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scientific  aims

• Abundance patterns to constrain models of 
Galactic chemical evolution (IMF, SFR etc) 
and  stellar yields	


• metallicity & kinematics  => formation and 
evolution of stellar populations (i.e. Stellar 
archeology)	


• primordial Li in metal poor dwarfs => SBBN	


• r-process rich stars (U-Th) => 



• From SDSS-R9  pre-selection    of  254335 TO stars (Bonifacio & 
Caffau 2003) . 

- TO stars 0.18 <(g-z)<0.70  (5500 < Teff< 6600) 	

-  (u-g)>0.7  to exclude HB and White Dwarfs	

-  g< 20

• From SDSS spectra  (R~2000)   metallicities for 182 807   

➡       ~ 750 with [Fe/H] < -3.5

TOPoS in a Nutshell



MDF of the candidates

MDF of the candidates

?
never published!



High Resolution follow up:  	

 	

76  stars X-Shooter   	

30 stars with  UVES  	

4   stars SUBARU  

The High Resolution  bottleneck

• GTO X-Shooter  (2010-2011)!
!

• ESO Large Programme (PI E. Caffau) @ VLT-ESO 4 semesters 
(2012-2014)!
➡ 150h: 120h X-Shooter & 30h UVES.!

!
• + 4 approved “normal” programs, 82h UVES!
!
• + 3 nights Subaru



CaII H & K Bonifacio et al (2010)

• 5  stars X-Shooter (R~10000) 

•  [Fe/H] ~ -2.5  

• but  [Ca/H] ~ [Fe/H]: low alpha/Fe 

TOPoS HIGHLIGHTS 

Nissen & Schuster 2010



Caffau et al (2011)
X-ShooterCaII H & K 



 d= 1.27+/- 0.15 Kpc

SDSS J102915+172927  Caffau et al Nature 2011

[Ca/H]~ -4.8! [Fe/H]~ -5.0 !

R~3000

R~ 8000

R~ 40000



carbon

Frebel star

From Behara (2010)

Example of 3D/1D difference for a TO  EMP star

A.J. Gallagher -Observatorie de Paris

CH: G-band at 430 nm	


[C/H] < -4.3 (3D)



nitrogen

[C/H]~ [N/H] ~ [Fe/H]~ -5

Oxygen? 

NH band at 336 nm,	


[N/H] < -4.8 (3D)

In terms of Z: 	

the most  metal poor object



Caffau  et al (2013a)

19 stars X-Shooter IFU mode	

-4.1 < [Fe/H] <-2.9	

SDSSJ1247-0341  [Fe/H]  = -4.1	

Model atmosferes OSMARCS	

Synthetic spectrum  

Bonifacio et al 2009,2013!
Caffau et al 2013b

From Mg b triplet

Caffau  et al (2013b)

- 4 stars X-Shooter	

-   [Fe/H]  <  -3.3	

- SDSS1742+2531 [Ca/H]< -4.5



!
re-analysis of SDSS1742+2531 

Bonifacio et al (2015)

[C/H]= -1.24  +/- 0.4 [C/Fe]=3.5  

CaII-K
CaII-K IS

UVES 29x3000 sec exp	

R~47000 



+  5 new CEMP! 

Bonifacio et al (2015)

• CEMP stars:  [Fe/H]<-2 ;   [C/Fe]> +1.0 

•   ~100% at [Fe/H] =  -5 (?)	


•    origin?

Carollo et al 2011

CEMP stars



 [Ca/H] = -5.0

Fe  not measured 
[Fe/H]< -4.6

 From Ca abundance => 
[Fe/H]  ~ -5.3

SDSS J1035+0641

UVES R~37000  11x3000 sec

 [C/H]= -1.7



SDSS J0929+0238

G-Band

[Fe/H] ? ~ -4.3 

[C/Fe] ~ 3

[C/H] ~ -0.7

[Ca/H] ~ -4.02

The other  are 3 CEMP  stars with [Fe/H]    ~ -3.0



Frebel et al 2005

Caffau et al 2011Keller et al (2014)

Christlieb  (2001)

Hansen et al (2014) 

Norris (2007) 

Allende-Prieto -Frebel 2015

9 stars with [Fe/H]<-4.5

Bonifacio 2015 



!
• Small  masses requires 
cooling to form:	


-CII and OI  the most important 
coolants (Bromm & Loeb 2003) 

- IP CI is 11.26 eV  ionized 
before HI by UV photons of SN 

• Critical metallicity: radiative 
cooling rate > free-fall 
compressional heating  	


➡  [C/H]c ~ -3.5 ±  0.1      	


➡  [O/H]c ~ -3.05 ± 0.2  
  from Frebel et al. 2011

The CEMP are above the critical metallicity but  the 
Caffau star is below  the  minimum amount of C   to 

form low-mass stars

Low-mass metal poor stars exist

Caffau star



The Caffau star require  new 
mechanisms for low mass 
formation: dust cooling or 

fragmentation 

dots are stars with M< 1 Msun

• Dust cooling + fragmentation 
(Schneider et al 2011) !
!
!

•Fragmentation: possible 
fragmentation of primordial gas 
in minihalos induced by 
turbulence (Clark et al 2008, 
Greif et al 2011). Flat 
distribution of masses!
!

From Greif et al 2011



Bimodal C abundance?

• Carbon is unrelated to metallicity!
• Two  populations: Low-Carbon, High-Carbon (Spite et al 2013)!
• The two populations are well separated at low metallicity

[C/H]=0

PROGENITORS 
These are second generation stars. What about their progenitors



TAXONOMY OF THE CEMPS (Beers Christlieb 2005):

CEMPs, CEMP-r, CEMPsr 

HighC:  ~ All CEMP-s,  binaries, from AGB companion (Lucatello et al 2005, 
Starkerburg et al 2014)	


LowC: all CEMP-no, no binaries, origin?

C from AGB 

Prototype CEMP-no:  	

CS 22957-027  Bonifacio Molaro Beers Vladilo 1998;  Norris et al 1997

From Spite et al 2014

CEMP-no 



RelaTive abundances

[X/Ca]

in red the CEMP!
in black C-normal

Frebel Norris 2015



9- UMP-CEMP  have a bizarre pattern

Rel. Abundances of light elements (< Si) variable!
Rel. Abundances of heavier elements very constants



• Hypernova models of Nomoto et al 
(2006)	


➡ 25 Msun: a large fraction of Fe is 
falling back onto the BH	


- but one model for one star!

• Faint SN model  (Limongi et al 
(2003), Cooke e Madau (2014))!

!
- CCSN Energy   ~ 1050 erg, !
- vel ejecta         <1000 km/s, !
- Ni56 mass       ~ 0.001 Msun!

!
➡ only most superficial layers are ejected !
+  classical +SN for the  heavier elements 

Progenitors?

Frebel
Christlieb



 5 TO stars  have a  Teff  of the Spite plateau but show no Li. 	


also  SDSS1029+1729 (Caffau star) no CEMP

Lithium 

"melting" of Li at [Fe/H] ~ -3   (Sbordone et al 2013)

=> probable stellar origin of the Li Cosmological problem



In the EMP Li could be low because:!
!
•   accretion is lower and shorter  

since the stars are hotter !
•    PreMS depletion is higher due to  

the small mass  (~ 0.6 Msun)

PreMain Sequence depletion and  late accretion 

Fu, Bressan, Molaro, Amico 2016



Conclusions 

• TOPoS  successful: 100 stars studied, 3(4) stars with [Fe/H]<-4.5 
(30-40%) 	


• The EMP star   show that stars with solar masses must form also at 
the lowest metallicity.  Likely two main mechanisms at work: one for 
the CEMP and one for the C-normal	


• CEMP-no is the main root for first low-mass stars formation.  	


•  “C-normal” metal poor stars  exist dawn to [Fe/H]~ -5 (proportion 
1:9) 	


• TO  CEMP or C-normal show  absence of Li. This suggests a  stellar 
origin of   the primordial Li problem


