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Solar System Abundances 



Galactic Halo Stars 

•  Metal-poor Halo Stars are ``fossils’’ of the Early Universe 
•  These Stars are Relatives of the First Stars in the Universe 

``Near Field Cosmology’’ 



back 



Meteoritic scale Sneden, Cowan & Gallino (2008) 

Note  
odd-even 
effect 



s process s-process r-process 



Ge, Zr 

Os, Pt 

Sneden & JC (2003) 

Jewelry store 
items 

radioactive 
radioactive 

Spectroscopic Scale: log N(H) = 12  



How do stars live and die? 

Where do stars make the heavy elements: 
 where is the platinum? 

How do stars eject those heavy elements into 
space and into gas that will make new stars  
and planets? 













Explosions caused by accretion in  
binary stellar systems 

binary systems with accretion onto one compact object can lead (depending on 
accretion rate) to explosive events with thermonuclear runaway (under electron-
degenerate conditions)‏ 
- white dwarfs      (novae, type Ia supernovae)‏ 
- neutron stars   (type I X-ray bursts, superbursts?)‏ 

Other options:  
White Dwarf Mergers (super-
Chandrasekhar)‏ 
He-accretion on WD (sub-
Chandra)‏ Thielemann (2012) 





Sneden and JC (2003); Sneden, JC & Gallino (2008) 
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SS isotopic deconvolution by s- and r-process 
Log ε(A) = log10(NA/NH)  + 12 

Most elements 
made in  
combination, 
but certain  
elements  
made in only 
one process 



Stellar Spectroscopy  

Crab Nebula First Seen in 1054 

Supernova 
Explosion 
in the 
Milky Way 
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Low resolution 

High resolution 

CS 22892-052  

n-capture heavy  
elements: rare earths 

Expanded view 

HD 122563 



Some of the Telescopes We Use  

Keck Observatory in Hawaii 



Space Telescope Integrated Spectrograph  



  HD 108317 
([Fe/H] = -2.5) 

Roderer et al. 
(2012b) 

How do we determine 
elemental abundances? 

Synthetic spectra: 
red line best fit, 
black line, nothing, 
gray lines = +/- 30% 





Concentrating on the Rare-Earth Elements 
transition probabilities from Lawler’s Wisconsin group 



New experimental 
atomic physics 
data: 
 Nd done (Den  
Hartog et al. 2003) 
 Ho done (Lawler 
et al. 2004) 
 Pt done (Den  
Hartog et al. 2005) 
 Sm done (Lawler 
et al. 2006) 
 Gd done  
(Den Hartog et al 
2006)  
 Hf done (Lawler et. 
 al. 2007) 
Er done (Lawler et  
al. 2008) 
Ce, Pr  done (Lawler 
et al. 2009, Sneden 
et al. 2009)  

Working our 
way through 
the periodic  
Table! 

Comparisons 
of SS meteoritic 
& photospheric 
values of the 
REE 



Sneden et al. (2009): culmination of years of effort 

Comparisons 
of new REE 
abundances  
with SS  
r-only  
predictions All 

normalized  
to Eu 

Very 
little 
scatter 



Very old star. 
Robust  
r-process over 
the history of 
the Galaxy. 

Even s-process 
elements like 
Ba made in  
r-process  
early in the 
Galaxy. 

Stellar elemental abundances consistent with scaled SS r-process only 

Historical 
(~ 1996)  



Log ε(A) = Log10(NA/NH)  + 12 

Germanium 

Platinum 

(with new atomic and stellar data) 

57 elements 
observed. 
More than any 
star except 
the Sun. 

(64 HST Orbits) 

31 N-Capture Elements Detected  The Old King 

Note lighter 
n-elements 
do not fall 
on SS  
r-process 
curve 



34 n-capture elements  
detected in BD +17 3248  
& HD 108317. 
       Most in any  
metal-poor halo stars 
 to date! 

 

Te in second peak 
produced along with 
REE and main  
r-process 

Roederer et al. (2012a) 



10 r-process rich stars 
Same abundance pattern at the upper end and ? at the lower end. 

CS 22892-052 
HD 115444 
BD +17 3248 
CS 31082-001 
HD 221170 
HE 1523-0901 
CS 22953-03 
HE 2327-5642 
CS 2941-069 
HE 1219-0312 



6 r-process rich stars 
Same abundance pattern at the upper end and ? at the lower end. 

CS 22892-052 

HD 115444 

BD +17 3248 

CS 31082-001 

HD 221170 

HE 1523-0901 

Sneden, JC 
 & Gallino 
   (2008) 



Same isotopic ratio 
seen in all 3 lines! 

back 



151Eu: 
      100% 
      65% 
      48% 
      35% 
      0% 

Many more examples 
of Eu isotopes in  
other stars. Same  
ratio found. 

Ba now seen as well 
in one star: isotopes 
appears to be  
consistent with SS  
ratios.  

Sneden et al. (2002) 
More lines in the  
same star 



RGB and RHB  stars 

Upper end SS r-process. Sr-Zr not fit. 

Sobeck et al. 
      (2011) 

Abundance 
pattern  
same  
as in single 
field halo 
stars 







Ge scales with Fe 

Heavy n-capture 
elements do not 
scale with iron  
(i.e., metallicity). 

Note the resolution. 

CS 22892-052 
([Fe/H] = -3.1) 
HD 115444 
([Fe/H] = -2.7) 
HD 122563 
([Fe/H] = -2.6) 

Roderer et al. (2012b) 

JC et al. (2005) HD 108317 ([Fe/H] = -2.5), HD 
122563 ([Fe/H] = -2.6), HD 126238 , 
([Fe/H] = -2), HD 128279, ([Fe/H] = 
-2.5) 

[A/B] = log10(A/B)star  - log10(A/B)sun 



Pt     Eu 

[A/B] = log10(A/B)star  - log10(A/B)sun 

Os shows 
same  
correlation 



JC et al. (2005) 

[A/B] = log10(A/B)star  - log10(A/B)sun 

Ge     Eu 

If Ge and Eu are both n-capture elements and both synthesized in 
same process they should be correlated? 



JC et al. (2005) [A/B] = log10(A/B)star  - log10(A/B)sun 

Ge     Fe 

What happens 
at higher [Fe/H] 
with the  
s-process? 

Challenge to  
theorists.  
νp-process 
(Frolich et al.) 



In exploding models matter in innermost 
ejected zones becomes proton-rich 

(Ye>0.5) 

005(‏ 

if the neutrino flux is sufficient (scales 
with 1/r2)! : 

  νp-process 

)Fröhlich et al. (2006) 



Zr     Eu 

Both n-cap 
elements  
but not  
from same  
source? 

LEPP? 
SN models? 

Trend first noticed by Travaglio et al. (2004) 

JC et al.  
(2005) 



Ivans et al. (2006) 

Ag (Z=47)  
is low in  
all cases! 

only upper  
limits on 
Sn 



First detections of these n-cap species in metal-poor stars 

Roederer  
et al. (2010a) 



Time Magazine – July 12, 2010 



Note the resolution. 

  HD 108317 
([Fe/H] = -2.5) Roderer et al. 

(2012b) 



UV: HST STIS 

Roederer et al. 
    (2010a) 





Adding more  
components with 
higher neutron 
number densities 

Solar System  
meteoritic abundances 

Theoretical fit after  
α and β decays 

Nn = 1020 

Kratz et al. (2007) 

Nn = 1028 



Kratz et al. (2007) 

Waiting point 
approximation  
calculations Superposition of 

components with 
different neutron 
number densities 



Heavier 
n-capture  
elements  
formed at  
higher n-number 
densities  

main  
r-process 

Kratz et al. (2007) 

Simmerer et al. 
(2004) - - - -  

Sneden et al. 
(2003) ■ 



Only lighter 
n-capture  
elements  
formed at  
lower n-number 
densities 
no Ba  

 weak  
r-process 

Kratz et al. (2007) 

Simmerer et al. 
(2004) - - - -  

Sneden et al. 
(2003) ■ 



Kratz et al. (2007) 



Roederer et al.  
     (2010b) 

CP or a-rich freezeout 
+ beta-delayed ns  
     low entropy components 
for Sr-Zr     LEPP? 

Complicated models: 
shows there are  
some successes and  
some failures still  



Note 
Ag, Cd 

JC et al. (2011) 





 Solar LEPP and        stellar LEPP 






