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Ultracool atmospheres (M dwarfs,  brown dwarfs) are 
complex — planetary atmospheres are more complex 

• Irradiation & heat redistribution, rotation

• Greater compositional diversity

• Transmission spectroscopy only sensitive to 
highest part of atmosphere

• O,en few data points to constrain multi-
parameter models

NASA
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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

➙ self-contained and internally consistent structure in 1D

    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”)



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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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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Molecular Line Profiles - Data

• Molecular line data for stellar atmosphere calculations:

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

• O,en damping widths and shi,s 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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Non-equilibrium Chemistry

• Nitrogen- and Carbon chemistry is inhibited by slow reaction steps 
breaking up the C=O and N≡N bonds:

• N2  ⟷ NH3 : limited by N2 + H2 ⇌ 2 NH 

K = 8.45 x 10-8 x e(-8151/T)     (Lewis & Prinn 1980)

• CO ⟷ CH4 : limited by H2 +CH3O ⇌ CH3OH + H 

K = 1.77 x 10-22 x T-3.09 e(-3055/T)     (Visscher, Moses & Saslow 2010)

• CO ⟷ CO2 : limited by CO + H2O ⇌ CO2 + H2 

K = 6.44 x 103 x T-3.09 e(33889/T)     (Graven & Long 1954)
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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)

• O,en damping widths and shi,s 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 - Observation

• CO spectrum, testing line positions, strengths, shapes 
and non-equilibrium chemistry effects

Luhman 16AB 
Crossfield
et al. 2014

—
model 

vs.
observation

Extended Data Figure 1 | Spectral calibration for Luhman 16A (a and b) and
Luhman 16B (c and d). The red curves (a and c) show the modelled spectra,
which mostly overlap the observed spectra (plotted in black). The gaps in
the spectra correspond to physical spaces between the four infrared array

detectors. The residuals to the fits (b and d) are generally a few per cent, with
larger deviations apparent near CO bandheads (for example, at 2.294mm and
2.323mm) and strong telluric absorption lines (for example, at 2.290mm and
2.340mm).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2014
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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

10�4 10�3 10�2 10�1 100 101

P (bar)

2500

3000

3500

4000

4500

5000

5500

6000

T
(K

)

0.00

0.05

0.10

0.15

0.20

r

log g = 5.0, T e↵ = 3500 K CO5BOLD 2D vs. PHOENIX

⌧R + 3/⌧P

⌧R + 3/⌧R



Derek Homeier   Abundances in cloudy atmospheres — Exo-Abundances — Grenoble, 13/05/14 2014

Modelling convection — calibration of MLT
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Bara↵e et al.: A new grid of consistent evolutionary models for M-dwarfs

Fig. 1. E↵ect of the modified treatment of the MLT in optically
thin layers on the thermal profile of an atmosphere model with
T
e↵

= and log g =.

factory because convection in those regions develops in lay-
ers smaller than a pressure scaleheight. In order to account
for this e↵ect, we have calculated a set of atmosphere mod-
els with a value of the mixing length limited to the verti-
cal extension of the convective layers, following the model
of Arnett et al. (REF?? ***DEREK IS THIS INDEED
WHAT YOU ARE DOING NOW??). Such treatment re-
mains uncertain but provide a better agreement with ther-
mal profiles derived from RHD simulations with the code
CO5BOLD (Freytag et al., 2008, 2012), as illustrated in
Fig. 1. ***DEREK WOULD YOU HAVE A PLOT OF
THERMAL PROFILES WITH SUCH COMPARISON TO
ILLUSTRATE THE IMPROVEMENT, EVEN IF RHD
MODELS ARE NOT CALCULATED WITH THE SAME
ABUNDANCES?***.

As illustrated in Fig. 1, the main e↵ect of the new MLT
treatment is to decrease the convection e�ciency, and thus
to steepen the thermal profile, compared to standard MLT
treatment. This translates into a cooler evolutionary model
for a given mass and age, as discussed and shown in §2.4
and Fig. 2.

Those changes only a↵ect the thermal profile of low
gravity atmosphere models (log g  4.5), since at higher
gravities, the convection is very e�cient ***WE NEED
TO DISCUSS THIS, YOUR EXPLANATION IS NOT SO
CLEAR SINCE WE ARE TALKING OF CONVECTION
IN OPTICALLY THIN REGIME, SO SHOULD NOT
BE ADIABATIC AND THUS NOT EFFICIENT. MY
UNDERSTANDING OF THE SMALL EFFECT AT
HIGH G IS THAT Hp BECOMES SMALLER AS G
INCREASES, AND THIS THUS LIMITS THE IMPACT
OF YOUR MODIFIED TREATMENT, NO?*** In the fol-
lowing, we will show the e↵ect of this treatment, referring
to ”newMLT” models to indicate the use of this slightly
modified MLT.

2.4. Grid of evolutionary models

We have run a grid of evolutionary models covering the
same mass range as the BCAH98 models, from 0.01 M� to
1.4 M�. Calibration of a 1 M� star sequence to fit the fun-
damental parameters of the Sun (radius, luminosity) at its
age requires for the interior structure lint

mix

= 1.6⇥H
P

and
a helium abundance Y = 0.28, fully consistent with the at-
mosphere model values. We have thus adopted those values
for the complete grid of evolutionary models. We also make
available a grid of models for lint

mix

= 2 ⇥ H
P

, for the sake
of comparison. Note that for masses typically  0.6M�,
variation of lint

mix

between 1.6 ⇥H
P

and 2 ⇥H
P

, the later
value being the one used in the atmosphere models for M-
dwarfs, has unsignificant e↵ect on the evolutionary models
(see Fig. 2). The modified treatment of convection in the op-
tically thin layers has a noticeable e↵ect on isochrones, but
only for low gravities, as mentioned in §2.3, corresponding
to ages <

⇠

10 Myr. As illustrated in Fig. 3, the new mod-
els predict significantly di↵erent positions of isochrones for
various ages compared to the BCAH98 models.

Below T
e↵

<
⇠

2300K, dust starts to form in the upper
atmosphere and below typically T

e↵

⇠ 2000 K, it starts to

Fig. 2. E↵ect of a variation of lint
mix

in the interior models and
of the treatment of convection in optically thin layers for the
new grid of models. Isochrones are shown for 1Myr, 10Myr, 100
Myr and 1 Gyr (the latter are shown in an inset as they overlap
with the 100 Myr isochrones). Solid (red): lint

mix

= 1.6⇥H
P

; Dot
(red): lint

mix

= 2 ⇥ H
P

; Dash-dot (magenta): newMLT (see §2.3)
with lint

mix

= 1.6⇥H
P

. Masses range from 0.01 to 1.4 M� and the
dots on the solid curves indicate the position of 0.01, 0.07 (the
stellar/substellar transition), 0.6, 1 and 1.4 M� respectively.

a↵ect significantly the atmosphere thermal profile and the
spectra. We are still working on models including dust for-
mation and settling, the so-called BT-settl models (Allard
et al., 2012), which will be published separately and will
complete the current grid of evolutionary models provided
only for T

e↵

> 2000 K.

3. Comparison with observations

The goal of this section is not to present exhaustive com-
parisons with observations, which we leave to other works.
Our main objective is to highlight the significant improve-
ment provided by this new set of models, solving some
of the problems of the BCAH98 models, through a selec-
tion of a few observational tests. Color-Magnitude diagrams
(CMDs) provide the best examples for this specific purpose.

3.1. Optical colors

As mentioned in the introduction, a well-known flaw of the
BCAH98 models is the prediction of too blue colours in (V-
I). As shown in Fig. 4 comparing models at 1 Gyr with solar
neighbourhood and disk objects with parallax (Monet et al.,
1992; Leggett, 1992; Cantrell et al., 2013), this persisting

2
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Modelling convection — calibration of MLT

Baraffe et al. 
in prep.
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Mixing and Diffusion - a closer Look

convective 
overshoot and 
gravity wave 

excitation 
dominant in 

brown dwarfs

Freytag et al. 2010
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Mixing and Diffusion - a closer Look

convective 
overshoot and 
gravity wave 

excitation 
dominant in 

brown dwarfs
— but in planets 

too inefficient 
(Schwarzschild 

boundary @ τ ≳ 100

 ➙

global circulation 
important!Freytag et al. 2010



The Astrophysical Journal, 762:24 (20pp), 2013 January 1 Showman et al.

Figure 9. Temperature and winds at 0.1 mbar pressure in models of HD 209458b with frictional drag. Left: a model with a drag time constant of 3 × 104 s. Right: a
model with a drag time constant of 104 s. Top panels show temperature in K (orange scale) and winds (arrows). Bottom panels show zonal wind in m s−1. In the case
with weaker drag, an equatorial jet extends partway across the nightside, but the jet is damped out in the case with stronger drag. Vertical solid and dashed lines show
the terminators.
(A color version of this figure is available in the online journal.)

Figure 10. Steady-state root-mean-square wind speeds at the terminator vs.
frictional drag time constant from a sequence of HD 209458b models including
drag. For each 3D model, performed for a given drag time constant, the
root-mean-square wind speeds—calculated along the terminator—are shown
at pressures of 0.1, 1, 10, and 100 mbar. For these models, the speeds generally
represent day–night flow. The dashed lines to the right of the rightmost points
are connecting to the model with no drag in the upper atmosphere (τdrag → ∞),
where the rms terminator wind speed is 5200, 3800, 2600, and 1900 m s−1 at 0.1,
1, 10, and 100 mbar, respectively. The equilibrated speeds depend significantly
on the drag time constant and, within a given model, on pressure.
(A color version of this figure is available in the online journal.)

In light of Figure 10, it is interesting to briefly comment on the
pressures being probed in transmission spectra computed from
our models. In Section 5, we will present transmission spec-
tra for our 3D models computed self-consistently from high-

spectral-resolution versions of the same opacities used to inte-
grate the general circulation model (GCM). These calculations
indicate that, in the K-band region considered by Snellen et al.,
our synthetic transmission spectra probe pressures ranging from
∼10 mbar in the continuum between spectral lines to less than
∼0.1 mbar at line cores. It is the Doppler shifts of the spectral
lines that are observable—the Doppler shift of the continuum,
if any, is almost undetectable since the absorption depends only
weakly on wavelength there. As a result, the overall Doppler sig-
nal detected in a spectral cross-correlation is heavily weighted
toward the Doppler shift of the spectral lines. We find that, when
cross-correlating our synthetic transmission spectra with tem-
plate spectra, our models of HD 209458b primarily probe the
atmospheric winds at pressures of 0.1 to 1 mbar.

The qualitative dependence of terminator wind speed on the
drag time constant—illustrated in Figure 10—can be understood
analytically. To an order of magnitude, the horizontal pressure
gradient force in pressure coordinates between day and night
can be written as R∆Thoriz∆ ln p/a. This is balanced by some
combination of advection, of magnitude U 2/a, Coriolis force,
of magnitude f U , and drag, of magnitude U/τdrag. Drag will
dominate when τdrag ! f −1 and when U/τdrag " U 2/a, which
requires τdrag & (a/|∇Φ|)1/2, equivalent to the requirement
that τdrag & a/(R∆Thoriz∆ ln p)1/2. As long as these conditions
are satisfied, we can balance drag against the pressure-gradient
force. Solving for τdrag then implies that the amplitude of drag
necessary to obtain a wind speed U is

τdrag ∼ Ua

R∆Thoriz∆ ln p
. (10)

Inserting parameters appropriate to the 0.1 mbar level on
HD 209458b (a ∼ 108 m, R ∼ 3700 J kg−1 K−1, ∆Thoriz ∼
1000 K, and ∆ ln p ∼ 5), and adopting U ∼ 2 km s−1 motivated
by the Snellen et al. measurement of HD 209458b, we obtain

14
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Exoplanets — Irradiation and Circulation

• Global Circulation models can reproduce temperature 
redistribution and (observable!) wind patterns

• Strongly non-kartesian (pancake-shaped) grid 

Showman et al. 2013



The Astrophysical Journal, 756:172 (17pp), 2012 September 10 Morley et al.

Figure 9. Color–magnitude diagrams for M, L, and T dwarfs. As in Figure 1, observed ultracool dwarf color is plotted against the absolute magnitude for all known
brown dwarfs with measured parallax. In the top three plots, J − K color is plotted against absolute J magnitude; in the bottom three plots, J − H color is plotted
against absolute H magnitude. All photometry is in the MKO system. M dwarfs are plotted as black circles, L dwarfs as red circles, and T dwarfs as blue circles.
Observational data are from Dupuy & Liu (2012) and Faherty et al. (2012). The locations of the brown dwarfs Ross 458C and UGPS 0722–05, the objects to which
we compare model spectra to observations in Figures 11 and 12, are shown with a purple star and square symbol, respectively. Models: models are plotted as lines.
Each labeled temperature marks the approximate locations of the model with that effective temperature. Three representative gravities are plotted: from left plot to
right plot, log g = 4.0, 4.5, and 5.0. Blue lines are cloudless models and red lines are cloudy models (fsed = 5, 4, 3, and 2 from left line to right line in each plot) that
include the opacity of only the newly added clouds—Na2S, Cr, MnS, ZnS, and KCl.
(A color version of this figure is available in the online journal.)

necessary for sufficient signal to noise. The total exposure time
for WISEP J140518.40+553421.5 was 9 minutes at Y and J and
58.5 minutes at H; for WISEP J154151.65−225025.2 the total
exposure time was 18 minutes at each of Y and J. Data were
reduced in a standard fashion and flat-fielded with calibration
lamps on the telescope. The UKIRT faint standards FS 133 and
136 were used for photometric calibration; J and H were taken
from Leggett et al. (2006), and Y from the UKIRT online catalog
(http://www.jach.hawaii.edu/UKIRT/astronomy/calib/phot_cal/
fs_ZY_MKO_wfcam.dat).

The final reduced magnitudes are Y = 21.41 ± 0.10,
J = 21.06 ± 0.06, and H = 21.41 ± 0.08 for WISEP
J140518.40+553421.5; Y = 21.63±0.13 and J = 21.12±0.06
for WISEP J154151.65−225025.2.

Figure 10 shows how clouds will affect these cold objects.
H −W2 is a useful temperature indicator for these objects,
while J − H is sensitive to both the cloud structure and gravity.
As the Teff of the noncloudy models decreases from 800 to
500 K, the models become progressively bluer in J − H color.
However, most of the proposed WISE Y dwarfs are redder than
the cloudless model. The models that include the sulfide clouds
match their colors better. This result tentatively suggests that
for objects colder than T dwarfs, the sulfide clouds remain
important. Of course, for objects with effective temperatures of

∼350 K, water will condense; at that point, H2O clouds should
contribute to the spectra (e.g., Burrows et al. 2003).

4.3. Comparison to Observed T Dwarf Spectra

We now compare model spectra to two relatively cold, red
T dwarfs, Ross 458C and UGPS 0722–05. The near-infrared
spectra of these two objects are not well matched by cloudless
T dwarf spectra; by including our neglected clouds, which for
these cool objects are dominated by the Na2S cloud, we match
their spectra more accurately.

We compare models to both near-infrared spectra and near-
and mid-infrared photometry. As in previous studies of brown
dwarfs (Cushing et al. 2008; Stephens et al. 2009), we find that
in different bands, the observations are best fit by models of
different parameters. In this study, we focus on finding models
that fit the shape of the spectra in the near-infrared where clouds
play a significant role.

4.3.1. Ross 458C

Ross 458C is a late-type T dwarf (T7–9) that is separated
by over 1100 AU from a pair of M star primaries. It has
anomalously red near-infrared colors (J − K = −0.21 ± 0.06).
Burgasser et al. (2010) obtained spectroscopic observations
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T dwarfs — more clouds

• Separate cloud setup for low-temperature condensates 

Morley et al. 
2012
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Clouds from L to Y dwarfs in a single model

 BT-Settl 2014 

240 K



The Astrophysical Journal, 756:172 (17pp), 2012 September 10 Morley et al.

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.
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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.
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Y dwarfs — yet more clouds

• Water ice clouds appearing between 300 and 400 K 

Morley et 
al. 2012
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Clouds from L to Y dwarfs

• Water ice clouds appearing between 300 and 400 K 
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Clouds in Brown Dwarfs and Planets
240 K
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Atmospheric composition 
• Metal abundances in general, and carbon and 

oxygen in particular, can differ from host star

• various degrees of oxygen and carbon depletion 
can occur depending on location and accretion 
history in the protoplanetary disk

• “non-solar” C/O, additional impact of cloud 
condensation

• Ch. Mordasini’s talk;
cf. also Ch. Helling with I. Kamp et al. 2014

 (Life, in press)

➙  try arXiv:1403.4420  

http://arxiv.org/abs/1403.4420
http://arxiv.org/abs/1403.4420
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Clouds affect carbon/oxygen chemistry
240 K
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Clouds in hot Neptunes and super-Earths
240 K
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Clouds in hot Neptunes and super-Earths
240 K GJ 436b transit models and WFC3 observations (Knutson et al. 2014)
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Conclusions

• Cloud modelling successful in brown dwarfs

• Impact also on measured gas phase composition 
and thermal structure (evolution boundary!)

• Peculiarities of planetary atmospheres (mixing, 
nucleation processes) yet to be understood

• For mature, irradiated planets connection to 
circulation models essential

NASA


