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Outline

• r-Process Enhanced Metal-Poor Stars
• Why they are an ideal site for studying the r-process

• Previous observations

• Searching for new r-I and r-II stars

• The future

Cowan et al. (2011)



Promising Sites to Study the r-Proc

Solar and Heliospheric Observatory; NASA
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Promising Sites to Study the r-Proc

Simmerer et al. (2004); Venn et al. (2004); Reddy et al. (2006)

s-proc to
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Promising Sites to Study the r-Proc

U and Th are 
radioactive!  

Can be used to 
determine ages 
for these stars!



• Metal-poor stars ([Fe/H] < -1.5)

• [Ba/Eu] < 0 (little-to-no contribution from s-process)

• Enhanced in r-process elements
• Take Eu to be the tracer element for the r-process

• r-I stars: 0.3 < [Eu/Fe] < 1

• r-II stars: [Eu/Fe] > 1

Promising Sites to Study the r-Proc



These Criteria Miss Some 
Interesting Stars…

Aoki et al. (2017)

HD 122563 is 
enhanced in lighter, 

r-proc elements 
compared to Sun, 

r-II stars



Known r-I and r-II Stars: CS 22892-052

Sneden et al. (1994)



Known r-I and r-II Stars: CS 22892-052

Sneden et al. (2000)

Age of 16 +/- 4 
Gyr from U and 

Th

Deviations at 
the light end… 
Suggestive of 

multiple r-proc 
sites?
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Placco et al. (2017)

A new r-II star: RAVE J2038−0023



The Robustness of the Pattern

Cowan et al. (2011)

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



But… some have an “actinide boost”

Roederer et al. (2009)

Mean: 
“Normal” 
r-proc 
enhanced 
stars

Mean: 
Actinide 
boost stars



Metallicity Distributions

r-I stars
r-II stars



r-II stars: Not necessarily binaries

Hansen et al. (2015)



Reticulum II

Ji et al. (2016); see Anna’s talk this afternoon



What We Know and Remaining 
Questions
• There are stars that are significantly enhanced in r-

process elements
• What nucleosynthetic site can increase r-process 

elements significantly but not iron-peak elements?
• How many r-I and r-II stars are there?  Is this consistent 

with predicted rates of, e.g., NSMs?
• Where did they come from?  All from dwarf galaxies?

• The pattern of heavier r-process elements is very 
robust
• Does this implicate a single site for the r-process?
• What about the lighter r-process elements?
• What about the actinides?

We need more 
data!

(Specifically, we need to discover more 
r-I and r-II stars) 



Digitized Sky Survey: 15’ x 15’



More Data: The Near Future

• Large Surveys will find new metal-poor stars: 
E.g., RAVE, APOGEE, GALAH, GAIA-ESO, Skymapper, Pristine, others…

• Medium resolution spectroscopic follow-up
Can provide rough abundances of some elements (Fe, C, etc.)

• High resolution follow-up (R~30,000)
Some neutron capture elements: e.g,. Y, Ba, Eu

• Higher resolution follow-up (R~80,000)
More elements: e.g., U

• UV observations (requires HST)
Even more r-process elements: Ge, Mo, Cd, Te, Pt, Au, Bi

Limited to MW 
and nearest 
neighbors

Very limited to 
the brightest, 
nearby stars



The RAVE Survey

Fulbright et al. (2010)



Re-calibration of RAVE [Fe/H]

Matijevic et al. (2017)



Medium Resolution Follow-Up

• With Vini Placco and Tim Beers…



SLIDE FROM TIM BEERS



SLIDE FROM TIM BEERS



High resolution Follow Up



High Resolution Follow Up

• With Terese Hansen, Tim Beers, Vini Placco, others

• Southern hemisphere (Chile): 
• Du Pont Telescope (2.5 m)

• Magellan Telescope (6.5 m)

• Northern hemisphere: 
• ARC Telescope (3.5 m) at the

Apache Point Observatory in
New Mexico

• Echelle spectrograph:
R = 31,500



ARC Follow Up

• Spectra of 169 stars
• 20 standards

• 79 from the re-calibration of RAVE [Fe/H] (Matijevic et al. 2017)

• 70 from the optical medium-resolution follow-up (Placco et al. 
2017)

• Utilizing the Amarsi et al. (2016) <3D>, NLTE 
corrections to Fe I lines
• Atmospheric parameters agree well with independent methods 

(photometry, parallaxes from GAIA, etc.)

• Standards are in agreement with other NLTE analyses



[Ca/Fe]



New r-I and –II stars

Of the 149 new stars…

• X are r-I stars

• Y are r-II stars

In the full sample of 1500-2000 stars, over the next 
two years, we might expect

• Many more r-I stars

• Many more r-II stars

INFORMATION REDACTED



• Results slides have been removed…



Summary

• This survey at APO has discovered 
X new r-I stars and Y new r-II stars
(Comparable #s in the south)

• So far, the detailed abundances show that they are 
similar to the other known r-I and r-II stars, but at a 
higher [Fe/H]

• Future follow up will determine more abundances

INFORMATION REDACTED


