 and the right plot shows log g = 5.0.
(A color version of this figure is available in the online journal.)
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500 K, discovered by Lucas et al. (2010). Previous spectral anal-
ysis with cloudless models has been unsuccessful at modeling
the flux in the near-infrared in Y and J bands (Leggett et al.
2012).

In Figure 12, we plot the near-infrared spectra published in
Lucas et al. (2010) and Leggett et al. (2012) with the cloudy and
cloudless models that are fit by eye to be the closest representa-
tions of the data. We also show J, H, K, and Spitzer photometry
(Lucas et al. 2010) and WISE photometry (Kirkpatrick et al.
2011). These models have similar temperatures and gravities to
previous studies; Leggett et al. (2012) presented fits with Teff
between 492 and 550 K and log g = 3.52–5.0, whereas our fits
have Teff of 600 K (cloudless) and 500 K (with sulfide clouds)
and both have log g = 4.5.
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Y dwarfs — yet more clouds

• Water ice clouds appearing between 300 and 400 K 

Morley et 
al. 2012

 compared to 

BT-Settl 2013 
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Clouds in Brown Dwarfs and Planets
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Clouds in Brown Dwarfs and Planets
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Clouds from L to Y dwarfs
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Clouds from L to Y dwarfs

• Water ice clouds appearing between 300 and 400 K 
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Conclusions

• Gaia will help to test our understanding of the 
M/L-transition

• Identification and study of different BD 
populations down to L dwarfs

• Hopefully many binary systems including T/Y 
dwarfs as benchmarks for metallicity, age...


