
Lecture 7
Element abundances
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Origin of the Elements
IȅŘǊƻƎŜƴ όIύ ŦƻǊƳŜŘ ƛƴ ǘƘŜ .ƛƎ .ŀƴƎ άŦƛǊŜōŀƭƭέΣ 

which lasted ~ 3 minutes.

Then helium (He) was also formed in the Big 
Bang, when the Universe was ~3  minutes old. 
The temperature was then just right (109 K) for 
this, and the density was not too  large for He to 
be broken up again.

All other elements were formed in the cores of 
1st-generation massive stars ς
άnucleosynthesisέΦ ό.ǳǊōƛŘƎŜΣ .ǳǊōƛŘƎŜΣ CƻǿƭŜǊ 
& Hoyle: 1957 Rev. Mod. Phys.).  
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Dinner at the UK Royal Astronomical 

Society, 1970

4

G. Burbidge 

(d. 2010)

F. Hoyle (d. 2001)



Chemical composition of the Sun

The Sun is a second-generation star made up of 
material from first-generation stars 
undergoing supernova explosions.

{ǳƴΩǎ ŎƻƳǇƻǎƛǘƛƻƴ όōȅ ƴǳƳōŜǊύΥ фл҈ IΣ ƴŜŀǊƭȅ 
10% He, and <1% heavier elements.

Of heavy elements, C, N, O are most abundant, 
followed by even-Z elements like Ne, Mg, Si, S, 
Ar, Ca, Fe. These are formed in He-burning in 
ǎǘŀǊǎ Φ !ƴ άǳǇ-Řƻǿƴέ ǇŀǘǘŜǊƴ ƛƴ ŀōǳƴŘŀƴŎŜǎΦ  

Odd-Z elements like Cl and K are also present.
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Element abundances in the solar 
photosphere

6
Element abundance values from Foukal (Solar 

Astrophysics, 2nd ed, 2004)
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Abundance plot by Asplund et al.
(ARAA 2009)

7



¢ƻƭǎǘƻȅΩǎ ǾƛŜǿ ƛƴ мууф
άΦΦΦΦ LŦ ƛǘ ƛǎ ŀ ǉǳŜǎǘƛƻƴ ƻŦ ǿƘŜǘƘŜǊ ǘƘŜǊŜ ƛǎ ŀ ƭƻǘ ƻŦ 

iron or other metals in the Sun or the stars, 
ǘƘŜȅ ǎƻƻƴ ŦƛƴŘ ƻǳǘ ΦΦΦΦΦέ

In the Kreutzer Sonata. 

All that was known in 1889 was that there was 
iron (etc.) in the Sun, not how much!

Eventually spectral line formation was better 
understood and Russell (1929) and others 
were able to estimate solar photospheric 
abundances fairly accurately. 
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How do we estimate solar element 
abundances in the photosphere?

For elements like C, N, O, Mg, Si, S, Ca, Fe, solar 
photospheric abundances from άŎǳǊǾŜ-of-
ƎǊƻǿǘƘέ ŀƴŀƭȅǎƛǎusing Fraunhofer (absorption) 
lines in visible or infra-red spectrum. 

The total absorption in a Fraunhofer line depends 
on number of absorbing atoms ŀƴŘ άƻǎŎƛƭƭŀǘƻǊ 
ǎǘǊŜƴƎǘƘέf (related to transition probability).

Lǘ Ŏŀƴ ōŜ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ CǊŀǳƴƘƻŦŜǊ ƭƛƴŜΩǎ 
equivalent width.
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Theory of curve of growth

Theoretical line equivalent width is 

W =˂ Ǌ(FcontςF˂ )/Fcont d˂

where Fcont = continuum flux, F˂ = line flux at wavelength 
,˂ the integral being across the line profile. 

X( )˂ = atomic constants ҎNҎfҎparameter depending 
on line profile .  f is the oscillator strength of the line, 
N = total number of absorbing atoms forming the 
spectral line.  

Curve of growth is the relation between W a˂nd X( )˂. 

It describes how an absorption (Fraunhofer) line 
άƎǊƻǿǎέ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ƴǳƳōŜǊ ƻŦ ŀōǎƻǊōƛƴƎ ŀǘƻƳǎ. 
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Typical curve of growth
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Growth of lines

For optically thin Fraunhofer lines (weak lines, 
ǿƘŜǊŜ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ŘƻŜǎƴΩǘ ǊŜŀŎƘ ǘƻ ȊŜǊƻ 
flux), lines grow in proportion to N (number 
of absorbing atoms).

Lines eventually become saturated, i.e. zero flux 
at the centre of the line. Line no longer grows 
with increasing N.

But then line wings (outer parts of their profiles) 
ōŜŎƻƳŜ ǿƛŘŜǊΦ ¢ƘŜ ǿƛƴƎǎ ŀǊŜ ǘƘŜ ά[ƻǊŜƴǘȊƛŀƴέ 
part. W i˂s then proportional to ã(N f) (the 
άǎǉǳŀǊŜ Ǌƻƻǘέ ǇŀǊǘ ƻŦ ǘƘŜ ŎǳǊǾŜ ƻŦ ƎǊƻǿǘƘύΦ 
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Abundances from curve of growth
N = number of absorbing atoms 

= NelementҎexcitation factors Ҏionization 
factors

where Nelement is the total number of atoms of a 
particular element, e.g. Fe. 

Normally a Boltzmann distribution for the states 
can be assumed, with excitation temperature 
= an average temperature of the solar 
atmosphere.  

So the abundance of the element can be found. 
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Empirical curve of growth
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Curve of growth for Fe I and Ti I solar lines (K. Wright 1948)



Model solar atmosphere calculations

Nowadays, we can improve on curve-of-growth 
methods. 

We know more about spectral lines than 
equivalent widths ςwe can get accurate 
spectral line profiles (i.e. shape of line with 
wavelength ˂). 

There are now alsomodel solar atmosphere  
calculations (i.e. density, temperature with 
height in the atmosphere). 

Often it is OK to assume local thermodynamic 
equilibrium ςLTE. 15



Recent developments
Now improved calculations take into account 

the dynamic nature of the photosphere, in 
particular solar granulationς3D 
calculations.

Solar granules aretops of small-scale 
convection currents ςhot material from 
deep layers comes to the surface, cool 
material sinks in the intergranularlanes. 

This is important for spectral lines formed at 
the higher temperature.

Calculations have been done by Nordlund, 
Asplundet al.  over the past 10 years. 
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Solar granulation
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Solar granulation observed in quiet Sun region,  2006 Nov. 10



Some recent changes to solar 
abundances 

C and O have smaller abundances than before:

N(C)/N(H) is now 2.5 Ҏ10-4 (previously 3.6 Ҏ10-4ς
Anders & Grevesse1989)

N(O)/N(H) is now 4.6 Ҏ10-4 (previously 9.3 Ҏ10-4ς
Grevesseet al. 1989)

See Asplundet al.  A&A 318 (2005), 521;  A&A 417 
(2004), 751. 

Models etc. are described by Asplund A&A  318 
(1997), 521

See also Asplundet al. ARAA 47 (2009), 481
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Impact on Standard Solar Model

The previous abundances of C, N, O used in the 
Standard Solar Model (for the solar interior: 
Bahcall) gave very good agreement for 
helioseismology results.

But with the new C, N, O abundances we now 
have a significant disagreement!! 

[But this is good, if we have a problem in solar 
physics, this might ensure continued 
funding....]  
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Photospheric abundances of the 
άƴƻōƭŜ ƎŀǎŜǎέ IŜΣ bŜΣ Ar

There are no known Fraunhofer lines formed in the 
photosphere due to He, Ne, or Ar. 

¢ƘŜƛǊ ǎǇŜŎǘǊŀƭ ƭƛƴŜǎ  Ŏŀƴ ƻƴƭȅ ōŜ ŜȄŎƛǘŜŘ ŀǘ ǾŜǊȅ ƘƛƎƘ ¢Ωǎ 
>> T of the photosphere (6400 K). 

So abundances cannot be determined directly.

Meteorites (CI carbonaceous chondrites) also do not 
tell us their abundances because these elements 
ƘŀǾŜ άŜǾŀǇƻǊŀǘŜŘέΦ

Meyer (1985 ApJS), Feldman & Laming (2000 Phys 
Scripta), Grevesse & Sauval (1998)use nearby stars 
ŀǎ άǇǊƻȄƛŜǎέ ŦƻǊ ǇƘƻǘƻǎǇƘŜǊƛŎ ŀōǳƴŘŀƴŎŜ. 20



Solar coronal abundances
Emission lines emitted by quiet corona, active 

regions or flares available for abundance analysis.

Emission line flux from a volume V is 

where: 

So we can get the relative element abundance 

NE /NH knowing  line excitation and ionization 
parameters  and the emission measure. 21
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Incidentally.... 

I define G(T) as in previous slides, but some 
prefer to include the element abundance in 
the G(T) definition (I think CHIANTI does). 
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Coronal element abundances from X-
ray and UV spectroscopy 

Best results are from spectrometersthat see continuum -- this  
is formed (mostly) by H.

The Polish RESIK solar flare spectrometer is suitable as there is 
very little instrumental background (so measures solar 
continuum). 

The NASA flare RHESSI spacecraft is also good ςthe spectral 
ǊŜǎƻƭǳǘƛƻƴ ƛǎ ŎǊǳŘŜ όάōǊƻŀŘ-ōŀƴŘέύ ōǳǘ ƛǘ ǎŜŜǎ ǘƘŜ Fe line 
complex at 2 ) όсΦт ƪŜ±ύ ŀƴŘ ƴŜŀǊōȅ ŎƻƴǘƛƴǳǳƳΦ

An X-ray spectrometer (1.5-15 keV) on Mars Messenger sees 
continuum and line groups of several elements, so we can get 
abundances.

The Polish SphinX spectrometer on Coronas-Photon also 
observed this region and abundances can be measured. 23



RESIK determination of the Ar abundance
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coronal 

abundance

photospheric 
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Measurements of Ar XVII X-ray lines give G(T) with 

TGOES = temperature of flare from ratio of GOES fluxes



Recent developments (last week!)
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Janusz Sylwesterôs RESIK instrument saw solar flare 
spectra in 3ð6 ) ǊŀƴƎŜΥ ǘƘŜǊŜ ǎŜŜƳ ǘƻ ōŜ /ƭ ŀƴŘ t ƭƛƴŜǎ ǘƘŀǘ 
give the abundances of Cl and P in corona. 



wI9{{L ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ǘƘŜ άCŜ ƭƛƴŜέ 
at 1.9 ) Ґ сΦт keV
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We can analyze RHESSI count rate spectra to get the ñFe lineò flux. 



wI9{{L ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ǘƘŜ άCŜ ƭƛƴŜέ 
at 1.9 ) Ґ сΦт keV
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Observed equivalent width 

similar to theory curve, 

calculated for Fe 

abundance = 4 x 

photospheric Fe 

abundance. 



Coronal abundances are different 
from photospheric abundances

For elements with well-measured abundances, 
coronal abundances sometimes > photospheric. 

Meyer (1985 ApJS), Feldman & Laming (2000 Phys 
Scripta) say that the difference is related to first 
ionization potential (FIP) of each element. 

Low-FIP elements (<10 eV) more abundant in  the 
corona than in photosphere.  Photospheric & 
coronal abundances of high-FIP elements are 
similar. 

This is theFIP effect.

It may be related to the fact that low-FIP elements 
are partly ionized in the photosphere. 28



A possible FIP mechanism: Rising 
magnetic loop
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FIP effect for corona/photosphere
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{ƻ ǘƘŜ CLt ŜŦŦŜŎǘ ƭƻƻƪǎ ƭƛƪŜ ŀ άǎǘŜǇέ ŦǳƴŎǘƛƻƴΦ 



Preliminary results from RESIK

It appears from RESIK and other spacecraft 
instruments (especially in soft X-ray range) 
that high-FIP elements (Ne, Ar, Cl) are the 
same as photospheric abundances, but low-
FIP elements are x 4 more abundant than 
photospheric abundances. 

This is important ςfor example it will change the 
radiative loss curve (Fe abundance is 
important). 
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Radiative loss curve for coronal plasma
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Concluding thoughts on element 
abundances

Photospheric abundances were traditionally determined 
from curve-of-growth methods.

Sophisticated atmospheric models, including granulation, 
give better results. C, O have reduced photospheric 
abundances.

Coronal abundances determined from G(T) curves, 
comparing different elements, using X-ray (and other) 
spectra. 

A FIP effect: low-FIP elements are enhanced (by x4) in 
corona, high-FIP elements are not. Some models can 
explain this (e.g. rising magnetic field loops).  
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