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Origin of solar abundance
Big-bang 

nucleosynthesis
(Elements up to Li7)

Cosmic-ray spallation
(Light elements such as 
He3, Li7, Be, B, etc.)

Stellar 
nucleosynthesis
(Elements up to Fe + 
some s-process elements)

Explosive (supernova) nucleosynthesis
(Elements heavier than Fe + r process elements)



Why solar abundance
n A fundamental benchmark to normalize elemental 

abundance of almost all astronomical objects. 

n Planets: abundance of heavy elements is a crucial 
parameter to determine the outcome of planet formation

n Stars: stellar evolution depends on “metallicity”; important 
information for galactic archeology

n Nebular gas: opacity and thermodynamics of gas is very 
sensitive to elemental composition

n Galaxies: contain gas and stars, whose evolution affect 
the overall appearance and evolution of galaxies.

Overall, stellar abundances shed light on the cosmos history.



Main references and citation metrics

Lodders, 2003, ApJ

Current standard of solar abundance.

Anders & Grevesse, 1989, Geochimica
et Cosmochimica Acta

Most widely adopted solar abundance.

Most recent review with updates: Asplund, Grevesse, Sauval & Scott, 2009, ARA&A



Solar spectroscopy
Most (absorption) lines 
form around here

From: http://bass2000.obspm.fr/solar_spect.php

Resolution: 0.002 Å

Hα



Conversion from spectroscopy to abundances

The simple case:

Optically thin 
cool gas

Blackbody

Then, there is a linear relationship between absorption line properties and 
elemental abundances in the cool gas. 

Stellar photospheres are 
much more complex:
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Asplund+2009

• Lines formed around the photosphere 
with a temperature gradient.

• The temperature gradient is by itself the 
outcome of radiative balance, which 
depends on opacity (including the lines).



n Atomic physics

n Line and continuum radiative transfer

n Radiation hydrodynamics/magnetohydrodynamics

What are needed?

• Huge number of lines from different ionization states and energy levels.
• Lifetimes, branching fraction and transition probabilities of each lines.
• Rates for collisional excitation/deexcitation of lines (for non-LTE)

We are talking about precision measurement of elemental abundance to better 
than a few % level => Need very accurate models!

• Need to compute level populations and know radiation field
• Lines are broadened by fluid motion (Doppler broadening) and 

collisions (pressure broadening) => some lines are blended.

• Conventionally, simple 1D hydrostatic models + artificially prescribed 
microturbulence (mimicking convection) based on mixing length theory

• More recently, full 3D models that self-consistently capture convective 
motion + temperature structure of the photosphere.



Line formation

degeneracy: g1

degeneracy: g2

Absorption:
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The Einstein coefficients are related (from conditions at radiative thermodynamic 
equilibrium):
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Line formation

degeneracy: g1

degeneracy: g2

The key quantity from atomic physics is the product g1*f12 (called 
gf-value) associated with each transition.

This requires substantial laboratory work/ab initio calculations!

Absorption is related to a cross section:
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Equivalently, one can define 
“oscillator strength” (which is 
dimensionless):
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Atomic databases

http://cdsweb.u-strasbg.fr/topbase/home.html



LTE vs. non-LTE
Local thermodynamic equilibrium (LTE): 

There are sufficiently frequent collisions so that level populations follow a 
well-defined Boltzmann distribution. 

Non-LTE: (expected to be applicable to solar photosphere) 

Collisions are insufficient (e.g., low density). Need to follow level populations: 

Requires collisional data for all transitions, but this is far from complete 
and available data can be very inaccurate.
Following all level populations is also extremely computationally intensive.

where
Rate coefficients for collisional 
excitation/deexcitation

In general, statistical 
equilibrium is assumed



Hydrodynamics: solar surface convection

Nordlund et al. 2009

Focus on a local patch of the solar surface.
Solve (magneto-)hydrodynamic equations together 
with (multi-group) radiative transfer accounting for line 
opacities, convection driven from the bottom.
Typical simulation box size: ~1003.



1D model v.s. 3D model: an example
A typical predicted FeI line

Upward convective cells are 
hotter, move faster, with 
stronger T gradient => line is 
stronger @ blue side

Asplund et al.  2009

1D calculations with artificial 
microturbulence generally fail 
to produce the asymmetry



Main updates from recent solar spectroscopy

n Li is depleted by a factor of ~150 compared to meteoritic value. 

n C, N, O, Fe abundances are substantially revised down by ~0.2 dex
since the 1989 work owing to improved atomic physics, use of 3D 
atmosphere models, and consideration of non-LTE effects.

n Due to high excitation potentials, there are no photospheric lines for 
noble gas. Their abundances are derived by other means.

n Most other elements, including intermediate mass elements (up to 
Ca), ion-peak elements, neutron capture elements etc., show largely 
consistent results even with these improvements.

It is mixed to the bottom of the convection zone, diffuse to the radiative zone, and 
get burned => meteoritic measurements are adopted.

Be may also be affected, but no evidence so far.

Asplund et al. 2009



Infer abundances from meteorites

n Pros: abundance measurements can reach extraordinarily 
high precision.

n Cons: volatile elements, H, C, N, O and noble gases (which 
are also the most abundant) are heavily depleted. 

The way to proceed: 

Abundances are normalized to Si (instead of H). The standard is N(Si)=106.
The result will be compared to photospheric results for calibration.



Abundances from meteorites: which ones are useful? 

Enstatite 
chondrite

Other 
groups

CI chondrite 
group

A few other groups…

Chondrite (球粒陨石)
~86%

Quite rare, only 5 samples, 4 are usable…

Stony meteorite
~94%

Iron meteorite
~4.5%

Iron-stony meteorite
~1%

Achondrite (无粒陨石)
~8%

Carbonaceous 
chondrite
~3.8%

Meteorite

Ordinary 
chondrite
Vast majority



Differences between the two methods

With just a few exceptions, 
the agreement is excellent.

Due to severe depletions in 
either sources, Li, C, N, O and 
noble gases fall outside the 
range of the figure.

Cl

Tl

O

Co

Rh

Ag

Hf

W

The main difference can be 
largely attributed to non-
LTE effects.



n He: determination through helioseismology.

n Ne & Ar: derived from the solar corona, solar wind and solar 
energetic particles.

n Ke & Xe: derived on theoretical basis (e.g., s-process production 
rates). 

Noble gas

Change of the adiabatic index (i.e., equation of state) in the HeII ionization 
zone (near the solar surface) can affect the the helioseismic spectrum.

Complication by the first-ionization-potential (FIP) effect: elements with 
FIP<10 eV are enhanced in the upper solar atmosphere/solar wind.

Solution: use a reference species (O) for normalization.
(FIP for Ne is 21.6 eV, O is 13.6 eV)

Results can be cross-compared with measurements from the solar wind.



All in all: solar metallicity
X, Y, Z: mass fractions of H, He and everything else (metals)

Asplund et al. 2009



Summary

n Two main ways to measure solar abundance: inference from solar 
spectroscopy and direct measurements from primitive meteorites

n Modeling solar spectroscopy is highly non-trivial. Requires 
substantial input from atomic physics, and radiative transfer and 
(magneto)-hydrodynamics.

n In the past few decades, abundances of major species C, N, O, 
Ne and Fe have been revised downwards thanks to the 
improvements in modeling solar spectroscopy.

n In general, results from solar spectroscopy and meteorites data 
show good agreement. A few species with larger discrepancies 
can be attributed to uncertain atomic physics/non-LTE effects.

n Future directions: largest uncertainties come from poor atomic and 
molecular data, and incomplete modeling for non-LTE effects


