Radiative transfer

Outgoing monochromatic intensity
Stellar atmosphere, boundary condition is set deep
(inside a star) —> Iλ(∞) = Bλ(∞)
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

Critical dependancies
• 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
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Critical dependancies
• 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
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Critical dependancies
• 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
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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
10

Stagger-Code (Nordlund et al.Chapter
2009, 1. Intr
LRSP, 6; Collet et al. 2011, A&A, 528)

point of the RHD codes for stellar atmospheres lies in the coupling betwe
dynamic equations and radiative transfer with realistic opacities and adap
tions of state. A detailed and precise solution of the radiative transfer is
for a realistic treatment of convection because it is the radiative losses in th
layers of the star that drain the convective movements and thus influence
simulation domain.

CO5BOLD (Freytag et al. 2012, JCP, 919)

Figure 1.3: Setup of box-in-a-star (left) and star-in-a-box (right) configurations for 3D R

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

RT in 3D RHD simulations of stellar atmosphere
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

Chapter 1. Introduction

Post-processing LTE RT

r atmospheres lies in the coupling between hydrotransfer with realistic opacities and adapted equaDetailed (billions of atomic and spectral lines, from MARCS and VALD) and fast
ecise solution
of thetime
radiative
is essential
(computational
slightlytransfer
larger than
1D computation) post processing of 3D
tion because
it is No
themicroradiative
lossesturbulence
in the surface
simulations.
or macroGauss-Laguerre
integrationthe
of whole
order n = 10, linear and double linear
onvective
movements quadrature
and thus influence
interpolations in pre-computed opacity tables

Tijk
ρijk
vijk

400

3D → 400 x 400 x 10
about 106 times more than the 1D
calculation

Iλjk

400

grid

poin

Extraction of interferometric,
spectroscopic, photometric,
astrometric observables

0
0
4

ts
Chiavassa, Plez, Josselin, Freytag 2009, A&A, 506, 1351
and star-in-a-box (right) configurations for 3D RHD simula-

Abundances, radial velocities: cinematic
Visibilities: stellar fundamental
of the Galactic stellar populations
Stellar dynamics, mass
parameters
loss

Closure phases: stellar granulation
Photocenter displacement in
Gaia era

SED: stellar fundamental parameters, etc.
Stellar and planetary atmospheres:
detection & characterisation of planetary atmospheres

Flux

Post-processing LTE RT - examples

Wavelength [Å]

Flux

Post-processing LTE RT - examples

Wavelength [Å]

material.
Post-processing LTE RT - examples
Synthetic Ti I line (6261.098 Å) with bisector

3rd velocity

Flux

1st velocity

2nd velocity

Wavelength [Å]

Post-processing LTE RT - examples
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
Log(g) = 4.5
[Fe/H] = 0.0
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Short versus long characteristics

Solver:%Short%Characteris<cs%
Long characteristics

Short 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
function at n depth points
weighted with n predetermined
weights.
Abramowitz & Stegun 1972, Handbook of mathematical functions

