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1. Introduction for AY 219

The periodic table of the elements – absolutely key for this class. There is an

interactive on-line periodic table of the elements at Los Alamos Ntl Lab’s we site,

http://periodic.lanl.gov/default.htm. You can click on an element and get some useful

information about it. The Commission on Isotopic Abundances and Atomic Weights (part

of the IAU of Pure and Applied Chemistry) also has a useful web site. Some properties of

elements depend on number of electrons in the outermost shell. When this is full (closed)

get noble gases (He, Ne, Ar) which do not react easily. Families of elements with a specific

number of electrons in the outermost shell, or number missing to fill the outermost shell,

such as the alkali metals with one free electron (Li, Na, K, ...). These are highly reactive

and are never found in elemental form in nature, just in compounds. The halogens (F, Cl,

Br, ...) are missing one electron to form a closed shell and hence are also very reactive.

There is no element with a stable isotope heavier than Bi (atomic number 83).

The Berkeley Laboratory Isotopes Project has an interactive web page

(http:/ie.lbl.gov/education/isotopes.htm) giving information on the isotopes, both

stable and unstable, of each element.

Note that there are no stable isotopes of atomic mass 5 and 8. This will be important

in working out nuclear reaction chains.



– 2 –

Fig. 1.— The periodic table of the elements.
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1.1. Solar System Abundances

The Solar abundances can be determined from analysis of the photospheric line

spectrum – that is the standard way. Solar interior abundances have already been slightly

affected by ongoing nuclear reactions, so the photospheric abundance are the standard used

and are taken as representative of the ISM at the time that the Sun was formed. Note that

abundances in the present day Sun may not be identical to those of the ISM when the Sun

was formed due to possible settling of He and other heavy elements. The difference should

be small, but we need models for guidance, the magnitude of this depends on details of

convective zones.

Recent critical compilations and analysis for the Solar abundances can be found in

Lodders, Palme & Gail (2009, New Series, A&A, arXiv:0901.1149) and also in Asplund,

Grevesse, Sauval & Scott (2009, ARA&A, 47, 481). The latter does a careful reanalysis

of the solar spectrum, attempting to include some previously neglected detailed effects

(non-LTE, 3D models for convection rather than 1D plane parallel layers). The results of

Asplund et al (2009) have given rise to a lot of controversy, because they lower the CNO

abundances enough to reduce Z for the Sun. (Z is the fraction by mass of elements heavier

than H and He, and is dominated by the most abundance elements, which are C N O Ne

Mg Si and Fe.) This decrease in Z destroys the good agreement between observed and

predicted helioseismology (the study of the frequencies of resonant oscillation of the Sun,

which can be predicted very accurately from detailed solar models, and measured very

accurately from campaigns with networks of small telescopes around the world), which in

the past was regarded as a triumph of our understanding of the Sun. The previous standard

set of solar abundances were those of Anders & Grevesse (1989, Geochim. Cosmochim.

Acta, 53, 197). The differences for most elements between these various compilations is

small, less than 0.08 dex (a factor of 1.2), except for the CNO elements and others with
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very few if any detectable photospheric absorption lines.

Solar wind abundances can be measured by satellites. See the discussion of ACE later

in this document for some of the limitations of such measurements.

The meteoritic abundances are much more accurately known than the photospheric

ones (after all they can be measured in a lab on Earth in objects with masses of kg), but

volatile material (any component initially a gas) is depleted in meteorites (i.e. H, He etc).

However, ignoring the volatile elements, the agreement between current photospheric and

meteoritic abundances of elements is quite good.

The crust of the Earth consists mostly of silica (SiO2), alumina (Al2O3), lime (CaO),

magnesia (MgO), iron oxide (FeO) and other minerals including water and CO2 in small

amounts. It is about 60% by weight oxygen. The core of the Earth is believed, on the basis

of the behavior of seismic waves, to be liquid, with a solid inner core composed primarily of

Fe, with smaller amounts of Ni and other trace elements.

Thus, unlike the Sun, the Earth is highly differentiated, with different spatial regions

having very different chemical comopositions.

The Earth’s atmosphere is also quite dissimilar to the Sun, with a large deficit of H

and He, which presumably escaped from the Earth’s gravitational field. The dominant

constituent is N2, with O2 a strong second, and everything else being trace gases. Water is

only a few percent of the atmosphere even near the surface of the Earth.

Key points to note regarding the Solar abundances are:

1. Strong and sustained drop from lighter to heavier elements with an enormous range of

1012 between H and Th or U (both of which have no stable isotops) or Ta.

2. strong odd/even effect with even atomic number elements have significantly higher Solar
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abundances than their odd number neighbors.

3. strong odd/even effects for isotopes of the same element. The even atomic weight

isotopes have higher abundances than the adjacent odd ones.

4. Peaks at Fe, Ba, Pb.

5. The Solar photospheric and meteoritic abundances agree well for non-volatile species.

6. The Sun has a chemical inventory similar to that of field stars of its same overall

metallicity. It is not anomalous.
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Fig. 2.— The ratio of Solar photospheric/meteoritic abundances for non-volatile elements

for chondrites (stony meteorites that have never been modified due to melting or any other

type of differentian within the parent body). Fig. 4 of Lodders, Palme & Gail, 2009, New

Series, A&A. See arXiv:0901.1149



– 7 –

Fig. 3.— The ratio of Solar photospheric/meteoritic (chondrites) abundances for non-volatile

elements as a function of condensation temperature. Fig. 5 of Lodders, Palme & Gail, 2009.
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Fig. 4.— The present day Solar abundances of the elements. Fig. 6 of Lodders, Palme &

Gail, 2009.
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Fig. 5.— The present day Solar abundances of the isotopes of each element. Fig. 7 of

Lodders, Palme & Gail, 2009.
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Fig. 6.— The present day Solar fractions by mass of the elements. Table 8 of Lodders,

Palme & Gail, 2009.
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Fig. 7.— How typical is the Sun ? Fig. 8 of Lodders, Palme & Gail, 2009.
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Fig. 8.— How typical is the Sun ? Note that by definition [Fe/H] is 0.0 for the Sun. Fig. 4

from Feltzing & Bensby, conference contribution, 2009 (see arXiv:0811.1777).
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Fig. 9.— The composition of the Earth’s continental crust.
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1.2. Pre-Solar Grains

Material from the gas phase can condense onto grains in the low temperature outer

atmospheres of cool stars. These grains contain refractory material which has a condensation

temperature higher than that characteristic of this part of the stellar atmosphere. The

dust grains are driven away from the star by stellar winds, contain refractory material only,

gas is lost, subsequently swept up in the ISM, and may subsequently become embedded in

asteroids. When asteroids get too close to the Sun, they break apart, and the pieces become

meteorites if they impact the Earth.

Non-mixed, non-homogenized “primitive meteorites” such as chondrites, which are

rare, are the ones of interest. If you break up the solid meteorite and dissolve the pieces in

various chemicals, you can find pre-solar grains. They can be recognized via their unusual

isotopic ratios. Since these can be measured in a lab, the isotopic ratios for a particular

element in each small pre-solar grain can be determined to an accuracy of 1 part in 104 or

better.

These grains lack the homogeneity and smoothing of the current ISM and solar

material, which contain ejecta from many generations of SN, AGB stars, etc. There are

several different types of pre-solar grains, some appear to be from SN, some from dust

grains formed in outer envelopes of cool stars. These grains are typically very small, only

about a micron in size. To study them you need a very good clean room, and sophisticated

lab equipment.

They can also be studied by spacecraft with suitable high precision mass spectrometers

that are in the outer solar system, i.e. Galileo and Ulysses. The limited equipment on such

satellites means that one can only measure the distribution of mass of grains within the

local ISM; there is no satellite information on elemental abundances. Charged grains and

very small grains may not penetrate the heliosphere to get close enough to the Sun to be
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picked up by spacecraft. (Recall that the Solar wind is pushing material outward from the

Sun, at least until the heliopause at the outed edge of the Solar system, so a minimum

energy is required for an incoming particle to get far enough inside to reach the Earth’s

orbit.)

The detailed isotopic composition of the various pre-solar grains is a fabulous tool for

nucleosynthesis, and hopefully will be chosen as a topic for a student presentation later in

the class. I ran across three recent review articles, Lodders & Amari (2005, Chemie der

Erde, 65, 93) which is in Astro-ph, E. Zinner (2007, Geochem. Cosmochim Acta, 71, 4786),

and P. Hoppe (2008, Space Science Rev, 138, 43).

Because very small fractional changes in isotopic composition can be measured in the

lab, papers on pre-solar grains often use the parameter δ to describe the isotopic or atomic

over or underabundances with respect to Solar composition.

δiN = 1000 × [
(iN/jN)(sample)

(iN/jN)(standard)
− 1].
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Fig. 10.— The C isotope ratios in two different types of pre-solar grains. The Solar ratio

of 12C/13C is 89. The range among the pre-solar grains is 1/20 to 100 times to Solar ratio.

This figure is from www.dtm.ciw.edu/users/nittler/psg main.html; you might want to look

at the pictures of pre-solar grains on this website.
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Fig. 11.— The ratio of the abundances of the heavy neutron capture element Zr to that of

Silicon in pre-solar grains. From Hoppe, Leitner, Vollmer et al, 2009, PASA, 26, 284
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Fig. 12.— Same as the previous figure for the even heavier neutron capture element Ba.

From Hoppe, Leitner, Vollmer et al, 2009, PASA, 26, 284
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Fig. 13.— Table 3 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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Fig. 14.— Fig. 5 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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Fig. 15.— Fig. 6 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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Fig. 16.— Fig. 7 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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Fig. 17.— Fig. 8 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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Fig. 18.— Figs. 14 and 15 of Lodders & Amari (2005, Chemie der Erde, 65, 93).



– 25 –

Fig. 19.— Fig. 21 of Lodders & Amari (2005, Chemie der Erde, 65, 93).
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1.3. The Electromagnetic Spectrum – Gamma Rays

Gamma rays represent very energetic phenomena with energies ∼ 1 MeV. Such

radiation is always non-thermal. For our purposes, the most common source of γ-rays is

from decays, particularly those of common elements made in massive stars, which we can

expect to eject lots of energy into the ISM, and so expect extended emission in the Galactic

plane with higher flux from known OB associations.

A decay of a radioactive isotope may produce an emission line in the gamma-ray

spectrum at the frequency corresponding to the appropriate energy.

The detections are difficult, as there are not a lot of such energetic photons emitted,

and they must be observed above the Earth’s atmosphere, or as showers of secondary

particles at the surface of the Earth.

The most useful decays are that of unstable isotopes of relatively common elements,

including 26Al (mean lifetime ∼ 1 × 106 yr), 44Ti (mean lifetime ∼65 yr) and 60Fe (mean

lifetime 1.5× 106 yr). Because in some cases the mean lifetime of the unstable isotope to

decay exceeds 106 yr, the material can diffuse reasonably far from its stellar source. The

launch of the INTEGRAL telescope (the successor to the COMPTEL) has invigorated this

field.

AGNs, blazars, and the transient, more powerful sources known as GRBs are

superposed on this Galactic diffuse emission as point sources.
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Fig. 21.— The regions of the electromagnetic spectrum. Recall that 912 Å is equivalent

to 13.6 eV, so about 10−6 m is equivalent to a photon energy of 1 eV. (Source: Wikipedia

Commons)
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Fig. 22.— Abstract from a review conference proceeding by R. Diehl, Measuring Cosmic

Elements with Gamma-Ray Telescopes, 2009, PASA.
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Fig. 23.— Fig. 1 from Leising & Diehl, Gamma-ray line studies of nucclei in the cosmos,

arXiv:0903.0772
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Fig. 24.— Fig. 3 from a review conference proceeding by R. Diehl, Measuring Cosmic

Elements with Gamma-Ray Telescopes, 2009, PASA.
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Fig. 25.— Fig. 1 of Martin, Knodlseder, Meynet & Diehl, 2010, arXiv:1001.1522)
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Fig. 26.— Fig. 5 of Martin, Knodlseder, Meynet & Diehl, 2010, arXiv:1001.1522)
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Fig. 27.— Fig. 6 of Martin, Knodlseder, Meynet & Diehl, 2010, arXiv:1001.1522)
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Fig. 28.— The radial profile of various isotopes of Fe inside a 19M⊙ SNII progenitor. (Fig. 3

of Dauphas, Cook, Sacarabany et al, 2008, ApJ, 686, 560)
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Fig. 29.— Fig. 4 of Leising & Diehl, Gamma-ray line studies of nucclei in the cosmos,

arXiv:0903.0772. Positron electron annihilation emission at 511 keV is much stronger in

the central region of the Galaxy than in the disk, and is stronger than predicted. The

positrons come from interactions of energetic CR protons with the ISM and subsequent

decays of the resulting unstable products. The most likely decay channel for the positrons

is e− + e+ → 2γ, each with the rest mass energy of the electron or positron (511 keV).
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1.4. Below Gamma-Ray Energies

X-ray photons from very hot gas (thermal source) such as might be found in a cluster

of galaxies, as well as from various non-thermal sources such as SN, accreting black holes in

the nuclei of galaxies, various types of energetic binaies, etc. Discrete line transitions are of

very high energy and represent transitions within highly ionized atoms.

UV photons from hot stars, from soft X-ray sources. Discrete line transitions are from

highly excited electronic states of ionized atoms, e.g. CIV at 1548 Å or the Lyman series

of H. The Earth’s atmosphere, even from a high mountain, is opaque in this wavelength

regime, observations from satellites above the Earth’s atmosphere are required.

Optical photons from continuum of normal stars, absorption features at a few eV

correspond to transitions in the electronic configuration of many neutral and singly ionized

atoms.

IR photons from cool stars, from dust in the ISM of the Milky Way and of other

galaxies. The discrete line transtions are less than 1 eV, and usually arise from molecules.

The Earth’s atmosphere is more or less transparent, at least in a limited number of windows

between strong terrestrial molecular absorption bands, but the thermal background

problems are severe, and one does much better from (cold) space Note the success of

Spitzer, a rather small telescope (diameter 0.85 m), whose sensitivity far exceeds that of a

ground based 10 m telescope for broad band imaging, although not for photon-starved high

dispersion spectroscopy in the near and mid-IR.

Microwave – CMB photons.

Radio - lowest rotational transitions in molecules, fine structure transition for H (21 cm

line).
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1.5. Cosmic Rays

Cosmic rays are fundamental particles or atomic nuclei that have been stripped of all

their electrons that impact the Earth and can be detected from its surface. Most CRs are

protons or He nuclei. They propagate through the ISM from sources (presumably SN)

within the Galaxy, as well as, for the most energetic ones, from external galaxies. The

normal model is to consider the Galaxy as a leaky box, then propagate the CR particles.

A detailed propagation model can be found at http://galprop.stanford.edu/na home.html.

Interactions of cosmic rays with the ISM create secondary cosmic ray particles (see the

section on Li, Be, and B), some of which are unstable. An example is 10Be/9Be. The isotopic

ratios involving unstable nuclei are useful in constraining the timescale for propagation.

The ability to escape from the Galaxy, or to even penetrate the heliosphere and enter

the Solar system itself, depends on the energy and nature of the CR and on the degree of

Solar activity (i.e the strength of the Solar wind etc). The latter causes a solar modulation

of the flux of low energy CRs as detected at the Earth.

The most useful things we want to know are the energy spectrum of the various

elements and their isotopes that make up the cosmic rays. Also are the CRs isotropic ? Is

there any sign of discrete sources ?

Traditionally, CR observatories were built on very high mountaintops, now there are

big ground-based arrays of detectors of Cerenkov radiation (the Fly’s Eye in Nevada, and

more recently the Pierre Auger Observatory on the plains of Argentina). Ultra-high energy

cosmic rays (energy > 1019 eV) are very rare, and presumably largely extragalactic, from

sources within ∼100 Mpc. They are detected via the extensive air showers initiated when

such energetic particles impact the Earth’s atmosphere.

Satellites such as the Advanced Composition Explorer (ACE, P.I. Ed Stone) also are
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used to detect CR. ACE, launched in 1997, has been stationed at L1 for more than a decade.

It can measure the mass, energy, and charge of each incident particle within specific limits.

Galactic cosmic rays have a high enough energy in general to propagate through the Solar

system. Interstellar charged plasma is kept out of the Solar system by the interplanetary

magnetic field, but ISM neutral gas flows through the Solar system at a speed reflecting the

velocity of the Sun with respect to the local standard of rest.

The ACE team has measured the flux of CRs of Li, Be, B and C as a function of

energy, and used these to derive constraints on propagation models. The main purpose of

ACE, however, is to study Solar activity and matter ejected from the Sun.

ACE data cannot be used directly to determine Solar surface abundances as the

acceleration of particles from the Solar surface to the corona and beyond is not uniform for

all particles, but is a function of mass, charge, and perhaps other parameters. Furthermore,

the collecting area and mass discrimination of ACE is limited, and it cannot measure

abundances for the rarest, heaviest elements.
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Fig. 30.— The energy distribution of cosmic rays of several light elements. The low energy

end shape is affected by solar modulation. The high energy dropoff reflects the intrinsic

spectrum. Fig. 1 of Observations of Li, Be, and B isotopes and constraints on cosmic-

ray propagation, de Nolfo, Moskalenko, Binns et al (ACE team), 2006, Advances in Space

Research, 38, 1558.
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Fig. 31.— Fig. 2 of Observations of Li, Be, and B isotopes and constraints on cosmic-

ray propagation, de Nolfo, Moskalenko, Binns et al (ACE team), 2006, Advances in Space

Research, 38, 1558.
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1.6. Stellar Matters
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Fig. 32.— The spectral energy distribution of model stellar atmospheres of main sequence

stars as a function of Teff . This figure is from R.L.Kurucz. Note that the range of Teff

observed for stars is from about 2000 K to 100,000 K.
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Fig. 33.— Isochrones for stars of low metal content with ages from 0.1 to 18 Gyr. Note

the overlap of all tracks for the lower main sequence where stars of low mass have not yet

exhausted their H.
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Fig. 34.— Isochrones for stars of a range of metal content with a fixed age of 13 Gyr. Only

the region of the red giant branch is shown. Fiducial lines for 4 well studied Galactic globular

clusters are shown. Overlapping theory and data requires specifying the distance and the

interstellar reddening of each cluster.
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Fig. 35.— Isochrones for stars of a range of metal content with a fixed age (13 Gyr ?).

Fiducial lines for 4 well studied Galactic globular clusters are shown including the lower

main sequence and the RGB. Individual horizontal branch stars are shown as well.
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Fig. 36.— Match of observations and theoretical isochrones for stars in the nearby Hyades

cluster, believed to have an age of about 400 Myr. Note the presence of stars significantly

more luminous (i.e. massive) than the Sun still on the main sequence.
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Fig. 37.— Match of observations and theoretical isochrones for stars on the lower main

sequence of the nearby young clusters Pleides and Praesepe. Note the very tight locus of the

low mass cluster members, with a few obvious interloper non-member field stars.
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Fig. 38.— The mode of stellar death for single stars as a function of initial stellar mass.

Low mass stars become white dwarfs, while stars with M
∼
> 8⊙ become SN of various types.

Fig. after Heger & Woosley.
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Fig. 39.— The remnant at the end stage of the evolution of a single star is shown as a

function of mass and metal content. Possibilities include white dwarfs, neutron stars, black

holes, no remnent left at all, etc. Fig. after Heger & Woosley.
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2. Topics for student discussion

1. The families of pre-solar grains and how to distinguish between an SN origin and a

cool star wind origin.

2. Predicting the γ-ray flux from a young cluster of stars of a specified mass, age, and

metallicity at a specified distance from us in the Milky Way.

3. Solar abundances from the solar wind vs those of the photosphere.

4. Current views of the disagreement between predictions of modes of helioseismology

and the latest Solar abundances.


