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(Sub-) stellar atmosphere modelling
★ 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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(Sub-) stellar atmosphere modelling

• convection   ➙ 
  (micro-) turbulence & mixing

• rotation

• chemical peculiarities

• magnetic fields etc….
➙ adding more dimensions to the modelling problem
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• composition (“metallicity”)
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Figure 3. Fits of the synthetic (•) disk-center Ca ii triplet with the solar spectrum (——). The
central depression is not well fitted since the line cores are formed in non-LTE conditions.

log gf , and lineshifts, !". The fit is obtained by using a standard #2 procedure.

The results are shown in Fig. 2. The disagreement between the derived log gf3D from sim-
ulation and the log gfVALD from the data base can be rather large for some lines (up to 0.8 dex).
The situation is better when considering only lines having laboratory gf -values [22]. For these
10 lines the agreement is better than 0.1 dex, which is very acceptable. The corrections for the
lineshifts are of the order of 0.5 km s!1.

We also consider the important case of the Ca ii triplet. As shown in Fig. 3, our 3D modelling
leads to very good fits of the wings but is unable to fit the core (especially for "854.8 and "866.2).
It is well known that non-LTE a!ects the central depressions of the Ca ii lines but weakly
modifies equivalent widths (e.g. [23]), and therefore should not a!ect our log gf determination.
Our proposed values of log gf are in agreement with recent calculations [24](labelled M07) to
between 0.005 and 0.05 dex (see Table 1). The situation is slightly worse when we compare our
data with those in VALD or NIST3 ("log gf ! 0.1 dex for "849.802).

Table 1. Determination of log gf for the Ca ii triplet and comparison with [24], VALD, and
NIST.

"(nm) 849.802 854.209 866.214

log gf3D -1.309 -0.410 -0.683
log gfM07 -1.356 -0.405 -0.668
log gfVALD -1.416 -0.463 -0.723
log gfNIST -1.318 -0.360 -0.622

It is important to emphasize that this work would have been impossible to accomplish
using standard 1D hydrostatic atmospheric models, since the derived log gf would have been
dependent on adjustable parameters. Concerning the lineshifts, the use of hydrodynamical
simulations is the only possibility to take into account the contribution of the convective blue
shift, which is essentially due to the bright granules (upflows).

3 http://physics.nist.gov/PhysRefData/ASD/index.html
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Model Spectra and Line Synthesis

Solar disk-centre 
spectrum (blue)

3D RHD model with LTE 
spectrum (red dots) with 
fitted gf from Bigot  & 
Thevenin 2008;

PHOENIX 1D NLTE 
model (green), same gf, 
γVdW by Barklem et al. 
2000
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Atmosphere Models and Turbulence

• No unique relation between metallicity and “α-enhancement” 
between different populations or even within one population
• at least one additional dimension in chemical composition

α-element abundances 
from Venn et al. (2004)

(Busso et al. 1999) and helium burning in massive stars (the
weak s-process), which only contributes material with A< 90
and hence elements lighter than or up to Zr (e.g., Prantzos
et al. 1990; Raiteri et al. 1992).

In the Galaxy, interpretations of the metal-poor stellar
abundances suggest that s-process contributions do not occur
until !Fe=H"#$2 and are not significant until near !Fe=H"#$1
(e.g., Travaglio et al. 1999, 2004). Qian & Wasserburg (2001)
developed a phenomenological model that interprets all heavy
element abundances in Galactic stars in terms of pure r-process

contributions up to !Fe=H" % $1:0. However, it is not clear
that the s- and r-process abundance ratios in the dwarf galaxies
need to coincide with those in the Galaxy as a function of time
or [Fe/H]. The lower star formation efficiency in the dwarf
galaxies (Tolstoy et al. 2003; Matteucci 2003) means that
metals will build up more slowly with time than in the Galaxy,
and thus we might expect contributions from more metal-poor
stars (e.g., metal-poor AGB stars) at a given time or metallicity.
Coupled with the fact that stellar yields are often metallicity
dependent, the s- and r-process ratios in stars in dwarf galaxies

Fig. 2.—Value of [! / Fe] vs. metallicity for the individual ! -elements Mg, Ca, Ti, and the mean of the three using the same symbol coding as in Fig. 1. We have
also added stars without kinematic information as hollow data points (all Galactic references in Table 1). The dSph stars (black squares; from Shetrone et al. 2003,
2001; Geisler et al. 2004) clearly lie beneath most of the Galactic data for [Ca/Fe] and [Ti/Fe], with a wider spread in [Mg /Fe]. The average dSph ! -index
[(Mg+Ca+Ti)/3Fe] is significantly offset from the Galactic data. The mean of the extreme retrograde stars (black dots) generally lies between the mean of the dSph
stars and the majority of the halo stars.

STELLAR CHEMICAL SIGNATURES 1183No. 3, 2004

thin disk        thick disk         halo              dSph galaxies
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Atmosphere Models and Turbulence

• 1D treatment of convection reproduces trends found in multi-D 
simulations and empirically fitted “microturbulence”
• Improvements in treatment of convective boundary required!

Turbulent velocity from 

CO3BOLD 2D+3D RHD 
models (triangles)

PHOENIX 1D models 
estimated from MLT
(dashed lines)

fitted to observed 
spectra of B – F dwarfs 
by Landstreet et al. 
(2009, errorbars)
and G – K giants by 
Takeda et al. (2008, 
circles)
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Spectral Shapes of Cool Atmospheres
M-L-T-(Y?)-dwarfs
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Model grids for cool and ultracool dwarfs

• NextGen: molecular line blanketing, no condensation

Casagrande 
et al. 2008
Golimowski 
et al. 2004
Vrba et al. 
2004

Allard et al. 
1997
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Model grids for cool  and ultracool dwarfs

• 8 Years a,er: updated opacities, line profiles, 
abundances, and a new cloud model!

Casagrande 
et al. 2008
Golimowski 
et al. 2004
Vrba et al. 
2004

Allard et al. 
1997
Allard et al. 
2001

Freytag et al. 
2010
Allard et al. 
in prep.
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Figure 7. A comparison of the model limb-darkening as a function
of µ = cos(θ), where θ ranges from 0◦ at the center of the star to
90◦ at the edge. We show limb-darkening from four-parameter
nonlinear limb-darkening coefficients obtained using ATLAS (solid
lines) or PHOENIX (dashed lines) stellar atmosphere models, as well
as the best-fit quadratic limb-darkening obtained by a fit to our
data (dotted lines). The color indicates the bandpass, including
3.6 µm (blue), 4.5 µm (green), and 8.0 µm (red) Spitzer bands.
The grey shaded region indicates values of µ for which we have no
direct observational constraints, as the planet does not cross this
part of the star during its transit.

face by determining when the intensity relative to that at

the center of the star first drops below e−1
, and find that

the new stellar radius is 0.09−0.10% smaller than the old

τ = 10
−9

value. We find that we can achieve satisfactory

four-parameter nonlinear fits to the PHOENIX intensity

profiles only when we exclude points where µ < 0.025,

whereas the ATLAS models are well-described by fits in-

cluding this region.

As illustrated in Fig. 7, the PHOENIX model predicts

stronger limb darkening in all bands as compared to

the ATLAS model, with the largest differences in the

3.6 µm band. When we compare our best-fit transit

parameters using either the ATLAS or PHOENIX limb-

darkening coefficients, we find that the best-fit planet-

star radius ratios are 0.8 − 1.2σ (0.5 − 0.6%) deeper in

the 3.6 µm band, 0.06− 0.07σ (0.04− 0.05%) smaller in

the 4.5 µm band, and 0.3−0.4σ (0.2−0.3%) larger in the

8.0 µm band for the PHOENIX models. The best-fit values

for the inclination and a/R� increase by 1.0σ (0.6%) and

0.9σ (0.04%), respectively, for the PHOENIX model fits;

this is a product of the stronger limb-darkening profile,

as GJ 436b’s relatively high impact parameter creates

a partial degeneracy between the limb-darkening profile

and the other transit parameters.

We examine the relative importance of the assumed

stellar parameters by comparing two PHOENIX models

with effective temperatures of 3400 K and 3600 K. We

find that for this 200 K range in effective tempera-

ture, the best-fit planet-star radius ratios change by

0.11 − 0.16σ at 3.6 µm, 0.07 − 0.09σ at 4.5 µm, and

0.10− 0.12σ at 8.0 µm. The changes in the best-fit val-

ues for the inclination and a/R� were similarly small,

0.04σ and 0.4σ, respectively. We therefore conclude that

changes in the stellar effective temperature of less than

200 K are negligible for the purposes of our transit fits.

We also compute PHOENIX model intensity profiles for

0.0 <[Fe/H]< +0.3, but we find that the differences be-

tween models are much smaller than for our 200 K change

in the effective temperature.

As there are currently few observational constraints

on limb-darkening profiles for main-sequence stars (e.g.,

Claret 2008, 2009), and even fewer constraints for M stars

in the mid-infrared, we also consider simultaneous tran-

sit fits in which we allow quadratic limb-darkening coeffi-

cients in each band to vary as free parameters. As a result

of the planet’s high impact parameter, our observations

do not directly constrain the limb-darkened intensity for

values of θ ≤ 50
◦
, corresponding to µ ≥ 0.64, as the

planet does not cross this region on the star. However,

we can infer the limb-darkening profile in this region if

we assume a simple quadratic limb-darkening law. We

require the intensity profile computed from these coef-

ficients to be always less than or equal to one (i.e., no

limb brightening), and we require the relative intensity

at the edge of the star to be greater than or equal to the

equivalent K band limb-darkening from Claret (2000).

The dotted lines in Fig. 7 show the resulting best-fit

limb-darkening profiles in each band; these profiles show

less contrast than either model, but the ATLAS models

appear to provide the closest match.

This agreement is reflected in the χ2
values for the

simultaneous transit fits; the total χ2
for the best-fit

quadratic coefficients is 536,729.25, for the 3500 K ATLAS
limb-darkening coefficients it is 536,733.98, and for the

[3400, 3500, 3600] K PHOENIX models it is [536,740.69,

536,739.75, 536,738.81], for 536,798 points and either 53

(with fixed limb-darkening) or 59 (with freely varying

quadratic limb-darkening coefficients) free parameters.

We use the ATLAS limb-darkening coefficients in our sub-

sequent analysis, as they produce a marginally better

agreement with the best fit profiles than the PHOENIX
models. Although the χ2

value for the best-fit quadratic

limb-darkening coefficients is formally smaller than that

of either model, this fit also contains six additional de-

grees of freedom, making the difference negligible.

As an additional test, we also repeat our fits with

the limb-darkening coefficients fixed to zero in all bands.

This produces planet-star radius ratios that are 1.6−2.4σ
(1.1%) smaller in the 3.6 µm band, 1.7 − 2.0σ (1.1%)

smaller in the 4.5 µm band, and 0.9− 1.1σ (0.6− 0.7%)

smaller in the 8.0 µm band. The best-fit inclination and

a/R� are 2.7σ (1.5%)and 2.0σ (0.1%) smaller, respec-

tively. The χ2
value for this fit is 536,738.04, equivalent

to the PHOENIX model fits and marginally worse than the

ATLAS models or the fitted limb-darkening coefficients.

This fit confirms the pattern suggested earlier, namely

that stronger limb darkening leads to larger planet-star

radius ratios and larger values for the inclination and

a/R�. If we consider the constraints imposed by the

transit fits, stronger limb darkening means that for a

grazing transit the planet must occult a relatively larger

fraction of the star in order to produce the same appar-

ent transit depth. This effect will be even larger in visi-

ble light, and we conclude that accurate limb-darkening

coefficients are essential when calculating the planet-star

radius ratio and corresponding transmission spectrum for

near-grazing transits.

It is difficult to diagnose the origin of the disagree-
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Model Atmospheres: Limb Darkening

Knutson et al. 2011

Limb darkening curves 
of a 3500K M dwarf for 
IRAC 3.6, 4.5, 8.0 μm 
bands (blue, green, red):

solid – ATLAS models 
dashed – PHOENIX
    fully molecular line
    blanketed models
dotted – free fit

The shaded area is not 
passed in transit, thus 
unconstrained by 
lightcurve fitting
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Time from Predicted Transit Center [d]

UT 2007 Jun 29, 8.0 µm UT 2008 Jul 14, 8.0 µm UT 2009 Jan 9, 3.6 µm UT 2009 Jan 17, 4.5 µm

UT 2009 Jan 25, 8.0 µm UT 2009 Jan 28, 3.6 µm UT 2009 Jan 30, 4.5 µm UT 2009 Feb 2, 8.0 µm

Figure 2. Photometry for the eight observed transits of GJ 436b after the best-fit corrections for instrument effects are removed, arranged
in chronological order. Data has been binned in either 2.7 minute (3.6, 4.5 µm) or 4.3 minute (8.0 µm) bins. Best-fit transit curves are
overplotted in red, and the residuals from each fit are shown in the lower panel. In this plot we have assumed a constant ephemeris for
the planet rather than using the best-fit transit times. Note that although the out-of-transit residuals for the second 3.6 µm observation
on UT 2009 Jan 28 appear to be relatively Gaussian, there are additional variations during the transit that are not well-accounted for
by the best-fit transit light curve. These variations are likely due to occultations of spots or faculae by the planet. The residuals for the
4.5 µm transit observed on UT 2009 Jan 30 display excess correlated noise both in and out of transit, most likely due to an imperfect
correction for the sharp flux variations caused by the star’s location at the edge of a pixel.

Calderon et al. 2006; Knutson et al. 2008), in which the
sensitivity of an individual pixel differs by several per-
cent between the center and the edge. The 3.6 µm array
typically exhibits larger sensitivity variations than the
4.5 µm array, as demonstrated by the UT 2009 Jan 9
and 17 transits. The UT 2009 Jan 30 transit falls very
near the edge of a pixel in the 4.5 µm subarray, and
thus displays a sensitivity variation comparable to that
of the more centrally-located 3.6 µm transit on UT 2009
Jan 28. We correct for these sensitivity variations using
two distinct methods, the second of which is described

in §4.1.2, and compare our resulting transit depths to
determine the sensitivity of our results to our choice of
method. The first method involves fitting a quadratic
function of x and y position simultaneous with the tran-
sit light curve:

f = f0 ∗ (a1 + a2(x− x0) + a3(x− x0)2

+a4(y − y0) + a5(y − y0)2 + a6t) (1)

where f0 is the original flux from the star, f is the
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Extrasolar planets – Transmission spectroscopy

Multi-wavelength IRAC 
transit observations of 
Gl 436b 
(Knutson et al. 2011)
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Figure 14. Comparison between measured transit depths (red circles) and model transmission spectra, where the transit depth is defined

as the square of the best-fit planet-star radius ratio in each band. We include previously published visible and near-IR transit depths from

(in order of increasing wavelength) Ballard et al. (2010b), Pont et al. (2008b), Alonso et al. (2008), and Cáceres et al. (2009) along with

the Spitzer transit depths at 3.6, 4.5, and 8.0 µm. Open circles indicate Spitzer observations in which the planet appears to transit regions

of non-uniform brightness on the star, as discussed in §4.1.3. Model transmission spectra include an atmosphere with reduced methane

and enhanced CO abundances (Stevenson et al. 2010) in green, a methane-rich model similar to that described in Beaulieu et al. (2010)

in blue, and a methane-poor model with an opaque cloud deck at pressures below 50 mbar in grey, which provides a better match to the

visible-light transit depth from Ballard et al. (2010b). All models are calculated using the methods described in Madhusudhan & Seager

(2009), where we fix the dayside P -T profiles to the nominal best-fit profile from Stevenson et al. (2010). We find that allowing the P -T
profile to vary freely in our fits has a negligible effect on the agreement between the data and the green best-fit model. Colored green, blue,

and grey circles indicate the predicted values for these models integrated over the bandpasses of the observations.

rotation axis and the planet’s orbit is that the planet

will not necessarily occult the same spot on successive

transits, as would be expected for a well-aligned system;

we therefore consider each transit on an individual ba-

sis even when visits are separated by only a few days.

On this basis, the evidence would seem to suggest that

the planet occulted regions of non-uniform intensity dur-

ing the UT 2009 Jan 28 and Jan 30 visits (i.e., the sec-

ond visits at 3.6 and 4.5 µm), whereas the evidence for

such occultations at 8.0 µm is more ambiguous. Because

the star’s rotation period is approximately 50 days, it is

possible that the planet occulted the same bright region

during all three visits. As a check we take the difference

between the first and second visits in each bandpass from

2009 and compare the shape of the residual light curve

to the differences we would expect due to changes in the

planet’s radius, orbital inclination, transit time, or a/R�
(Fig. 13). Because we are directly differencing the two

light curves, our results are independent of any assump-

tions about the shape of the transit light curve or the

stellar limb-darkening. The deviations in the residuals

plotted in Fig. 13 do not appear to be well-matched by

changes in the best-fit transit parameters, and we there-

fore conclude that they are best explained as occultations

of brighter and/or fainter regions on the star.

If the planet occults a spot it can also cause a shift in

the best-fit transit times, particularly when the spot is

near the edge of the star and is occulted during ingress

or egress. Indeed, we see that the UT 2009 Jan 28

3.6 µm appears to occur 31.4 ± 9.5 s early, while the

4.5 µm Jan 30 visit occurs 34.4 ± 9.4 s late (see Fig. 8)

in the fits where we fix a/R� and i to a single common

value. As a test we repeated our fit to the 3.6 µm tran-

sit excluding the first 1/3 of the transit light curve, and

found that the best-fit transit time shifted forward by

approximately 30 s. We would also expect that tran-

sits observed in visible light, where the contrast between

the spots and the star is more pronounced, would show

proportionally larger timing deviations when the planet

crosses a spot. As noted in §3.1, the scatter in the mea-

sured visible-light transit times is inconsistent with a

constant period, and the amplitude of the visible-light

Derek  Homeier                  Stellar atmosphere models             8th  SCSLSA    Divčibare  6-10  June 2011

Knutson et al. 2011

CH4 CH4

CO
CO2

Limb Darkening and Transmission Spectroscopy
measured transit 
depths w/ ATLAS 
limb darkening  
(red circles)

      – PHOENIX
   limb darkening 

       – zero 
  limb darkening

blue, green: 
CH4, CO-
dominated 
planetary 
atmosphere 
models
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Next Generation of PHOENIX models
• MUSE/BT-Settl (Allard, Homeier & Freytag) 

 & ACES-Cond (Husser, Hauschildt et al.) grids

• Super(giants) & main sequence down through 
brown dwarf into exoplanet regime

• Extensive coverage of metallicities and α-enhancements

• 1D static, but with spherical symmetry

• Close feedback with CO5BOLD RHD simulations

• Detailed limb darkening or intensity output

Hvala
 for funding through the programme 
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