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Energy equation







We thus need to solve the transfer equation at 
many frequencies throughout the spectrum

OS: Opacity sampling. Sample throughout the spectrum, 
enough points to get a statistically good representation 
of the integral �10000 points.

ODF: Opacity distribution function. Reorder frequency 
points to get smoother function. Fewer points needed 
�1000 points. Assumes that high opacity line up.

Multi group opacities.  As ODF but average also the 
source function. �4 points.
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Multi-group opacities
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Fig. 3. Twelve opacity bins selected for the solar simulation by plotting
the opacity strength (or, more precisely, the formation height) against
wavelength for all sampled wavelength points. The individual bin ele-
ments are indicated by colored symbols. For clarity, we plotted only a
subset of the wavelength points considered for the opacity binning pro-
cedure. In the background, we included the smoothed histogram of the
opacity strength distribution (blue contour). This shows how the major-
ity of λ-points are mostly concentrated close to the continuum-forming
layers and only a smaller fraction contributes to lines.

from the opacity binning solution for the mean stratification of
our solar model. The radiative heating and cooling rates from the
simplified opacity binning appear rather similar to those from
the monochromatic solution, thereby supporting our approach.
For the solar model, our algorithm finds a bin selection that is
just slightly less accurate (max

!
δqbin

"
= 2.78%) than an opti-

mized manual bin selection (1.86%). Incidentally, with six bins,
we get max

!
δqbin

"
= 3.54%. We obtain an average max

!
δqbin

"

for all the grid models of max
!
δqbin

"
= 2.38%, while with six

bins we get max δqbin = 3.0%. We find that max
!
δqbin

"
increases

slightly with Teff and [Fe/H]. We note that the opacity binning
method with its small number of bins states an approximation
for the radiative transfer, therefore, despite the small values for
max

!
δqbin

"
further improvement is necessary.

3. Results

The spatially and temporally averaged mean 3D stratifications
(hereafter ⟨3D⟩) from all of our 3D models will be available
online. The methods we applied to average our models are ex-
plicitly described in a separate paper. We provide the models
in our own format, but also in various commonly used formats
suited for standard 1D spectrum synthesis codes such as MOOG
(Sneden 1973), SYNTHE (Kurucz 1993) and TURBOSPECTRUM
(Plez 2008; de Laverny et al. 2012), together with routines to
interpolate the ⟨3D⟩ models to arbitrary stellar parameters. In
this paper the discussion will be confined to global properties
and mean stratifications only. More extensive discussions and
presentations of the wealth of details present in the data of our
3D RHD models will be performed systematically in subsequent
papers.

Fig. 4. Comparison of the radiative heating and cooling resulting from
monochromatic computations qλ (filled dots) and the opacity binning
method qbin (solid line) for the solar model mean stratification. In the
top panel we show both qrad vs. optical depth, while in the bottom panel,
we compare the two against each other.

3.1. Global properties

In Table C.1, we have listed the stellar parameters together with
the thermodynamic values fixed for the inflows at the bottom,
i.e. the internal energy εbot, density ρbot and entropy sbot, as well
as important global properties for our 3D simulations. Before we
consider the ⟨3D⟩ stratifications in Sect. 3.2, we briefly discuss
some (temporally averaged) global properties.

3.1.1. Stellar parameters

Surface gravity and metallicity are input parameters for a simu-
lation, while the effective temperature is a property ensuing from
the fixed entropy of the inflowing material at the bottom sbot. We
calculate the effective temperature from the spatially averaged
emergent radiative energy flux Frad and the Stefan-Boltzmann
law Teff = [Frad/σ]1/4, with σ being the Stefan-Boltzmann con-
stant. In Column 1 of Table C.1 we have listed the resulting
temporally averaged Teff of our final, relaxed simulations. These
differ somewhat from the targeted Teffs, since we do not know
a priori, the relation between sbot and Teff. However, the major-
ity of our models (72%) deviate less than 50K, and the mean
deviation for the whole grid is ∆Teff ∼ 32 K.

3.1.2. Constant entropy of the adiabatic convection zone

The main input parameter that has to be adjusted is sbot, which
has the same value as the entropy in the deep convection zone
due to the adiabaticity of convection, i.e. sbot = sad (Steffen
1993). This is also the reason, why the results from our rather

A26, page 8 of 30



Comparison monochromatic vs multi-groupA&A 557, A26 (2013)
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subset of the wavelength points considered for the opacity binning pro-
cedure. In the background, we included the smoothed histogram of the
opacity strength distribution (blue contour). This shows how the major-
ity of λ-points are mostly concentrated close to the continuum-forming
layers and only a smaller fraction contributes to lines.
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presentations of the wealth of details present in the data of our
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Fig. 4. Comparison of the radiative heating and cooling resulting from
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we compare the two against each other.
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In Table C.1, we have listed the stellar parameters together with
the thermodynamic values fixed for the inflows at the bottom,
i.e. the internal energy εbot, density ρbot and entropy sbot, as well
as important global properties for our 3D simulations. Before we
consider the ⟨3D⟩ stratifications in Sect. 3.2, we briefly discuss
some (temporally averaged) global properties.
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differ somewhat from the targeted Teffs, since we do not know
a priori, the relation between sbot and Teff. However, the major-
ity of our models (72%) deviate less than 50K, and the mean
deviation for the whole grid is ∆Teff ∼ 32 K.
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Linearization

Extra equations: Hydrostatic equilibrium 
Energy equation, charge conservation



Structure codes

• Energy equation

• linearisation - fast convergence but small 
convergence radius

• temperature correction schemes



ATLAS9,  ATLAS12

• 1D LTE stellar atmosphere code, large grids

• ODF pre tabulated opacities (ATLAS9)

• Opacity sampling (ATLAS12)

http://kurucz.harvard.edu

+ Public domain codes

+ Input data for large parameter range



MARCS

• 1D LTE stellar atmosphere code, large grids

• Primarily for cool stars

• Complete linearisation, variable Eddington factors 
fast convergence (4-10 iterations),               
60-80s/iteration on Mac Pro, 2.6 GHz, 1 core

-  Not public domain code

+ Good input data for molecules

+ very extensive and homogeneous grids

Gustafsson et al 2008, A&A 486, 951



MARCS grid

• 54000 stellar atmosphere models

• Reference abundances from Grevesse et al 2007

• Teff=[2500,8000], lg g=[-1,5.5], [Fe/H]=[-5,+1]

• various [α/Fe], [C/Fe], [N/Fe],[O/Fe]:         
standard, α-enhanced, α-poor, α-negative, mildly 
CN-cycled, heavily CN-cycled

http://marcs.astro.uu.se



PHOENIX

• 1D NLTE stellar/planetary atmosphere code

• RT line by line

• wide applicability: novae, SN, main sequence, very 
low mass stars, brown dwarfs, exoplanet 
atmospheres, (red) giants, withe dwarfs, disks

• NLTE model atoms with huge number of 
(super)levels

• OS on the fly (NLTE) for lines (~1010)

• same code for diagnostics (then also 3D)



Grids of stellar atmospheres

Mészáros et al 2012, AJ 140, 120The Astronomical Journal, 144:120 (8pp), 2012 October Mészáros et al.
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Figure 1. [C/M] or [α/M] content as a function of [M/H] of ATLAS9 models (filled circles; Table 1) and MARCS models (open circles; Table 4). Both
[C/M] and [α/M] change independently of each other, and the small steps in metallicities give altogether 1980 different compositions for the ATLAS9 models
and 175 compositions for the MARCS models. The number of acceptable models may vary for each composition; for details see the ATLAS-APOGEE Web site
(http://www.iac.es/proyecto/ATLAS-APOGEE/). For missing metal-rich compositions of ATLAS9 models see Table 2.

to spectroscopic analyses of a wide range of late-type stars with
different properties. The models are one-dimensional plane-
parallel or spherical, and computed in LTE assuming the mixing-
length scheme for convective energy transport, as formulated
by Henyey et al. (1965). For luminous stars (giants), where
the geometric depth of the photosphere is a non-negligible
fraction of the stellar radius, the effects of the radial dilution
of the energy transport and the depth-varying gravitational field
is taken into account. Initially, spectral line opacities were
economically treated by the ODF approximation, but later the
more flexible and realistic OS scheme has been adopted. In
the OS scheme, line opacities are directly tabulated for a large
number of wavelength points (105) as a function of temperature
and pressure.

The shift in the MARCS code from using ODFs to the OS
scheme avoided the sometimes unrealistic assumption that the
line opacities of certain relative strengths within each ODF
wavelength interval overlap in wavelength irrespective of depth
in the stellar atmosphere. This assumption was found to lead to
systematically erroneous models, in particular when polyatomic
molecules add important opacities to surface layers (Ekberg
et al. 1986). The current version of the MARCS code used
for the present project and for the more extensive MARCS
model atmosphere database10 was presented and described in
detail by Gustafsson et al. (2008). The model atmospheres
presented in this paper add large variety in [C/M] and [α/M]
abundances to the already existing grids by covering these
abundances systematically from −1 to +1 for each metallicity.

Our main purpose is to update the previous ATLAS9 grid and
publish new MARCS models to provide a large composition
range to use in the APOGEE survey and future precise abun-
dance analysis projects. These new ATLAS models were calcu-
lated with a corrected H2O line list. The abundances used for the

10 http://marcs.astro.uu.se/

MARCS models presented in this paper are from Grevesse et al.
(2007), which are nearly identical to Asplund et al. (2005); the
only significant difference is an abundance of scandium 0.12 dex
higher than in Asplund et al. (2005). The range of stellar pa-
rameters (Teff , log g and [M/H]) spanned by the models covers
most stellar types found in the Milky Way.

This paper is organized as follows. In Section 2, we describe
the parameter range of our ODFs and model atmospheres
and give details of the calculation method of ATLAS9 which
we implemented. Section 3 contains the parameter range and
calculation procedure for MARCS models. In Section 4, we
compare the MARCS and ATLAS9 models with Castelli &
Kurucz (2003), and illustrate how different C and α contents
affect the atmosphere. Section 5 contains the conclusions. The
grid of ODFs and model atmospheres will be periodically
updated in the future and available online.11

2. ATLAS9 MODEL ATMOSPHERES

2.1. Parameters

The metallicity ([M/H]) of the grid varies from −5 to 1.5 to
cover the full range of chemical compositions and is scaled to
solar abundances.12 For each of these solar scaled compositions
we also vary the [C/M] and [α/M] abundances from −1.5 to 1
(Figure 1). ODFs and Rosseland opacity files were calculated
with microturbulent velocities vt = 0, 1, 2, 4, 8 km s−1,
while the model atmospheres were produced only with vt =
2 km s−1. The metallicity grids were the same for all effective
temperatures, and the range can be seen in Table 1. Some metal-
rich compositions with high C but low α content were not

11 http://www.iac.es/proyecto/ATLAS-APOGEE/
12 [M/H] means any element with Z > 2 and [M/H] =
log10(NM/NH)⋆ − log10(NM/NH)⊙, where NFe and NH are the number of the
desired element and hydrogen nuclei per unit volume, respectively.
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Figure 2. Gravity (log g) as a function of effective temperature (Teff ) of ATLAS9 and MARCS models calculated for each composition. Acceptable models are denoted
by filled circles, while models not acceptable (and missing) are denoted by open circles for the solar composition. Models with C/O > 1.7 and Teff < 4000 K are not
published (see Section 4.2).

Table 1
Abundance Parameters of ATLAS9 Models

Parameter Min Max Step

[M/H] −5 −3.5 0.5
[C/M] −1 1 0.5
[α/M] −1 1 0.5

[M/H] −3 0.5 0.25
[C/M] −1.5 1 0.25
[α/M] −1.5 1 0.25

[M/H] 1 1.5 0.5
[C/M] −1.5 1 0.5
[α/M] −1.5 1 0.5

Table 2
Missing Compositions of ATLAS9 Models

[M/H] [C/M] [α/M]

1 1 −1.5
1 1 −1
1.5 0.5 −1.5
1.5 1 −1.5
1.5 1 −1
1.5 1 −0.5
1.5 1 0

calculated due to excessive computation time; these are listed in
Table 2. The α elements considered when varying [α/M] were
the following: O, Ne, Mg, Si, S, Ca, and Ti. The temperature
and gravity parameter grid for each composition and spectral
type is given in Table 3. The Teff–log g distribution is plotted
in Figure 2. Extreme metal-poor and metal-rich compositions
were also included.

All the ATLAS codes use atomic and molecular line lists
made available by Kurucz on a series of CDROMs. They can

Table 3
Model Atmosphere Parameters of ATLAS9 Models

Spectral Type Tmin Tmax Tstep log gmin log gmax log gstep

M, N, R, K, G 3500 6000 250 0 5 0.5
F 6250 8000 250 1 5 0.5
A 8250 12000 250 2 5 0.5
B 12500 20000 500 3 5 0.5
B, O 21000 30000 1000 4 5 0.5

now be found at Kurucz’s Web site.13 The molecular line lists for
TiO and H2O were provided by Schwenke (1998) and Partridge
& Schwenke (1997), respectively, and reformatted by Kurucz
in ATLAS format. These are also available for download at
Kurucz’s Web site. For these models, we used the same line lists
as Castelli & Kurucz (2003), except for H2O, for which a new
Kurucz release of the Partridge & Schwenke (1997) data was
adopted.14

The solar reference abundance table was adopted from
Asplund et al. (2005). Convection was turned on with the
mixing-length parameter set to l/Hp = 1.25, but the convective
overshooting was turned off. All the models have the same 72
layers from log τRoss = −6.875 to 2, where the step is log
τRoss = 0.125. These parameters remained the same as Castelli
& Kurucz (2003) for easy comparison.

All computations were performed on the Diodo cluster at the
Instituto Astrofisico de Canarias. Diodo consists of 1 master
node and 19 compute nodes, for a total of 80 cores and 256 GB
of RAM, communicating through two independent Gigabit
Ethernet networks. Sixteen of the compute nodes host 2 Intel
Xeon 3.20 GHz EM64T processors each, with 4 GB of RAM

13 http://kurucz.harvard.edu/linelists.html
14 http://kurucz.harvard.edu/MOLECULES/H2O/h2ofastfix.bin
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Which code to use?
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A BAKE-OFF BETWEEN cmfgen AND fastwind: MODELING THE PHYSICAL
PROPERTIES OF SMC AND LMC O-TYPE STARS
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ABSTRACT

The model atmosphere programs fastwind and cmfgen are both elegantly designed to perform non-LTE analyses
of the spectra of hot massive stars, and include sphericity and mass-loss. The two codes differ primarily in their
approach toward line blanketing, with cmfgen treating all of the lines in the co-moving frame and fastwind taking
an approximate approach which speeds up execution times considerably. Although both have been extensively
used to model the spectra of O-type stars, no studies have used the codes to independently model the same spectra
of the same stars and compare the derived physical properties. We perform this task on 10 O-type stars in the
Magellanic Clouds. For the late-type O supergiants, both cmfgen and fastwind have trouble fitting some of the
He i lines, and we discuss causes and cures. We find that there is no difference in the average effective temperatures
found by the two codes for the stars in our sample, although the dispersion is large, due primarily to the various
difficulties each code has with He i. The surface gravities determined using fastwind are systematically lower by
0.12 dex compared to cmfgen, a result we attribute to the better treatment of electron scattering by cmfgen. This
has implications for the interpretation of the origin of the so-called mass discrepancy, as the masses derived by
fastwind are on average lower than inferred from stellar evolutionary models, while those found by cmfgen are
in better agreement.

Key words: stars: atmospheres – stars: early-type – stars: fundamental parameters

Online-only material: color figures

1. INTRODUCTION

Modeling the stellar atmospheres of O-type stars is fraught
with physical complexities that do not arise when modeling
most other types of stars. For instance, the assumption of local
thermodynamic equilibrium (LTE), in which the temperature
of the radiation field and that of the gas is taken to be the
same, is a not a good approximation for O-type stars, as their
atmospheres are so hot that the degree of ionization is high.
This lowers the opacity considerably, making the atmospheres
highly transparent. Thus, the temperatures of the radiation
field and that of the surrounding gas can be quite different,
requiring non-LTE calculations to obtain good fits, as first
shown theoretically by Mihalas & Auer (1970) and confirmed
observationally by Conti (1973). Additionally, these stars are
losing mass due to radiatively driven winds. Emission from
the wind contaminates even the optical hydrogen and helium
lines (along with those of some metals), and can produce
strong P Cygni profiles in the resonance lines found in the
ultraviolet (see, for example, Kudritzki & Puls 2000). The low
wind densities also necessitate a non-LTE treatment. Rather than
assuming static plane parallel geometry, modern O star model
atmospheres adopt a spherical geometry and include the radial
outflow of material, in addition to non-LTE. Finally, it is crucial
that O star stellar atmosphere models be fully blanketed; i.e., they
must include the effects of thousands of overlapping metal lines,
which occur at the (unobservable) short wavelengths where
most of the flux of the star is produced (e.g., Hillier & Miller
1998).

There are two fully line-blanketed non-LTE models in
common use4 for the analysis of the spectra of O stars,
cmfgen5 (Hillier & Miller 1998; Hillier & Lanz 2001) and
fastwind6 (Santolaya-Rey et al. 1997; Repolust et al. 2004;
Puls et al. 2005). The two codes differ primarily in their ap-
proach to line blanketing. cmfgen is “exact” in that it treats all
lines in the co-moving frame. In order to achieve much shorter
execution times, fastwind makes an “approximate but realis-
tic” treatment of line blanketing (by using suitable averages for
background line opacities and emissivities), and performs the
detailed calculations only for the specific elements that will be
used to fit the models (usually just H and He for O-type stars,
but with the recent addition of N; see Rivero González et al.
2011, 2012a, 2012b). On the other hand, cmfgen, in addition to
using H and He lines, can utilize metal lines in both the UV and
optical to provide additional constraints on key physical param-
eters. Its ability to model the full spectrum (including the UV)
has led to its success in modeling Wolf–Rayet spectra (Hillier
2003a). More technical details of the codes are discussed in the
Appendix.

A point made by Puls et al. (2005) is that far fewer stars have
been analyzed with cmfgen than with fastwind due to the

4 TLUSTY (Hubeny & Lanz 1995) is a very versatile, general-purpose static
plane parallel stellar atmosphere code that has often been used for the analysis
of OB stars. It also includes full non-LTE line blanketing. It should be fine for
OB stars that have weak stellar winds. For that matter, it should be noted that
cmfgen and fastwind are not truly “hydrodynamic,” in that they do not solve
for the wind structure, but rather adopt a wind law.
5 CoMoving Frame GENeral
6 Fast Analysis of STellar atmospheres with WINDs

1
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which occur at the (unobservable) short wavelengths where
most of the flux of the star is produced (e.g., Hillier & Miller
1998).

There are two fully line-blanketed non-LTE models in
common use4 for the analysis of the spectra of O stars,
cmfgen5 (Hillier & Miller 1998; Hillier & Lanz 2001) and
fastwind6 (Santolaya-Rey et al. 1997; Repolust et al. 2004;
Puls et al. 2005). The two codes differ primarily in their ap-
proach to line blanketing. cmfgen is “exact” in that it treats all
lines in the co-moving frame. In order to achieve much shorter
execution times, fastwind makes an “approximate but realis-
tic” treatment of line blanketing (by using suitable averages for
background line opacities and emissivities), and performs the
detailed calculations only for the specific elements that will be
used to fit the models (usually just H and He for O-type stars,
but with the recent addition of N; see Rivero González et al.
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4 TLUSTY (Hubeny & Lanz 1995) is a very versatile, general-purpose static
plane parallel stellar atmosphere code that has often been used for the analysis
of OB stars. It also includes full non-LTE line blanketing. It should be fine for
OB stars that have weak stellar winds. For that matter, it should be noted that
cmfgen and fastwind are not truly “hydrodynamic,” in that they do not solve
for the wind structure, but rather adopt a wind law.
5 CoMoving Frame GENeral
6 Fast Analysis of STellar atmospheres with WINDs

1



Which code to use?

Google search, # hits for “xxx model atmosphere”

PHOENIX 14,500,000

PoWR 86,700

TLUSTY 50,400

FASTWIND 40,500

CMFGEN 6,750

WM-basic 2,060





RADYN



Background

• Problem: shock waves in the solar chromosphere

• non-LTE (H, Ca, He, Mg), high spatial resolution

• Computer: parallel, few GB RAM, 200 MHz

• Language: Fortran-77 (Fortran-8x)



1D non-LTE simulation

Carlsson & Stein 1992, 1994, 1995, 1997



Dynamic behaviour, Temperature



Dynamic behaviour, Temperature



Grid equation

Dorfi & Drury, 1987, Jou. Comp. Phys. 69, 175



Ca II H-line intensity



Issues

• Small convergence radius, especially grid 
equation

• Starting model

• Upper boundary condition

• Diagnostics - equations formulated on a moving 
grid



Small convergence radius

• Careful control of timestep

• Use relaxation instead of static equations



Starting solution

• fixt.x: energy equation replaced by cubic spline 
fit

• HSE, elements in LTE, grid-weights zero

• move in the grid - gradual increase or 
relaxation

• NLTE in H through collisional-radiative 
switching

• NLTE in other elements straight away

• dyn.x: full set of equations



Upper boundary condition

• Explicit: extrapolation

• restricts timestep (CFL condition)

• higher order is unstable



Upper boundary condition
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• Implicit: fixed temperature

• prevents corona from heating up



Upper boundary condition

• Explicit: extrapolation

• restricts timestep (CFL condition)

• higher order is unstable

• Implicit: fixed temperature

• prevents corona from heating up

• Implicit: zero-gradient

• in absence of heating: corona cools down

• add heating term to balance initial atmos



Numerical simulations of spicule acceleration
Guerreiro, N.M., Carlsson, M., Hansteen, V.H.: 2013, ApJ 766,128

Energy injection at different heights









3D structure codes

• Mainly used for cool stars with surface convection

• Pioneered by Nordlund 1982, solar convection

• Realistic line profiles without micro turbulence

• Asplund et al

• Used for abundance determinations

• 3D structure + 3D NLTE



How realistic are solar model atmospheres? 
Pereira et al 2013, A&A 554, A118
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Fig. 1. Temperature structure of the 3D and 1D models, plotted against the optical depth at 500 nm. For the 3D models structure represents the
temporal and spatial mean (over ⌧500 iso-surfaces). Bottom panels: di↵erences between the 3D model and a given model (legend according to the
top panels).

points horizontally and 220 vertically. It has the same horizontal
size of 6⇥6 Mm2 as the 3D hydrodynamical model, but a slightly
shorter vertical extension of 3.34 Mm. It extends 2.7 Mm into the
convection zone and reaches 0.645 Mm up the photosphere. As
in the 3D hydrodynamical model, the horizontal grid is equidis-
tant and the vertical depth scale optimised to resolve the photo-
sphere. The boundary conditions are the same as in the Asplund
et al. (2009) simulation. On a thermodynamically relaxed hy-
drodynamical snapshot, a vertical magnetic field of 10 mT was
overimposed. The magnetic field is kept vertical at the bottom
boundary and tends towards a potential field at the top. This
configuration was run for 120 min of solar time. For the results
presented here, a sequence of 38 min was used, taken after this
simulation had run for 68 min.

The choice of 10 mT for B was made as it is a reasonable
value for the quiet Sun’s mean field strength (e.g. Trujillo Bueno
et al. 2006) and because it allows a comparison with the middle
MHD model of Fabbian et al. (2010, 2012).

2.3. 1D models

We use two types of 1D models: theoretical and semi-empirical.
The semi-empirical 1D model of Holweger & Müller (1974)
was built from a range of observables to reproduce the mean
physical quantities of the solar photosphere. Most importantly,
it was constructed to follow the observed continuum CLV be-
tween 0.5�300 µm and the line depths of ⇡900 spectral lines.
This is an important detail to note when considering our CLV
comparison, although the observations we employ are more re-
cent than the ones available when the Holweger & Müller model
was built. Historically, the Holweger & Müller model has been
the atmosphere of choice when deriving solar abundances. It as-
sumes hydrostatic equilibrium and does not explicitly include
convection.

Of the 1D hydrostatic theoretical model atmospheres we
include the LTE, line-blanketed solar MARCS model, which
is a reference for the MARCS grid of model atmospheres
(Gustafsson et al. 2008). We also include an LTE and an NLTE
model from the PHOENIX project (Hauschildt et al. 1999).
These two models have been computed for the solar abundances

of Asplund et al. (2005) and the same input physics as for
the PHOENIX Gaia grid (Brott & Hauschildt 2005). They dif-
fer only in their treatment of atomic level populations with the
NLTE model having been computed with a NLTE treatment
of H, He, C, N, O, Mg and Fe.

To ensure consistency when using our line formation code,
opacities and equation of state, for the 1D models we took the
T (⌧) relation from their respective references and integrated Pgas
in optical depth assuming hydrostatic equilibrium to obtain the
pressures and densities that yield the same T (⌧) when using our
opacities and equation of state. We note that this is an often over-
looked source of error when comparing results for supposedly
the same model atmosphere since this pressure-integration is not
always carried out. In fact the Holweger & Müller (1974) model
is essentially only an updated version of the Holweger (1967)
model with a new pressure-integration due to their e↵ects on
opacities and thermodynamics.

2.4. Mean stratification

In Fig. 1 we compare the mean temperature structure of
the 3D hydrodynamical model with other models. On the left,
with the 3D MHD model of Thaler et al. (in prep.), the
1D Holweger & Müller and MARCS models (left) and on
the right with the old 3D model of Asplund et al. (2000a),
and the PHOENIX LTE and NLTE models. The mean struc-
ture of the 3D models was calculated by averaging over ⌧500
iso-surfaces.

The 3D model of Asplund et al. (2000a) is provided here
for a quick comparison. This older model was run with a pre-
cursor of the stagger-code, and was used to derive the solar
abundances of Asplund et al. (2005). The largest di↵erence be-
tween the old and new models is the treatment of radiation.
The new model has an improved multi-group opacity scheme
with 12 bins, whereas the old model had a more approximate
scheme and used only 4 bins. From Fig. 1 one can see that the
major consequence of the improved scheme is a warmer upper
photosphere, but unchanged at the top of the domain, resulting in
a shallower temperature gradient. This di↵erence in temperature
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Fig. 3. CLVs in the continuum intensity. Top panels: comparison with the visible/infrared observations of Neckel & Labs (1994). Bottom panels:
comparison with the near-infrared observations of Pierce et al. (1977), for wavelengths between 1158.35�2401.8 nm.
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Comparison with Neckel & Labs (1994) for 400 < � < 1099 nm.

shallower temperature gradient (Fig. 1) in the MHD model. The
3D MHD model performs slightly worse than the Holweger &
Müller model.

The agreement with the theoretical 1D models is not as
good. It is interesting to note in Fig. 4 that LTE models of
MARCS and PHOENIX have the same trend with µ, although
the PHOENIX model performs slightly better. The results for

the PHOENIX NLTE model depart only slightly from the LTE
model results. The NLTE cooling of the outer layers seen in
Fig. 1 causes a slightly steeper temperature gradient, which leads
to a worse agreement with the observed CLVs. The overall struc-
ture and dependence with µ remains essentially the same for both
PHOENIX models as well as for the MARCS model, as seen in
Figs. 3 and 4, due to the similarity in T (⌧) for �2 < log ⌧ < 0,
the layers largely tested with continuum CLV.

Compared to other models, the di↵erences between the 3D
and h3Di models are small, meaning that the mean temper-
ature gradient is the main driver of the continuum CLV be-
haviour. Nevertheless, the 3D model predictions agree even
closer with the observations, confirming the results of Koesterke
et al. (2008), although we find a smaller “3D�h3Di” di↵er-
ence. Looking at Fig. 3, the h3Di model lies slightly below the
3D model, in other words the e↵ect of the atmospheric inho-
mogeneities increases I(µ)/I(µ = 1). One would therefore ex-
pect that if spatial and temporal inhomogeneities were added to
the Holweger & Müller model, its predictions would lie further
above the observations. This indicates that the temperature gra-
dient of the Holweger & Müller model is too shallow compared
to the Sun.

We also compare with the old 3D model. While this is a re-
alistic model that reproduces the observed line shifts and shapes
(Asplund et al. 2000a), its steeper temperature gradient has a no-
ticeable e↵ect on the continuum CLV. Its predictions are worse
when compared to the observations (but still better than the
1D models). We do not use this old model in the other obser-
vational tests.
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Selection of 3D (R)MHD codes
• MURaM - Vögler et al. 2005

• CO5BOLD - Freytag et al. 2012

• SolarBox - Jacoutot et al. 2008

• Stagger - Nordlund & Galsgaard 1995

• Mancha - Khomenko et al 2017

• RAMENS - Iijima & Yokoyama 2015

• MURaM - Rempel 2015

• Bifrost - Gudiksen et al. 2011

• RADMHD - Abbett 2007

• Pencil - Brandenburg & Dobler 2002

• LareXD - Arber et al. 2001

Thick 
radiation

Thermal
Conduction
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Difference between codes?

Result: very similar results from different codes

A&A 539, A121 (2012)

Table 1. Numerical methodsa used in the codes.

Code Spatial scheme Temporal scheme RT scheme # Rays # Bins

CO5BOLD Roe-type Riemann long characteristics 17 12
MURaM 4th-order FD 4th-order RK short characteristics 12 4
Stagger 6th-order FD 3th-order RK long characteristics 9 12

Notes. (a) FD: finite differences, RK: Runge-Kutta, RT: radiative transfer.

that were carried out by the participating groups for different
purposes. The CO5BOLD and Stagger simulations provide a so-
lar reference atmosphere (as part of a large grid of stellar mod-
els) for spectrum-synthesis calculations and abundance studies;
they thus focus upon a good representation of the energy ex-
change by non-gray radiative transfer. The MURaM simulation,
on the other hand, represents a non-magnetic comparison model
for a set of magnetoconvection simulations to study fine-scale
magnetic phenomena, for which high spatial resolution is cru-
cial. The question we address here is: how much do the basic
properties of the “solar models” resulting from simulations with
different codes, different input quantities, different setup in terms
of box size and spatial resolution, and even different top bound-
ary conditions deviate from each other? If the differences turn
out to be marginal, this result could then be taken as a kind of
“cross-validation” of the codes and as a basis for confidence in
the reliability of the simulations.

2. Codes

All three codes considered here treat the coupled time-dependent
equations of compressible radiative (magneto)hydrodynamics
and radiative transfer in a three-dimensional geometry and for
a stratified, partially ionized medium. The energy exchange be-
tween radiation and matter is accounted for through solving the
equation of radiative transfer under the assumption of local ther-
modynamic equilibrium (LTE) with a Planckian source function.
To reduce the computational load, the wavelength-dependence
of the radiative transfer is treated with the method of opacity
binning (Nordlund 1982; Ludwig 1992; Skartlien 2000; Vögler
et al. 2004). A brief overview of the numerical methods used
is given in Table 1. In all cases, a local “box-in-the-star” setup
is employed: the computational domain is a rectangular 3D box
straddling in height the photosphere and the uppermost few Mm
of the convection zone1. The simulation boxes are sufficiently
extended in the horizontal directions (6–9 Mm) to contain about
15–40 convection cells (granules) at any given time, thus provid-
ing a statistically useful sample of the near-surface layers of the
Sun. Periodic boundary conditions are assumed in the horizontal
directions (side boundaries) while the bottom boundary is open
and allows free in- and outflow of fluid. A fixed entropy density
is prescribed for the inflowing fluid at the lower boundary. It can
be interpreted as the entropy of the deep, almost adiabatically
stratified convective envelope and controls the effective tempera-
ture of the simulated atmosphere. In addition, the gas pressure is
kept constant across the bottom boundary. The three codes differ
somewhat in their treatment of the upper boundary conditions,
as outlined more specifically below.

Results from all three codes considered here already passed
various “reality checks” by comparison with observational data

1 However, by number of scale heights, the simulations cover about a
third of the total pressure range of the convection zone.

(e.g., Danilovic et al. 2008; Pereira et al. 2009a,b; Wedemeyer-
Böhm & Rouppe van der Voort 2009; Hirzberger et al. 2010).

2.1. CO5BOLD

The CO5BOLD code uses a numerical scheme based on a finite-
volume approach on a fixed Cartesian grid. Operator splitting
separates the various (usually explicit) operators: the (mag-
neto)hydrodynamics, the tensor viscosity, the radiation trans-
port, and optional source steps. Directional splitting reduces
the multi-dimensional hydrodynamics problem to a sequence of
1D steps. The advection step is performed by an approximate
Riemann solver of Roe type, modified to account for a realis-
tic equation of state, a non-equidistant grid, and the presence
of source terms due to an external gravity field. Optionally, a
3D tensor viscosity can be activated for improved stability in
extreme situations. Parallelization of CO5BOLD is achieved with
OpenMP.

The top boundary condition provides transmission of waves
of arbitrary amplitude, including shocks: typically, two layers of
ghost cells are introduced, where the velocity components and
the internal energy are kept constant and the density decreases
exponentially with a scale height set to a controllable fraction of
the local hydrostatic pressure scale height. This gives the pos-
sibility to minimize the mean mass flux through the open top
boundary.

The radiative transfer in the CO5BOLD simulation consid-
ered here was computed using a long-characteristics scheme for
rays with four inclination angles and four azimuthal angles plus
the vertical, i.e. 17 rays in total. The values of the inclinations
(µ = cos θ = 1.000, 0.920, 0.739, 0.478, 0.165) correspond
to the positive nodes of the 10th-order Lobatto quadrature for-
mula, the four azimuthal angles coincide with the grid direc-
tions (φ = 0, π/2, π, and 3π/2). For the opacity binning, tables
were constructed from a data set of MARCS raw opacities pro-
vided by Plez (priv. comm.; see also Gustafsson et al. 2008),
comprising continuous and sampled atomic and molecular line
opacities as functions of temperature and gas pressure at more
than 105 wavelength points. The adopted chemical composition
comes from Asplund et al. (2005). Each wavelength of the orig-
inal opacity sampling data was sorted into one of twelve rep-
resentative bins, according to wavelength and Rosseland optical
depth where the monochromatic optical depth unity is reached in
a 1D standard solar atmosphere. The thresholds for the opacity
bins used for the present CO5BOLD solar simulation are given in
Table 2. For each opacity bin, the tabulated opacity is a hybrid of
Rosseland and Planck means over all frequencies of the bin, such
that it approaches the Rosseland mean at high values of the opti-
cal depth, and the Planck mean at low values, with a smooth tran-
sition centered at Rosseland optical depth 0.35. Assuming LTE
and pure absorption, the source function in each bin is computed
as the Planck function integrated over the frequencies associated
with the respective bin.
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B. Beeck et al.: Simulations of the solar near-surface layers

Fig. 4. Upper panels: horizontally averaged temperature (left) and standard deviation of the mean temperature profiles corresponding to the 19 sim-
ulation snapshots (right) as functions of geometrical depth (z = 0: average depth of τ500 = 1). Lower panels: absolute (left) and relative (right)
mean temperature differences between the models.

Fig. 5. Upper panels: horizontally averaged gas pressure (left) and relative differences between the models (right) as functions of geometrical
depth. Lower panels: same for the horizontally averaged turbulent pressure, pturb = ρv2z .
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The Stagger grid (3D models). Magic et al, 2013-

I. Methods and general properties

II. Horizontal and temporal averaging and spectral line formation

III. The relation to mixing length convection theory

IV. Limb darkening coefficients

V. Fe line shapes, shifts and asymmetries

VI. Surface appearance of stellar granulation



Stagger grid of 3D stellar atmosphere modelsA&A 557, A26 (2013)

of 0.5 above that8. We decided to apply the same parameters Teff
and log g for all metallicities, in order to facilitate the interpo-
lation of (averaged) models within a regular grid in stellar pa-
rameters. In addition, the grid also includes the Sun with its
non-solar metallicity analogs, and four additional standard stars,
namely HD 84937, HD 140283, HD 122563 and G 64-12 that are
presented in Bergemann et al. (2012). For metal-poor chemical
compositions with [Fe/H] ≤ −1.0 we applied an α-enhancement
of [α/Fe] = +0.4 dex, in order to account for the enrichment by
core-collapse supernovae (Ruchti et al. 2010).

In Fig. 1, we present an overview of our simulations in
stellar parameter space. Therein, we also show evolutionary
tracks (Weiss & Schlattl 2008) for stars with masses from 0.7
to 1.5 M⊙ and solar metallicity, in order to justify our choice of
targeted stellar parameters. Hence, the grid covers the evolution-
ary phases from the main-sequence (MS) over the turnoff (TO)
up to the red-giant branch (RGB) for low-mass stars. In addi-
tion, the RGB part of the diagram in practice also covers stars
with higher masses, since these are characterized by similar stel-
lar atmospheric parameters.

2.3. Scaling and relaxing 3D models

Generating large numbers of 1D atmosphere models is relatively
cheap in terms of computational costs, but the same is not true
for 3D models. Based on our experiences from previous simu-
lations of individual stars, we designed a standard work-flow of
procedures for generating our grid. More specifically, we devel-
oped a large set of IDL-tools incorporating the various neces-
sary steps for generating new 3D models, which we then applied
equally to all simulations. The steps are:

– Scale the starting model from an existing, relaxed 3D sim-
ulation, and perform an initial run with six opacity bins, so
that the model can adjust to the new stellar parameters.

– Check the temporal variation of Teff and estimate the number
of convective cells. If necessary, adjust the horizontal sizes,
in order to ensure that the simulation box is large enough to
enclose at least ten granules.

– If the optical surface has shifted upwards during the re-
laxation, add new layers at the top of it to ensure that!
log τRoss

"
top < −6.0.

– Determine the period π0 of the radial p-mode with the
largest amplitude, then damp these modes with an artificial
exponential-friction term with period π0 in the momentum
equation (Eq. (2)).

– Let the natural oscillation mode of the simulation emerge
again by decreasing the damping stepwise before switching
it off completely.

– Re-compute the opacity tables with 12 bins for the relaxed
simulation.

– Evolve the simulations for at least ∼7 periods of the fun-
damental p-mode, roughly corresponding to ∼2 convec-
tive turnover times, typically, a few thousand time-steps, of
which 100–150 snapshots equally spaced were stored and
used for analysis.

During these steps the main quantities of interest are the time
evolution of effective temperature, p-mode oscillations, and
drifts in the values of the mean energy per unit mass and of the
mean density at the bottom boundary, which indicate the level

8 We use the bracket notation [X/H] = log (NX/NH)⋆ − log (NX/NH)⊙
as a measure of the relative stellar to solar abundance of element X with
respect to hydrogen.

Fig. 1. Kiel diagram (Teff− log g diagram) showing the targeted
STAGGER-grid parameters for the 217 models, comprising seven dif-
ferent metallicities (colored circles). Four additional standard stars (see
text) are also indicated (squares). In the background, the evolutionary
tracks for stellar masses from 0.7 to 1.5 M⊙ and for solar metallicity are
shown (thin grey lines).

of relaxation. When the drifts in these above properties stop, we
regard the simulation as relaxed. If these conditions were not
fulfilled, we continued running the model, to give the simulation
more time to properly adjust towards its new quasi-stationary
equilibrium state. Also, when the resulting effective temperature
of an otherwise relaxed simulation deviated more than 100 K
from the targeted Teff, we re-scaled the simulation to the targeted
value of Teff and started over from the top of our list of relaxation
steps.

The interplay between EOS, opacities, radiative transfer and
convection can shift the new location of the photosphere, when
the initial guess made by our scaling procedure slightly misses
it. This is the case for a few red giant models leading to upwards-
shifts of the optical surface and of the entire upper atmosphere
during the adjustment phase after the scaling, with the average
Rosseland optical depth ending up to be larger than required, i.e.!
log τRoss

"
top ≥ −6.0. In order to rectify this, we extended those

simulations at the top by adding extra layers on the top, until the
top layers fulfilled our requirements of

!
log τRoss

"
top < −6.0.

2.3.1. Scaling the initial models

To start a new simulation, we scale an existing one with parame-
ters close to the targeted ones, preferably proceeding along lines
of constant entropy of the inflowing gas at the bottom in stellar
parameter space (see Fig. 6). In this way, we find that the relax-
ation process is much faster. In order to generate an initial model
for a set of targeted parameters, we scale temperature, density,
and pressure with depth-dependent scaling ratios derived from
two 1D models, with parameters corresponding to the current
and intended 3D model (Ludwig et al. 2009a). For this, we used
specifically computed 1D envelope models (MARCS or our own
1D models, see Sect. 3.3.1), which extend to log τRoss > 4.0. The
reference depth-scale for all models in the scaling process is the
Rosseland optical depth above the photosphere and gas pressure
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MHD simulation of Solar magneto-convection

• Nordlund/Stein code

• multi-group opacities, 4 bins

• Initial field 250G, vertical, single polarity

• 253x253x163 simulation

• RT each snapshot, 2728 frequency points



Synthetic spectrum



3D MHD simulation



Magnetic field



Height where tau=1



Temperature structure







Comparison with observations

Simulation, mu=0.6 Observation, mu=0.63





Ultimate 3D code
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