
{ 

CEMP Stars as Probes of First-Star 

Nucleosynthesis and Galaxy Assembly 

 

 

Timothy C. Beers 

University of Notre Dame   

SDSS 



ü First-generation objects of high mass presumably formed from  

    metal-free gas 

ü Lived short lives (Myr not Gyr) 

ü Exploded 

ü Distributed (pre or post explosion) their nucleosynthetic products 
 

ü Next-generation objects formed from the gas polluted by first-

generation objects 

ü A wider range of masses allowed, perhaps including stars with main-

sequence lifetimes  > a Hubble time 

ü Further star formation (Pop II) contributed additional material,  and 

diluted the signatures of first/next-generation stars 
 

ü We should look for a characteristic set of abundance signatures 

ONLY found among the lowest metallicity stars 
 

What Are We Looking For ? Expected 

Signatures in the Early Universe 



Discovery of Carbon Stars  

M.F. McCarthy, S.J. (1994) 
1818 ï 1878 

 

 

 

 

 

 

 

 



What Did Father Secchi See ?  



Discovery of CEMP Stars  

Beers et al. (1992) [Fe/H < -2.0; high velocity; unknown n-capture 
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CEMP Frequency / Level of [C/Fe] 

Rossi et al.  (1999) 

Higher CEMP Frequency + Higher [C/Fe] at lower [Fe/H]  



Refined Estimates of [C/Fe] 

Apparent Split of [C/Fe] and [C/H] for [Fe/H] < -2.5  

ñ If all the CEMP stars obtained their carbon enhancement as the result of the transfer of  AGB-

processed material from a now-deceased companion, this result places a strong constraint on 

the level of carbon enhancement that must be accounted for by models of AGB evolution at low 

metallicity.  However, we suspect that it may not be the case that all the CEMP stars can be 

accounted for by this single process. It is worth noting that, for metallicities in the range Fe/H < 

-2.5, the distribution of [C/H] for CEMP stars may be bimodal, which also suggests that 

several nucleosynthetic processes may be involved.ò 

Rossi et al. (2005) 

A (C) 



Larger Samples of CEMP Stars with 

High-Resolution Abundances  

Aoki et al. (2007) 

Clear Distinctions Between Ba-poor and Ba-rich Stars 

Ba Poor 

Ba Rich 

Ba Poor 

Ba Rich 



Exploration of Natureôs Laboratory 

for Neutron-Capture Processes 

Beers &  Christlieb  ARAA (2005) 

[C/Fe] > +1.0 later revised to +0.7 for CEMP status 



CEMP-no Stars are Associated with UNIQUE Light-

Element Abundance Patterns (Aoki et al. 2002) 

 
CS 29498-043:  [Fe/H] = -3.8; [C/Fe] = +1.9 

 Harbingers of Things to Come! 



CEMP-no Stars are Associated with UNIQUE 

Light-Element Abundance Patterns 

It is the SAME pattern among the light elements ! 

HE 0107-5240  [Fe/H] = -5.3,  [C/Fe] = +3.6   (Christlieb et al. 2002) 

HE 1327-2326  [Fe/H] = -5.5,  [C/Fe] = +4.2   (Frebel et al. 2005) 

 

HE 0107-5240  



Learning How to Count ï 

Cumulative Frequencies of CEMP Stars 

Lee et al. (2013) 



Cumulative Frequencies of CEMP-no (ONLY) Stars 

from SDSS/SEGUE, with Luminosity Corrections 

Placco et al. (2014) 



As If Right on Cue é 
 

üNature ï March, 2014  

 

A single low-energy, iron-poor supernova as the source of 

metals in the star SMSS J031300.36-670839.3 

 

S. C. Keller, M. S. Bessell, A. Frebel, A. R. Casey, M. Asplund,  

H. R. Jacobson, K. Lind, J. E. Norris, D. Yong, A. Heger,  

Z. Magic, G. S. Da Costa, B. P. Schmidt, & P. Tisserand 
 

 

ü Announcement of  the discovery of a star with metallicity  

   [Fe/H] < -7.1  -- more than 10,000,000 times lower than the Sun 
 

üAnd of course, it is a CEMP-no star, with the same light element   

  abundance pattern, and detectable (but very low) Li 



Observed Elemental Abundance Pattern for 

SMSS J031300.36-670839.3 ([Fe/H] < -7.8) 

Note singular detections of C, Mg, and Ca ï Everything else is       

an upper limit !   (Keller et al. 2014) 



Yoon et al. (2016) ï Absolute Carbon A(C) vs. [Fe/H] 

CEMP-s + CEMP-i 

CEMP-no 

Yoon-Beers 

   Diagram 



Yoon et al. (2016) ï A(Na) and A(Mg) vs. A(C) 

Group II CEMP-no:  Green     /   Group III CEMP-no:  Orange 

BD+44:493 HE 1327-2326 



ü Separation of CEMP-s(i) stars from CEMP-no stars based on  

   Yoon-Beers diagram (A(C) vs. [Fe/H]) , opening identification from  

    medium-resolution, rather than high-resolution spectroscopy 

New Tools / New Techniques 



Hidden CEMP-no Stars  

Figure courtesy  

Kaitlin Rasmussen 



Hidden CEMP-no Stars  

Placco et al. (2016) 

 

 

 

 



Teff ~ 6500 K  [ Fe/H] ~ ï3.5  [C/Fe] = +1.1   A(C) = 6.2 

Hidden CEMP-no Stars  



Yoon ï Beers Diagram ï Absolute Carbon A(C) vs. [Fe/H] 

CEMP-s + CEMP-i 

CEMP-no 
G 64 Stars 

Caffau Star 



New Surveys / Using the New Tools ï AEGIS Survey 

Yoon et al. (2018) 

Equatorial Map 

Galactic Map 



Cumulative Frequencies / Differential Frequencies of ALL  

(CEMP-no + CEMP-s with Teff < 5750 K) for the AEGIS Sample 



Cumulative Frequencies / Differential Frequencies of SPLIT 

(CEMP-no + CEMP-s with Teff < 5750 K ) for the AEGIS Sample 



Association of CEMP-no Stars with Outer Halo / 

CEMP-s Stars with Inner Halo 

Consideration of different spatial regions -- 

The distribution of AEGIS SG + G sample 

reveals: 

 

The IHR comprises:    47 +/- 4% CEMP-no  

The IHR comprises :   53 +/- 4% CEMP-s  

 

The OHR comprises:  78 +/- 7% CEMP-no  

The OHR comprises:  22 +/- 7% CEMP-s  

 

Dietz et al. (in prep) ï Stellar Kinematics Ą 

Figure courtesy Sarah Dietz 



The Story So Far é   

 

ü CEMP stars, in particular CEMP-no stars, appear intimately related 
with documenting the first generations of star formation in             
the early Universe 

 

ü CEMP stars may not be the full story, but perhaps a large part of it  
 

ü Avenues for forming second-generation stars without large carbon 
over-abundances ? 

 

ü We need to learn how to COUNT better, as the frequency of    
CEMP-no vs. [Fe/H] diagram is of fundamental importance for 
comparison with models of the early halo 

 

ü The ENVIRONMENTS in which CEMP-no stars formed can and 
probably DO provide crucial constraining information on the nature 
of the first star-forming entities in the Universe, perhaps something 
like currently observed UFD galaxies 



But Where ?  In the First Galaxies ï  

The Ultra Faint Dwarfs  

Frebel et al. (2016) 

CEMP-no  

Dark Energy Survey 



Attack of the Theoreticians ð 2017/2018 



Attack of the Theoreticians ð 2017/2018 

The neutron star merger GW170817 points to collapsars 

as the main r-process source 

Daniel M. Siegel1;2, Jennifer Barnes1;2, Brian D. Metzger1 

1Department of Physics and Columbia Astrophysics Laboratory, Columbia 

University, New York, NY 10027, USA 



What Comes Next ?   

 
ü Large (unbiased) samples of CEMP stars observed with high-resolution 

spectroscopy  (SALT -- ~200 so far, ~ 250 soon) 

ü Sub-classification of CEMP stars ï CEMP-r, CEMP-s, CEMP-i, CEMP-no 

ü Frequencies of various sub-classes of CEMP stars 
 

ü Large (unbiased) samples of CEMP stars observed with medium-

resolution spectroscopy (LAMOST / DESI / PFS / WEAVE / 4MOST ) 

ü Refined maps of spatial distribution of CEMP-s / CEMP-no stars 

ü Refined frequency distributions of CEMP-s / CEMP-no stars 
 

ü Large (unbiased) samples of CEMP stars identified with photometric 

surveys (J-PLUS / S-PLUS) 

ü Distant maps of spatial distribution of CEMP-s / CEMP-no stars 

ü Matches with Gaia astrometry for kinematics 
 

ü Long-term radial-velocity monitoring of ALL subsets of CEMP stars 

(SOAR/STELES would be ideal). 



ü Initial collapse of a 
few high-mass 
mini-halos Ą    
Inner Halo (G-E) 
 

ü Prolonged 
accretions of lower 
mass mini-halos Ą 
Outer Halo 
 

ü Stars initially in 
bound mini-halos 
are disrupted Ą 
distributed 
throughout the  
halo system 

Assembly History of the Milky Way 



Where are the UMP Stars Hiding? 

Low-mass mini-halos never penetrate to deep inside the halo 

 

  

Amorisco+2016 

Scientific Justification 

Evidence from the Literature 
 

Metallicity Distribution Function (MDF) vs.  

Galactocentric distance for G-type carbon giants 

And K-type carbon normal giants 

Theoretical 

Predictions 

Starkenburg+2016 



ü HK Survey  

   Blim ~ 15.5 

   Reach for giants   

~ 15-20 kpc 
 

 

ü Hamburg/ESO  

   Blim ~ 17 

   Reach for giants    

~ 25-30 kpc 
 

 

 

ü SDSS/SEGUE  

   Blim ~ 20-22 

   Reach for giants        

~ 100-150 kpc 

Spectroscopic Surveys of the Halo  



Reality of the Color-Magnitude Diagram 

Sun 

BHB 

UMP 

UMP 



SDSS spectra of stars from Green (2013) ï dCs or CEMP giants? 

CEMP Stars , Near and Far 



          LBT/MODS Spectra      Gemini/GMOS Spectra 

CEMP Stars, Near and Far 

Yoon et al. (in prep) 


