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Origin of the Elements
| @RN23ISY o610 F2NNX¥SR AY
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 (1R) for

this, and the density was not too large for He tc
be broken up again.

All other elements were formed In the cores of
15t-generation massive stars ¢
onucleosynthesis€¢ @ 6 . dzZND A R3IS <
& Hoyle: 1957 Rev. Mod. Phys.).
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“It is the stars, The stars above us, govern our conditions™;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Jrlins Caesar, Act I, Scene 2)
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Dinner at the UK Royal Astronomical
Soclety, 1970

G. Burbidge F. Hoyle (d. 2001)
(d. 2010)




Chemical composition of the Sun

The Sun Is second-generation star made up of
material from firstgeneration stars
undergoing supernova explosions.

{dzy Qa O2YLIaAluA2Z2Yy 06068
10% He, and <1% heavier elements.

Of heavy elements;, N, O are most abundant,
followed by everZ elements likéle, Mg, Si, S,
Ar, Ca, Fe. These are formed in Heurning in
aiul NB -R2 ¢ yWe aldibdl G SNY A

OddZ elements like Cl and K are also present.



Element abundances In the solar
photosphere
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Abundance plot by Asplund et al.
(ARAA 2009)
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Iron or other metals in the Sun or the stars,
UKSeé az2y FAYR

In the Kreutzer Sonata

All that was known in 1889 was that th was
iron (etc.) in the Sumot how much!

Eventually spectral line formation was better
understood and Russell (1929) and others
were able to estimate solar photospheric
abundances fairly accurately.




How do we estimate solar element
abundances in the photosphere?

For elements lik€, N, O, Mg, SI, S, Ca, Fe, solar
photospheric abundances froin O dzbfld S
ANE g U K¢ uding Frdughafér gabsorption)
lines in visible or infraied spectrum.

The total absorption in a Fraunhofer line depends
on number of absorbing atomslF Y R & 2 & O
a U NB ¥ @elatcto transition probability).
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equivalent width.



Theory of curve of growth

Theoretical line equivalent width Is
W< — NQFCOHt C F<)/ |:COF’I'[ d<

whereF_,,.= continuum fluxF. = line flux at wavelength

<, the Integral being across the line profile.

X(<) = atomic constantBN Rf Rparameter depending
on line profile .f Is theoscillator strength of the line,
N = total number of absorbing atoms forming the
spectral line.

Curve of growth is the relation between W_and X(<).

It describeshow an absorption (Fraunhofer) line
GINRPSAE SAUK AYONBI aay.3
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Fraunhofer
line profiles
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Growth of lines

For optically thin Fraunhofer lines (weak lines,
GKSNBE UUKS F0a2NLIWIA2Y
flux), lines grow in proportion to N (number
of absorbing atoms).

Lines eventually become saturated, I1.e. zero flux
at the centre of the lineline no longer grows
with increasing N.

But then line wings (outer parts of their profiles)
0SO02YS SHARSNID ¢KS GAy
part. W_is then proportional to a(N f) (the
aaljdz- NBE NR20G£€ LI NI 2°



Abundances from curve of growth

N = number of absorbing atoms

= Ny ement P €XCItation factorRionization
factors

where N, ..n!S 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 theabundance of the element can be found.
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Empirical curve of growth
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Model solar atmosphere calculations

Nowadays, we can improve on curgegrowth
methods.

We know more about spectral lines than
equivalent widthsg we can get accurate
spectral line profiles (i.e. shape of line with
wavelength<).

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

Often it is OK to assume local thermodynamic
equilibriumc LTE. 15



Recent developments

Now improved calculations take into account
the dynamic nature of the photosphere, In
particularsolar granulation ¢ 3D
calculations.

Solar granules armps of small-scale
convection currents ¢ hot material from
deep layers comes to the surfacepl
material sinks in thantergranularlanes.

This Is iImportant fospectral lines formed at
the higher temperature.

Calculations have been done Ngprdlund
Asplundet al. over the past 10 years.
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Solar granulation

Solar granulation observed in quiet Sun region, 2006 Nov. 10
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Some recent changes to solar

abundances
C and O have smaller abundances than before:

N(C)/N(H) is now2.5 P10 (previously3.6 P10 ¢
Anders &Grevessd 989)

N(O)/N(H) is now4.6 P10 (previously9.3 P10 ¢
Grevesset al. 1989)

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

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

See als@Asplundet al. ARAA 47 (2009), 481



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....]



Photospheric abundances of the
ay206fS 3l ASaé¢
There are no known Fraunhofer lines formed In the
photosphere due taie, Ne, or Ar.
CKSANI aLISOUNIt fAYySa Ol
>> T of the photosphere (6400 K).
Soabundances cannot be determined directly.

Meteorites (Cl carbonaceous chondrites) also do not
tell us their abundances because these elements
KIS aS@FLI2NY GSRED

Meyer (1985 ApJS), Feldman & Laming (2000 Phys
Scripta), Grevesse & Sauval (199€) nearby stars

4
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Solar coronal abundances

Emission lines emitted by quiet corona, active
regions or flares available for abundance analysis

Emission line flux from a volumeVis
constant N

Fine = = [G(T,)NdV
4" (A.U.)? N,
where: N e WK
G(Te): NE _I_e1/2

So we can get theelative element abundance

N:= /N, knowing line excitation and ionization
parameters and the emission measure. 21



Incidentally....

| define G(T) as In previous slides, but some
prefer to include the element abundance in
the G(T) definition (I think CHIANTI does).




Coronal element abundances from X-
ray and UV spectroscopy

Best results are from spectrometetisat see continuum -- this
Is formed (mostly) by H.

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

The NASA flareHESS| spacecraft is also goagthe spectral
NBaztdziAzy Ha yENIZR S dzabedide N2 14 |
complexatd oO6cd1 1S+*0 YR YSI ND

An Xray spectrometer (1.45 keV) on Mars Messenger sees
continuum and line groups aetveral elements, so we can get
abundances.

The PolislbphinX spectrometer on CoronaBhoton also
observed this region and abundances can be measured.




RESIK determination of the Ar abundance
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Recent developments (last week!)

G(T) for Cl band 4.43-4.50 A A, histogram
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We can analyze RHESSI count rate spectrat o get t he #AFe
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Observed equivalent width
similar to theory curve,
calculated for Fe
abundance = 4 x
photospheric Fe
abundance.
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Coronal abundances are different

from photospheric abundances

For elements with welmeasured abundances,
coronal abundances sometimes > photospheric.

Meyer (1985 ApJS), Feldman & Laming (2000 Phys
Scripta) say that the difference is relatedfict
lonization potential (FIP) of each element.

LowFIP elements (<10 eV) more abundant in the
corona than in photosphere. Photospheric &
coronal abundances of highP elements are
similar.

This Is the-IP effect.

It may be related to the fact that loWwIP elements
are partly ionized in the photosphere. “



A possible FIP mechanism: Rising
magnetic loop

oo Oo@ Neutral atoms

Photo- *** ***

;*. s 3 .* lons
sphere
R

Rising magnetic
loop lons now attached to

Mmagnetic field line
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Neutral atoms remain in
C photosphere

lons enrich the corona

DIAGRAM FOR A LOW-FIP ELEMENT -



FIP effect for corona/photosphere
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Preliminary results from RESIK

It appears from RESIK and other spacecraft
Instruments (especially in softrgy range)
that high-FIP elements (Ne, Ar, Cl) are the
same as photospheric abundances, but{ow
FIP elements are4 more abundant than

photospheric abundances.

This Is important for example it will change the
radiative loss curve (Fe abundance is

Important).

31



Radiative loss curve for coronal plasma
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Concluding thoughts on element
abundances

Photospheric abundances were traditionally determined
from curveof-growth methods.

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

Coronal abundances determined from G(T) curves,
comparing different elements, usingrXy (and other)
spectra.

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



