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NUCLEOSYNTHESIS AND METEORITES

For a splendid introduction, please see
Cosmochemistry
H Y McSween, Jr. and G R Huss (on reserve in Peridier)

Contributions to the Standard Abundance Table/Curve:
See earlier discussion, especially request to read
Lodder, Palme & Gail (2009) review of CI1 carbonaceous
meteorites, solar photospheric abundances etc.

]

2. Radioisotopes as chronometers (Cosmochemistry, Chap. 8)

—— Long-lived radionuclides: incorporated into solar
nebula and a fraction still alive today ——> ages of
materials and under some circumstances time since
radionuclides synthesized (cosmochronology).

Table 8.1 lists accessible radionuclides.

—— Short-1lived radionuclides — see Table 8.8

See discussion shortly of 26Al1-26Mg — a UT success story

3. Presolar grains (Cosmochemistry, Chap. 5)
—— Xenon anomalies (and occluded gases)
—— isolation and characterization of grains (Table 5.1)
—— identification of stellar sources: AGB stars, SN, Novae and ?

4. Cosmogenic nuclides (Cosmochemistry pp.340 — 344)
—— Nuclides produced by cosmic rays experiencing nuclear
reactions (spallation or secondary neutron capture, principally)
in meteorites. See Table 9.1. Estimate CR exposure ages.

Advances in laboratory instrumentation critical to new discoveries:
—— rarer isotopes in grains and for investigations of radionuclides,
analyses of individual grains rather than
aggregates of grains, .....

For presolar grains: emphasis on isotopic ratios, e.g. 12C/13C vs 14N/15N
why not study abundance anomalies?

Nittler (2003) quote
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Al-26 —— Mg—-26 evolution

Al-26 decays by beta+ and EC to excited Mg-26 wifh a half-life of
730,000 yrs. Excited Mg-26 by emitting a 1806 keV gamma ray

Stable isotope of Al is Al-27
Stable isotopes of Mg are Mg-24, 25 and 26

If live A1-26 was in solar system at its birth, it will have
decayed to stable Mg-26 and produced an anomalous Mg-26 abundance
which should be correlated with the sample's Al-27 abundance.

Construct a plot of x = 27A1/26Mg and y = 26Mg/24Mg
(Why 27A1/26Mg?)

Early — first? — indication that there is/was live Al-26 in the
Galaxy. ' ‘ ,

Pre-solar graphite, SiC and Si3N4 grains can have high levels of Al-26
(Groopman et al. 2015, ApJ, 809, 31)

Al-26 emission from Galaxy now mapped = Nucleosynthesis in 3D!
—— See Iliadis - Color figure 12
—— See Diehl, Hartmann & Prantzos Chapter 7 in Astronomy with Radioactivities
Figure 7.8, 7.11
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* .= % are relative to one decay of 26A}

Fig. 1.3 26A1 decay. The 26 Al nucleus ground state has a long radioactive lifetime, due to the large
spin difference of its state to lower-lying states of the daughter nucleus Mg, An isomeric excited -
state of 26 Al exists at 228 keV excitation energy. If thermally excited, 26A1 may decay through this

state. Secondary products, lifetime, and radioactive energy available for deposits and observation
depend on the environment
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Distributed Radioactivities
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2. Isolation and analysis of presolar grains

Hints that presolar grains might be present n
meteorites surfaced in the 19603,.but }t_ was 1_:he
development of both new chex‘mcal d‘SS‘Ohmok?
techniques and new jsotopic microanalysis tecn-
niques, especially secondary lon mass spec;r?{ne:
try (SIMS), that finally led to their successiul 150
lation and identification as presglar_ stardusthm
the late 1980s. The history of this discovery 1as
been reviewed by [2]. The known types of presoial
grains are summarized in Table 1; example micro-

graphs are shown in Fig. 1.

1t is fortuitous that among the mineral phases '

that condense in stars are tough? acid-r.es1‘stalnt
phases like SiC and AL O3, enabl.mg the'lr isola-
tion from meteorites by essen‘ual}y dlssplv;lng
away everything else in h?.rsh acids. This a}s(
often been likened to burning down a haystac
to find a hidden needle and.xmmedxately rans;s
the crucial issue of sampling bias. There are proo-

- ably other presolar phases present in meteorites,

. especially silicates, which are dissolved in the pro-
cedures currently used to concentrate presolar
grains. An additional ‘bias® comhes from grain
size: most work on individual presolar grains
has been on particles at least 1 pm in diameter. -
In contrast, typical circumstellar and interstellar
grain sizes inferred from astronomical observa-

tions are closer to 0.1 pm.

Ultimately, obtaining a representative sample
of the presolar solid materials that went into
forming the solar system will require new chem-
ical and/or microanalytical techniques, many of
which are under development. Two recent advan-
ces discussed here are resonance ionization mass
spectrometry (RIMS), which allows measurement
of ppm-level trace elements in micron-sized grains
with elimination of isobaric interferences, and the
new Cameca NanoSIMS 50 ion probe, which al-
lows isotopic measurements of major and minor
elements to be made on a 50-200 nm scale, com-
pared with the 1 pm scale of previous SIMS in-
struments. As a dramatic example of the new
frontier opened by the NanoSIMS, Messenger et
al. [4] recently reported the in situ discovery of
sub-micron presolar silicates in interplanetary

dust particles.
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Probably organic compounds

Matrix-normalized
Name Composition Size abundance
Diamond C 1-2 om 1500 ppm

- Silicon carbide SiC 0.1-10 pm 10-15 ppm

Graphite C "0.1-20 pm 5-10 ppm
TiC, MoC, ZrC, RuC, FeC, Fe-Ni Inside other materials 1-25 nm n.d.
Spinel ' MgAl,Q4 0.1-20 pm 1.2 ppm
Corundum AL,O4 0.2-3 pm 100 ppb
Hibonite CaAl;5,0q9 1-5 pm 20 ppb
TiO, TiO; nd <10 ppb
SisNy SisNy 1-5pm 1-20ppb |
Forsterite Mg,SiO, 02-05pm - 10-1800ppm
Enstatite MgSiO; 0.2-0.5pum  10-1800ppm !
Amorphous silicate variable 02-05um - 20-3600ppm |
D-rich organics HCNO n.d ' nd. .
Carrier of P1 (=Q) noble gases n.d. n.d.
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Carbon isotopic compositions of silicon carbide grains from the Murchison meteorite compared with

the carbon isotopic compositions of carbon stars (low- to intermediate-mass AGB stars). The
composition of carbon in the solar system is indicated by the vertical line. Note the similarity in the
distributions of compoasitions in the two. plots. These data indicate that the silicon carbide in the |
orgueil meteorite came from a population of carbon stars.very similar to that in the galaxy today.
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carbon and nitrogen isotopic ratios for presolar silicon carbide grains. The vast maj
(AGB grains) plot above and to the left of the solar composition (indicated by the d
Grains with '*N/">N ratios >2000 and '2C/"3C ratios <40 are not predicted by standa
But if extra mixing (cool-bottom processing, CBP) is put into the models, compositi
the direction of the arrow. Supernova grains, which are rich in 2C from helium burr
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hydrogen burning, plot in the lower left quadrant. The sources for the A and B grair
currently known, but some may be AGB grains. Modified from Zinner (2004).
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sotopic compositions of molybdenum in presolar silicon carbide grains compared with model
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for Mo may need to be re-measured. Data from Nicolussi et al. (1998).
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COMPOSITIONS OF ASTRONOMICAL OBJECTS AND NUCLEOSYNTHESIS

Signatures of nucleosynthesis may be directly observable or
convolved with other “astrophysical' factors:
(-Limiting cases - fresh supernovae ejecta

- run of E1/H with (say) Fe/H in the Galactic T,

disk and halo

Corollary: we may use accepted ideas of nucleosynthesis with
observations of E1/H vs Fe/H to infer aspects of the history of
a stellar population:

e.g., [0/Fel vs [Fe/H]

Determination of compositions by spectroscopy calls on atomic and
molecular data of many varieties - identification of lines from
laboratory spectroscopy, excitation energies, ionization/dissociation
energies, oscillator strengths (Einstein A values, gf-values),
photoionization/photodissociation cross sections, excitation

cross sections (e(H) + A <--> e(H) + A*) etc.




—————

25
COMPOSITIONS OF ASTRONOMICAL OBJECTS AND NUCLEOSYNTHESIS

Laboratory and in situ analyses
~ -- Earth (differentiated) Moon and planets (ditto)
~ . -- Meteorites - carbonaceous chondrites (bulk material)
' - occluded noble gases okay for isotopic ratios (?)
- presolar grains: C-rich (e.g., SiC, graphite,
diamonds) and O-rich (e.g., silicates)
-- Solar wind - FIP effect but okay for isotopic ratios

Galactic cosmic rays
-- Living proof of spallation production of LiBeB and
other nuclides (Pagel Fig. 9.1) '
-- Abundances at source require correction for alteration
of composition in transit from source to detector (spallation)
-- General identity of source(s) still in dispute
-~ Acceleration mechanisms still under investigation




COMPOSITIONS OF ASTRONOMICAL OBJECTS AND NUCLEOSYNTHESIS Q‘ﬁ
Stellar compositions

f ~~~~~ Nucleosynthe81s occurs internally - out of sight but for
" emission of neutrinos (solar neutrinos, SN1987A)

Nucleosynthesis in active regions on stellar surfaces has
often been invoked in the past and occasionally still

but no convincing observational evidence (solar flares?)
-- possibly Li and 6Li and 7Li? D?

COMMON ASSUMPTION - For many stars, especially main sequence
stars, the atmospheric composition is the initial composition
of the star and the composition of the interstellar cloud from
which the star formed.

But there are obvious exceptions and some not so obvious

exception too where the composition is peculiar and yet very

unlikely to be related to nucleosynthesis effects!! :

For example, chemically B-F peculiar stars - common and poorly understood -
where nucleosynthesis is a very unlikely explanation. Also, stars

suffering from dust-gas winnowing (Lambda Boo stars, RV Tauri and

related stars).

Bringing stellar nucleosynthesis into view

Extensive mass loss (Wolf Rayet stars)

Mixing between interior and surface - convection (Red giants) and
rotation (massive main sequence stars)

~Jass exchange across a binary system (Ba stars, Algol systems,...)

Ejecta - explosive cases (Supernovae Ia and II), novae
- quiescent cases (Red giants winds/circumstellar shells,
planetary nebulae, stellar nebulae)




Table 9.1. Destruction of light nuclei in stellar interiors

2D destroyed by (p,y)>He forT > 0.5>
614 ”n (p, o) >He for T > 2>
TLi » (p, o) *He : forT> 25>
9Be ” (p,a)Li; (p, D)®Be— 2*He  for T > 355
10 » (p, @) "Be (EC)"Li forT> 53>
g »n (p, ) ®Be— 2*He for T > 55
3He o (He, o) *He + 2 'H for T > -
10°
H
L \He
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Fig. 9.1. Abundances in primary cosmic rays reaching the top of the Earth’s ¢
sphere, compared to Solar-System abundances. (Both normalized to C =
After Rolfs and Rodney (1988). Copyright by the University of Chicago. Cot
Claus Rolfs.




COMPOSITIONS AND NUCLEOSYNTHESIS

Compositions of astronomical objects
—— tangible objects: count atoms...
+ meteorites
+ Moon, planets, comets
+ cosmic rays
+ solar wind
+ interstellar ions

—— intangible objects: spectroscopy ——> composition
+ stars, H II regions, H I regions (cool and cold gas),
galaxies, Lyman alpha clouds, radioactive ejecta

Signatures of nucleosynthesis may be directly observable but
often convolved with (too many?) other “astrophysical' factors.

Pure or almost pure signatures: examples=
+ Tc in AGB stars
+ Wolf—-Rayet stars
+ fresh supernovae ejecta
+ fresh novae - see recent discovery of Be-7 and Li-7 enrichments

Convolved signatures: examples=
+ Run of [El/H] vs [Fe/H] within a stellar population, as in the
Galactic thin disk, thick disk and halo:
e.g., [0/Fe] vs [Fe/H] revealing history of SN II and SN Ia
contributions; ‘
abundance variations within a given globular cluste
revealing contributions of multiple stellar populations;

Special case of Galactic Cosmic Rays:

: + Observations clearly show that GCRs synthesize LiBeB but to
determine the composition of the GCR SOURCE must calculate
nuclear evolution of composition from source to us.




COMPOSITIONS AND NUCLEOSYNTHESIS

Determinations of compositions of “tangible' and “intangible' objects
with the aim of extracting evidence of nucleosynthesis depend in

general on the precision of the analytical tools. Advances in the tools
and, particularly, applications of new tools, often, even inevitably,
result in new opportunities and new challenges to our understanding.

Discovery of interstellar grains in meteorites came from clever
chemical techniques enabling isolation of these small and rare
grains within the bulk meteorite in parallel with refined
techniques for measuring accurately a variety of isotopic
ratios for the separated grains.

For intangible objects,

Advances in the acquisition of spectra are often key to new information:
new spectral windows (e.g., IGRINS), higher spectral resolution and
higher S/N ratio;

Advances in atomic and molecular physics always applicable:
Einstein A-values or gf-values, photodissociation energies,
classification of spectra, and plethora of data needed for
accurate Non-LTE calculations, ..... , and data needed to
establish an adequate model of the object,




