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3D stellar atmosphere models
Ingredients:

• Radiative-hydrodynamical
• Time-dependent
• 3-dimensional
• Simplified radiative transfer

Essentially parameter free

For the aficionados:
Stagger-code (Nordlund et al.)
MHD EoS (Mihalas et al.)
Opacities (Gustafsson et al.)
Opacity binning 



Stagger-grid of 3D stellar models

Magic et al. 2013;
Collet et al. 2018:
3D and <3D> models 
and fluxes public:
•Stellar spectroscopy
•Stellar evolution
•Asteroseismology
•Exoplanet searches
•Etc, etc
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Buder et al. 2019:

GALAH DR2
~350k stars

GALAH iDR3
~650k stars
w/ Gaia parallax

Surface gravity: Gaia revolution

Parallax



Effective temperature: Gaia
Gaia BP/RP spectrophotometry
R~50, 330-1050nm
~109 stars with G<20
𝛅Teff~100K, 𝛅logg~0.2, 𝛅[Fe/H]~0.2, 𝛅AV~0.1mag

Gaia DR3: end of 2021 (incl. BP/RP & RVS spectra)

Bailer-Jones et al. 2013

Teff AV [Fe/H] logg



Effective temperature: H lines
Very Teff sensitive but sophisticated modelling needed:
3D: Realistic atmospheric temperature structure 
Non-LTE: Small effects flux variations ⇒ large Teff effect

Amarsi et al. 2017: grid of 3D non-LTE H line profiles



Stellar analysis
Stellar atmospheres & parameters
Effective temperature Teff
Surface gravity logg
Metallicity [Fe/H]
Microturbulence (1D)

Stellar abundances:
log𝛆(X), [X/H]
Uncertainties
Large stellar surveys
Auxiliary information

Radiative transfer:
LTE vs non-LTE
1D vs 3D



Radiative transfer

1D LTE

1D non-LTE 3D LTE

Trivial…

Atomic data needed

3D non-LTE

>106 1D calculations

Computationally demanding
Complexity Nirvana

Samsara

LTE: Maxwell + Boltzmann + Saha + Planck 



Non-LTE radiative transfer

Lithium term diagramRadiative transfer eq.

Source function:

Level rate equations:

Collisional & radiative 
rates:

“Everything depends 
on everything else, 
everywhere else”

Level populations not determined by Saha & Boltzmann
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Atomic data

ANALYSE STARS

ANALYSING

Huge amount of (uncertain) data needed in non-LTE:
Transition probabilities, photo-ionisation cross-sections, 
collisional excitation/ionisation with H and e-, charge transfer, 
pressure broadening, hyperfine splitting etc

⇒ Support your local atomic physicist!



Differential stellar analysis
Extremely high precision (0.01 dex) 
for stars with similar parameters:

Melendez et al. 2009:
⇒ Signature of planet formation

Bedell et al. 2018:
⇒ Chemical enrichment vs time

Reggiani et al. 2017:
⇒ Tiny abundance scatter in halo

Bedell et al. 2018



3D non-LTE line formation

Wang et al. 2019:
3D non-LTE for Li for 
FGK dwarfs/giants 
and Li abundances

Interpolation in parameters 
and abundances using
neural networks (MLP)
publicly available

3D non-LTE – 1D LTE abundances



Evolution of C and O

1D LTE3D non-LTE

Amarsi et al. 2019a,b:
3D non-LTE line formation of C, O and Fe
⇒ No signature of Pop III nucleosynthesis



First stars
Nordlander et al. 2017:
3D non-LTE analysis of 
SMSS0313-6708 with 
[Fe/H]<-6.5 
Non-LTE abundance 
corrections >0.5 dex
for Mg, Al, Ca, Fe 



How to analyse a million stars?

• Automated
• Accurate
• Precise
• Fast
• Reliable
• Reproducible 



Large spectroscopic surveys
• Spectrum synthesis
- Automated, brute force

• Grids of spectra
- Recio-Blanco et al. 2006
- Garcia Perez et al. 2016

• Data-driven analysis
- Ness et al. 2015
- Casey et al. 2017

• Neural networks
- Bailer-Jones et al. 2000
- Fabbro et al. 2017



Smart & sparse grids
Rectilinear grids very expensive for high dimensions:

Nmodels∝ (Nbin)dimensions

Ting et al. 2016; 
Rix et al. 2016:
Grid models only were 
needed combined with 
linear expansion of 
gradient spectra
Nmodels∝ dimensions!
Nmodels ~ 1000?

3D non-LTE grids with 
~30 dimensions!



Cannon: data-driven analysis

fn𝜆 = 𝜃𝜆T ⋅ ℓn + noise

Ness et al. 2015: 
Use linear algebra to 
construct flux spectra in 
terms of stellar labels
Flux at a pixel

Label coefficients
Labels

Stellar spectrum

Teff sensitivity
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Payne
Ting et al. 2019:
Physics-informed ab-initio theoretical spectra for sparse
and randomly selected grid models with ANN interpolation



Low vs high resolution
High-res: analysis of selected “good” lines
Low-res: global fit to whole spectrum
Similar information content for equal 𝛕exposure and Npixels

Ting et al. 2017: 



Payne + LAMOST
Ting et al. 2017: 
Measure 14 elements with R=1800 spectra with 0.1 dex precision



Bayesian spectroscopy

Photometry + 
Stellar evolution

Spectroscopy + 
Stellar evolution

Combined

Schönrich & Bergemann 2014 (also Bailer-Jones et al. 2013)
Combine all spectroscopic, photometric, astrometric, and 

asteroseismic information with stellar evolution priors
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Effective temperature



Outlook
• 3D stellar atmosphere models
• 3D non-LTE spectrum formation
• Large spectroscopic surveys
• Physics-informed machine learning
• Bayesian spectroscopy 
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