
 Outgoing monochromatic intensity

Local Thermodynamic Equilibrium (LTE) -> all 
microprocesses (radiative, collisional, chemical) are in 
detailed balance —> Sλ = Bλ(T)
Optical path dτλ = kλ(T, ρ) ⋅ ρ(x) ⋅ dx

Stellar atmosphere, boundary condition is set deep 
(inside a star) —> 
  

Iλ(∞) = Bλ(∞)

Radiative transfer 




• Geometrical, angular, frequency dependence of 
opacity kν and source function Sν  

• Dependence of the source function Sν on the 
radiation field  

• Number of absorbers (how many absorbers there 
is on a given energy level) depend on local 
physical conditions and radiation field  

• Velocity distribution of the absorbers affects the 
frequency dependence of κν and Sν

Critical dependancies




Critical dependancies

Temperature Stratification
• Solar vs low metallicity: effects of stellar composition on 

atmospheric structure 

• Multimodality of temperature distribution with depth: definition of 
mean stratification is non-trivial

Collet et al., A&A 2007, 469 
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4 M. Asplund et al.: Solar line formation: I. Fe line shapes, shifts and asymmetries

surements for the necessary atomic data such as transition prob-
abilities andwavelengths (e.g. Blackwell et al. 1995; Nave et al.
1994); the Fe nuclei have a large atomic mass which minimizes
the thermal velocities; the influence from isotope and hyper-
fine splitting should be negligible (e.g. Kurucz 1993); and LTE
is a reasonable approximation for Fe (e.g. Shchukina & Tru-
jillo Bueno 2000), at least for 1D model atmospheres of solar-
type stars (3D NLTE studies of Fe may, however, reveal larger
departures from NLTE as speculated by e.g. Nordlund 1985
and Kostik et al. 1996). By studying a large sample of neu-
tral and ionized Fe lines with different atomic data and there-
fore line strengths, the solar photospheric convection at vary-
ing atmospheric layers can be probed by analysing the result-
ing line shifts and asymmetries. The Fe lines and their atomic
data are the same as described in detail in Paper II. In particu-
lar, accurate laboratory wavelengths for the Fe I and Fe II lines
were taken from Nave et al. (1994) and Johansson (1998, pri-
vate communication), respectively. The final profiles have been
computed with the individual Fe abundances derived in Paper
II.

For comparison with observations, the solar FTS disk-
center intensity atlas by Brault & Neckel (1987) (see also
Neckel 1999) has been used, due to its superior quality over the
older Liege atlas by Delbouille et al. (1973) in terms of wave-
length calibration (Allende Prieto & Garcı́a López 1998a,b)
and continuum tracement. For flux profiles the solar atlas by
Kurucz et al. (1984) has been used, which is also based on
FTS-spectra with a similar spectral resolution as the disk-center
atlas. The wavelengths for the observed profiles have been ad-
justed to remove the effects of the solar gravitational redshift
(633m s−1). All spatially averaged theoretical profiles have
been convolved with an instrumental profile to account for the
finite spectral resolution of the observed atlas. Since the atlas
was acquired with a Fourier Transform Spectrograph (FTS),
the instrumental profile corresponds to a sinc-function with
λ/∆λ ≃ 520 000 in the visual rather than the normal Gaus-
sian (e.g. Gray 1992). The additional instrumental broadening
has only a minor (but not entirely negligible) effect on the re-
sulting line asymmetries due to the high resolving power of the
FTS.

4. General features of 3D line formation

The convective motions and the atmospheric inhomogeneities
leave distinct fingerprints in the spectral lines, which can be
used to decipher the conditions in the line-forming layers pro-
duced by the convection (e.g. Dravins et al. 1981; Dravins
& Nordlund 1990a,b). Line strengths of weak lines are pre-
dominantly determined by the average atmospheric tempera-
ture structure, while the line widths reflect the amplitude of the
Doppler shifts introduced by the velocity fields. Line shifts and
bisectors are created by the correlations between temperature
and velocity and the details of the convective overshooting, as
well as the statistical distribution between up- and downflows.
Therefore, obtaining a good agreement between observed and

Fig. 1. Spatially resolved profiles and bisectors for the Fe I
608.2 line. The lines are both stronger and have higher contin-
uum intensities in the blueshifted granules compared with the
red-shifted intergranular lanes. The largest vertical velocities
in the photosphere are encountered in the downflows. The in-
tensity scale is normalized to the spatially averaged continuum
level. The thick solid lines correspond to the spatially averaged
profile and bisector

predicted profiles lend strong support to the realism of the sim-
ulations.

4.1. Spatially resolved profiles

Although Paper IV and V in the present series of articles
will discuss in detail observed and predicted spatially resolved
lines, a brief excursion is still warranted here in order to inter-
pret the spatially averaged profiles and bisectors presented in
Sects. 5, 6 and 7.

Spatially resolved profiles take on an astonishing range of
shapes and shifts spanning several km s−1, as illustrated in Fig.
1. The intensity contrast reversal in the higher layers of the pho-
tosphere, i.e. granules become dark while intergranular lanes
become bright a few hundred km above the visible surface, is

Asplund et al., A&A 2000
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• Geometrical, angular, frequency dependence of 
opacity kν and source function Sν  

• Dependence of the source function Sν on the 
radiation field  

• Number of absorbers (how many absorbers there 
is on a given energy level) depend on local 
physical conditions and radiation field  

• Velocity distribution of the absorbers affects the 
frequency dependence of κν and Sν

Critical dependancies
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Figure 2.4: Solar limb darkening. The viewing angle θ increases with the fractional radius r/R⊙ = sin θ
of the apparent solar disk. The emergent intensity samples shallower layers towards the limb, with smaller
source function. The final drop at r/R⊙ = 1 marks the viewing angle at which the sun becomes optically
thin. Note that substantial decrease of µ = cos θ is reached only close to the limb, for r/R⊙ = sin θ =
(1−µ2)1/2 close to unity (Table 7.2 on page 159). The off-limb extension to this sketch is given in Figure 7.2
on page 148.

– spontaneous radiative deexcitation;
– induced radiative deexcitation;
– collisional excitation;
– collisional deexcitation.

2.3.1 Einstein coefficients

Spontaneous deexcitation. The Einstein coefficient for spontaneous deexcitation is:

Aul ≡ transition probability for spontaneous deexcitation from
state u to state l per sec per particle in state u.

(2.46)

In the absence of collisions and of any other transitions than the ul one, the mean lifetime
of particles in state u is ∆t = 1/Aul s. The corresponding spread in energy is (Heisenberg):
∆E = h/(2π∆t) or ∆ν = γrad/(2π) with γrad ≡ 1/∆t the radiative damping constant.
This “natural” broadening process defines an emission probability distribution ψ(ν−ν0)
around the line center at ν = ν0 that is given by the area-normalized Lorentz profile:

ψ(ν−ν0) =
γrad/4π2

(ν−ν0)2 + (γrad/4π)2
. (2.47)

The Aul coefficient is a summation over the profile, describing the transition probability
for the whole line; the probability per unit of bandwidth is given by Aulψ(ν−ν0) since
ψ(ν−ν0) is measured per Hertz. The spontaneous deexcitation rate per cm3 is given by
the product nuAul.

The emission-profile shape function is discussed in more detail in Section 3.3 on
page 52 ff together with other line broadening processes. The latter are usually much
more important than radiative damping. For a static atmosphere and assuming that each

Source Function 
Sν

Intensity Iν

Observer 

Rutten, online book, 2003




• Geometrical, angular, frequency dependence of 
opacity kν and source function Sν  

• Dependence of the source function Sν on the 
radiation field  

• Number of absorbers (how many absorbers there 
is on a given energy level) depend on local 
physical conditions and radiation field  

• Velocity distribution of the absorbers affects the 
frequency dependence of κν and Sν

Critical dependancies




Structure of the central slice of 3D model (5000 A)

temperature structure:

CF + temperature contour velocity + temperature contour

10 Chapter 1. Introduction

point of the RHD codes for stellar atmospheres lies in the coupling between hydro-
dynamic equations and radiative transfer with realistic opacities and adapted equa-
tions of state. A detailed and precise solution of the radiative transfer is essential
for a realistic treatment of convection because it is the radiative losses in the surface
layers of the star that drain the convective movements and thus influence the whole
simulation domain.

Figure 1.3: Setup of box-in-a-star (left) and star-in-a-box (right) configurations for 3D RHD simula-
tions.

The RHD codes I use are:

• The CO5BOLD code (Freytag et al. 2012) for the RHD simulations in the star-
in-a-box configuration (i.e., global simulations).

• The STAGGER code (Nordlund et Galsgaard 19951, Nordlund et al. 2009;
Collet et al. 2011) for the RHD simulations in the box-in-a-star configuration
(i.e., local simulations).

CO5BOLD code The CO5BOLD code solves the coupled non-linear equations of compressible hy-
drodynamics (with an approximate Roe solver, ) and non-local radiative energy trans-
fer (for global simulations with a short-characteristics scheme) in the presence of a
fixed external gravitational field and in a 3D cartesian grid. The equation of state uses
pre-tabulated values as functions of density and internal energy (⇢, ei ! P,�1,T, s).
It accounts for HI, HII, H2, HeI, HeII, HeIII and a representative metal for any pre-
scribed chemical composition. The equation of state does not account for the ioniza-
tion states of metals, but it uses only one neutral element to achieve the appropriate

1http://www.astro.ku.dk/⇠kg/Papers/MHD code.ps.gz

Temperature structureVelocity structure

Temperature (and density) structure permeated by random shocks 
Velocity field is not-homogeneous. Shocks and variation in the opacity 
run dominates. Convective flows up to 5 Mach above stellar radius 

Stellar  
center

Outer 
layers

Critical dependancies






RT in 3D RHD simulations of stellar atmosphere


3D radiative hydrodynamical simulations of stellar convection. They solve the equations 
for the compressible hydrodynamics (conservation of mass, energy and momentum) 
coupled with non-local transport of radiation with detailed opacities 

Stagger-Code (Nordlund et al. 2009, 
LRSP, 6; Collet et al. 2011, A&A, 528) 
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CO5BOLD (Freytag et al. 2012, JCP, 919) 



RT in 3D RHD simulations of stellar atmosphere


• Sort monochromatic wavelengths into groups (opacity bins) 

• Solve radiative transfer for average opacities and integrated source 
functions in bins

Collet et al., A&A 2018, 475 



Typical values for a simulation with Co5BOLD (Hybrid OpenMP and MPI) - short 
characteristic RT, 5 bins


Computation time: 1 month depending on the complexity increasing linearly with the number 
of opacity bins 

Virtual memory: 2Gb (2553 grid points) and 4Gb for (4013)

Hard disk space: 100 Gb (2553) and 400 Gb (4013)


          —————————————————————————————


Typical values for a simulation with Stagger-code (MPI) - long characteristic RT, 12 to 48 bins


Computation time: few days to few weeks depending on the simulated star

Virtual memory: 1Gb, but increasing with numerical box size

Hard disk space: 50 Gb

RT in 3D RHD simulations of stellar atmosphere




Post-processing LTE RT 

Detailed (billions of atomic and spectral lines, from MARCS and VALD) and fast 
(computational time slightly larger than 1D computation) post processing of 3D 
simulations. No micro- or macro- turbulence 
Gauss-Laguerre quadrature integration of order n = 10, linear and double linear 
interpolations in pre-computed opacity tables
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3D → 400 x 400 x 10 
about 106 times more than the 1D 
calculation 

Extraction of interferometric, 
spectroscopic, photometric, 

astrometric observables 

Chiavassa, Plez, Josselin, Freytag 2009, A&A, 506, 1351  



Stellar dynamics, mass 
loss

Abundances, radial velocities: cinematic 
of the Galactic stellar populations Visibilities: stellar fundamental 

parameters

Closure phases: stellar granulation

SED: stellar fundamental parameters, etc.

Photocenter displacement in  
Gaia era

Stellar and planetary atmospheres:  
detection & characterisation of planetary atmospheres
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62 Chapter 2. A journey cross Hertzsprung-Russel diagram

relative fraction of upward and downward motions is what distinguishes the upper
from the lower part of the hysteresis loop, its top part (zero velocity) being character-
ized by equal surfaces of rising and falling material. The bottom part of the hysteresis
loop occurs, as expected, when the stellar surface is covered mostly by downfalling
material.

1st velocity

2nd velocity

3rd velocity
Synthetic Ti I line (6261.098 Å) with bisector

Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres

Fig. 11. Top panel: velocity maps weighted by the CF for snapshots along the hysteresis loop of mask C4. Red color corresponds to falling
material, blue color - rising material. Bottom panel: Same as top panel for temperature. The arrow indicates the direction of the evolution of the
hysteresis loop.

Article number, page 11 of 16

Figure 2.8: Left panel: Synthetic spectrum of the Ti I line at 6261.11
�

A for one snapshot of a 3D
RHD simulation of an RSG star (Chiavassa & Freytag 2015). The vertical dashed
line shows the spanned velocities of the line bisector. The di↵erent arrow and colors
displays the positions of di↵erent velocity components which contribute to the shape
of the line. Right panel: Velocity maps for di↵erent snapshots of a RSG simula-
tion during a convection cycle (central part of the panel). The velocity is weighted
with the contribution function and red/blue colors correspond to falling/approaching
material, respectively (Kravchenko, Chiavassa, Van Eck et al., to be submitted).

2.2.4 Spatially resolved surfaces: probing stellar parameters and surface de-
tails

Interferometry importance for evolved stars is two-folds: (i) it allows the determina-
tion of their stellar parameters, and (ii) a↵ords the direct detection and characteriza-
tion of the convective pattern related to the surface dynamics.

• Point (i). The direct measurement of stellar angular diameters has been the
principal goal of most attempts with astronomical interferometers since the pi-
oneering work (Michelson & Pease 1921). Nowadays with the advent of Gaia,

Post-processing LTE RT - examples 




Post-processing LTE RT - examples 


Effective
Temperatue:

6907 K
6490 K
6020 K
5530 K
4982 K
4532 K

Log(g) = 4.5
[Fe/H] = 0.0

Full 3D grid spectra between 2000 and 200000 Å at constant resolution (λ/Δλ) of 20 000 
and 8400 and 8900 Å (Gaia RVS) at constant resolution of 300 000 

Chiavassa, Casagrande, Collet, Magic, Bigot, Thèvenin, Asplund, A&A 2018, 611, A11



Gaia G band filter (time lapse during 
Gaia mission)

Predicted photocenter variability 
during Gaia mission: up to 5-10% of 

stellar radius 

A&A 617, L1 (2018)

Table 1. RHD simulation parameters.

Simulation M? L? R? Te↵ log g tavg Ppuls �puls hPi �P hPxi hPyi
M� L� AU K (cgs) yr yr yr AU AU AU AU

st26gm07n002 1.0 6986 2.04 2524 –0.85 25.35 1.625 0.307 0.262 0.187 –0.100 0.046
st26gm07n001 1.0 6953 1.87 2635 –0.77 27.74 1.416 0.256 0.275 0.198 –0.098 0.024
st28gm06n26 1.0 6955 1.73 2737 –0.70 25.35 1.290 0.317 0.241 0.152 –0.068 –0.002
st29gm06n001 1.0 6948 1.62 2822 –0.65 25.35 1.150 0.314 0.266 0.174 –0.098 0.016
st27gm06n001 1.0 4982 1.61 2610 –0.64 28.53 1.230 0.088 0.150 0.101 –0.027 0.027
st28gm05n002 1.0 4978 1.46 2742 –0.56 25.35 1.077 0.104 0.133 0.077 –0.002 0.033
st28gm05n001 1.0 4990 1.40 2798 –0.52 25.36 1.026 0.135 0.183 0.131 –0.057 0.0174
st29gm04n001 1.0 4982 1.37 2827 –0.50 25.35 0.927 0.100 0.152 0.078 –0.002 0.023

Notes. The table shows the simulation name, the mass M?, the average emitted luminosity L?, the average approximate stellar radius R? (we note
that the radii vary by about 20% during one pulsation period), e↵ective temperature Te↵ , surface gravity log g, the pulsation period Ppuls, the half of
the distribution of the pulsation frequencies �puls, and the stellar time tavg used for the averaging of the rest of the quantities. All these quantities are
from Freytag et al. (2017). The last four columns are the time-averaged value of the photocentre displacement hPi = h(P2

x
+ P

2
y
)(1/2)i, its standard

deviation (�P), and the time-average of Px and Py.

Fig. 1. Example of the squared root intensity maps (the range is
p

[0.�3000.] erg s�1 cm�2 Å�1) in the Gaia G photometric system (Evans et al.
2018) for two di↵erent snapshots of one simulation listed in Table 1. The number on the top indicates the stellar times at which the two snapshots
were computed.

decreases with decreasing gravity as the relative size of convec-
tion cells increases. The pulsation period is extracted with a fit of
the Gaussian distribution in the power spectra of the simulations.
The period of the dominant mode increase with the radius of the
simulation (Table 1 in Freytag et al. 2017).

We computed intensity maps based on snapshots from the
RHD simulations integrating in the Gaia G photometric sys-
tem (Evans et al. 2018). For this purpose, we employed the code
Optim3D (Chiavassa et al. 2009), which takes into account the
Doppler shifts caused by the convective motions. The radia-
tive transfer is computed in detail using pre-tabulated extinc-
tion coe�cients per unit mass, as for MARCS (Gustafsson et al.
2008) as a function of temperature, density, and wavelength for
the solar composition (Asplund et al. 2009). Micro-turbulence
broadening was switched o↵. The temperature and density dis-
tributions are optimised to cover the values encountered in the
outer layers of the RHD simulations.

The surface of the deep convection zone has large and small
convective cells. The visible flu↵y stellar surface is made of
shock waves that are produced in the interior and are shaped
by the top of the convection zone as they travel outward
(Freytag et al. 2017). In addition to this, on the top of the
convection-related surface structures, other structures appear.
They result from the opacity e↵ect and dynamics at Rosse-
land optical depths smaller than 1 (i.e. further up in the atmo-
sphere with respect to the continuum-forming region). At the
wavelengths in Gaia G-band, TiO molecules produce strong
absorption. Both of these e↵ects a↵ect the position of the photo-
centre and cause temporal fluctuations during the Gaia mission,
as already pointed out for red supergiant stars in Chiavassa et al.
(2011). In the Gaia G photometric system (Fig. 1), the situation
is analogous with a few large convective cells with sizes of a
third of the stellar radii (i.e. ⇡0.6 AU) that evolve on a scale of
several months to a few years, as well as a few short-lived (weeks

L1, page 2 of 6
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RSG → Chiavassa et al. 2011, A&A, 528, A120 
AGB → Chiavassa, Freytag & Schultheis 2018, A&A, 617, L1
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RT%Solver:%Short%Characteris<cs%
Short characteristics Long characteristics 

Short versus long characteristics




Gauss-Laguerre quadrature 


Gauss-Laguerre quadrature of 
order n for τ → ∞

Fast and reliable for well behaving  
source function, because it uses 
only the value of the source 
funct ion at n depth points 
weighted with n predetermined 
weights.  

Abramowitz & Stegun 1972, Handbook of mathematical functions



