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 We try to derive the hint of the 
astronomical site of r-process from the astronomical site of r-process from the 
observations of Extremely Metal-Poor 
(EMP) stars.(EMP) stars.

The behavior of r-process elements in  The behavior of r-process elements in 
Milky Way (MW) halo is compared with the 
trend in globular clusters and dwarf trend in globular clusters and dwarf 
galaxies.



Chemical evolution of      
r-rich stars

CS 22892-052 Chemical evolution of      
r-process in our Galaxy
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Large dispersion in [Fe/H]< －2
→ Spatial inhomogeneity of chemical composition
r-process is dominant source in EMP stars40 50 60 70 80 90Atomic number r-process is dominant source in EMP starsHonda et al. 2006

LEPP (Travaglio et al. 2004)
weak r-process  (Wanajo et al. 2006)

(e.g., Honda et al. 2004, Francois et al. 2007)



Neutron star mergers Supernovae

10-30M

Cescutti et al. 2006
Tsujimoto et al. 1999

Mathews et al. 1992

Donder & Vanbeveren 2003Donder & Vanbeveren 2003

Argast et al. 2004

The chemical evolution models are
built based on the observations of 
metal-poor stars in our Galaxy.

Ishimaru et al. 2004
Argast et al. 2004

metal-poor stars in our Galaxy.



 Building blocks of Galaxy ?
ΛCDM hierarchical structure formation ΛCDM hierarchical structure formation

 Remnants of building blocks of Galaxy 

 Do metallicities and abundances of metal- Do metallicities and abundances of metal-
poor stars in dwarf galaxies agree with 
MW halo’s ?MW halo’s ?
 Extremely Metal-Poor (EMP) stars in        

dwarf galaxies provide information of     
galaxy formation and chemical evolution.galaxy formation and chemical evolution.



Venn & Hill (2007)

Mg Low α trend ● LMC
● FornaxCa Mg Low α trend 

 Large contributions of Type Ia 
SNe at low metallicity?

Chemical abundance trend 

● Fornax
● Sculptor 
● Sgr

Ca

Ca

 Chemical abundance trend 
of “luminous” (“metal-
rich”) dwarf spheroidal rich”) dwarf spheroidal 
galaxies is different from 
MW halo.

Ba
0-1-2

SNe II +SNe Ia

How is the very low metallicity range ?
[Fe/H] < -2.5

MW halo. 0-1-2
Building blocks of galaxy ???

How is the very low metallicity range ?
Many EMP stars were discovered in dwarf galaxies 
by SDSS, DART program.

McWilliam 1997

The DART program found many EMP stars in Sextans.



Chemical abundance analysis of Sextans Chemical abundance analysis of Sextans 
stars with Subaru/HDS
 High resolution follow-up for            High resolution follow-up for           

candidate EMP stars discovered           
with VLT/FLAMES (DART).  with VLT/FLAMES (DART).  
(Helmi et al. 2006)

Subaru/HDS observations (P.I.: N. Arimoto)  Subaru/HDS observations (P.I.: N. Arimoto) 
 Jan. 2007 + May 2005    

R=40,000 R=40,000
 λ 4400-7200 A
 S/N ~ 17-46 @5180A S/N ~ 17-46 @5180A
 Exp. time 60-390 min



 Low metallicity is 
confirmed

Does this star show pure r-process ?

S15-19

 Low metallicity is 
confirmed

 Under-abundant in five 
EMP stars. S15-19EMP stars.

 Two EMP stars show 
large and moderate 
excess of Ba.
large and moderate 
excess of Ba.

 Ba in Sextans shows 

without s-process rich stars
black  indicates M.W. star

 Ba in Sextans shows 
large scatter as in MW 
halo.
 Is the behavior of 

Aoki et al. 2009
 Is the behavior of 

neutron-capture element 
similar to that of Our 
Galaxy ?Galaxy ?



High resolution spectroscopy of the Ba-rich High resolution spectroscopy of the Ba-rich 
EMP star S15-19 with Subaru/HDS

 V=17.5 V=17.5
 Teff: 4600K, logg: 1.2, [Fe/H]=-3.1
 Obs. Date : 2010 Feb. 9
 R=40,000,   λ 3760 ~ 5490 A (Sr, Eu, CH) R=40,000,   λ 3760 ~ 5490 A (Sr, Eu, CH)

 4400 ~ 7200 A (previous obs.)

 Exp. time 8h 
 S/N = 25 @ 4500 A S/N = 25 @ 4500 A
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r-process
Eu II

 No detection of Eu II line ([Eu/Fe] < +0.9)

4320 4322 4324 4326 43280 4128 4129 4130 4131 4132 41330

 No detection of Eu II line ([Eu/Fe] < +0.9)

 Carbon-rich  ([C/Fe] = +1.0, C12/C13 =4±1) 

Low Sr/Ba (= -1.9) Low Sr/Ba (= -1.9)
This result shows that the abundance of this star is 
reflects s-process in low metallicity. (e.g., Gallino et al. 1998)reflects s-process in low metallicity. (e.g., Gallino et al. 1998)



 Variation of radial velocity is found. Variation of radial velocity is found.
226.05±0.11 km/s (2005) → 223.5±0.6 (2010) 

→ binary system→ binary system

 S15-19 probably belongs to binary system  S15-19 probably belongs to binary system 
and is affected by an AGB star.

High Ba is the result of the mass transfer  High Ba is the result of the mass transfer 
from AGB star.

The chemical composition of this star 
does not show initial composition.does not show initial composition.



s-rich star s-rich star

neutron-capture elements in EMP stars in faint dwarf galaxies 

In spite of many s-rich star s-rich star In spite of many 
observations in 
recent years, no  

S15-19

recent years, no  
r-process 
enhanced EMP 
star is found in 

◆

star is found in 
dwarf galaxies and 
ultra-faint dwarf ◆

▼
◎
◎★

■Sextans :Aoki et al. (2009)
□Sextans:Shetrone et al. (2001)
▲Draco :Cohen et al. (2009)

ultra-faint dwarf 
galaxies, yet.
Dwarf galaxies may have 

★

▲Draco :Cohen et al. (2009)
●Ursa Minor:Sadakane et al. (in prep)
○Ursa Minor:Shetrone et al. (2001)
◎Ursa Minor：Cohen & Huang (2010)
◆Fornax :Tafelmeyer et al. (2010)
▼Sculptor :Tafelmeyer et al. (2010)
★Ursa Major II :Frebel et al. (2010)

Dwarf galaxies may have 
a history of chemical 
evolution different from 
that of MW.★Ursa Major II :Frebel et al. (2010)

without s-process rich stars
in MW

5% ~ r-rich star in MW

that of MW.

Barklem et al. 2005
in MW



 Oldest objects in our Galaxy
≒ Age of Galaxy≒ Age of Galaxy

 Single stellar population Single stellar population
 Homogeneous metallicity

 Formed at same timeFormed at same time
c.f., Exceptions are ω Cen, NGC2808, etc.

 No EMP star

 Formation history is still unclear
 Building blocks of Galaxy ? Building blocks of Galaxy ?
 Remnant of core in dwarf galaxies ?
 ???



average of stars
in GCs M15

r-process is dominant 

Observational
error ?

r-process

r-process is dominant 
source in metal-poor 
GCs.

error ?
Star-to-star 
scatter  ?

r-process

s-processs-process

Gratton et al. 2004+ s-process



Star-to-star abundance variations in M15Star-to-star abundance variations in M15
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Need more sample of other clusters!



M15

M30M30

M92

R～50,000 3500Å～5200Å
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preliminary results
M15: Bimodal distribution ?

1
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M92 also show dispersion ?

Dispersion exists (Roederer & Sneden 2010)

As a whole,  the behavior of r-process 
abundances are similar to that of our Galaxy. 

Dispersion exists (Roederer & Sneden 2010)
No dispersion (Cohen 2011) Is the behavior different

for every GCs ?



Heavy-element dispersion in the GC M92 ?
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preliminary results
r-poor stars 
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Light neutron-capture elements (Y) are commonly enhancedLight neutron-capture elements (Y) are commonly enhanced
Heavy neutron-capture elements (Eu) show scatter.



EMP stars show large dispersion in MW halo. EMP stars show large dispersion in MW halo.
 Existence of r-rich stars and r-poor stars 

 No r-process enhanced EMP star is found in dwarf  No r-process enhanced EMP star is found in dwarf 
galaxies yet.
 S15-19 is CEMP-s star.

We confirm the dispersions in very metal-poor GCs  We confirm the dispersions in very metal-poor GCs 
(M15, M92 ?).
 No dispersion in M30 No dispersion in M30
 Bimodal distribution M15 ?
 Weak r-process is common in metal-poor GCs ?

 We need r-process chemical evolution models that 
can explain neutron-capture elements in MW halo, 
globular clusters and dwarf galaxies. globular clusters and dwarf galaxies. 

 Further research on EMP stars in MW, dwarf 
galaxies, and GCs would clarify the r-process. galaxies, and GCs would clarify the r-process. 

e.g. → Subaru/PFS + Keck/ESI + Subaru/HDS(+MOS)
→ TMT/HROS


