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Metal-poor stars as a tracer of Pop Il
stars

» Metal-poor stars are very old = candidate of the
2"d generation low-mass stars formed out of gas
enriched by Pop Il stars

» Chemical composition of the atmosphere of stars
(main-sequence, red-giants) are almost
unchanged, if they have evolved in isolation (e.q.
not belonging to a binary system)

» The interpretation depends on to what extent
above assumptions are valid



Where are the 2"d generation stars?

» Faint dwarf spheroidal galaxies

> The standard cosmology (ACDM) predicts hirearachical
formation of galaxies

= Faint dwarf spheroidal galaxies, which are mainly hosted
by a low-mass dark matter subhalo, are candidate of the
first galaxy in the early Universe

Chemical abundances in Bootes | dwarf spheroidal galaxy

» The Milky Way field halo

- A sizable fraction of the stellar halo have formed through
accretions of smaller stellar systems such as dwarf galaxies

The abundance patterns of most iron-poor stars in the Milky Way halo



chemical compositions in a
ultra-faint dwarf galaxy
Bootes |

b Q)

Is the Bootes | a surviving first

galaxy with chemical imprints
of Pop Il stars?




Ultra-faint dwarf (UFD) satellite galaxies

®: Classical dwarf satellites
®: Ultra-faint dwarf satellites (discovered by SDSS)
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Very low metallicities of UFDs: [Fe/H]*<-

[Fe/H]
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* More metal-poor than brighter dSphs:
= less chemically evolved

« Large [Fe/H] spread
= signature of chemical evolution
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= incomplete mixing in the birth cloud
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Are UFDs surviving “first galaxies”
formed in the early Universe?

(e.g. Bromm & Yoshida 2011;

) | Frebel & Bromm 2012)
'Y R/ » Formation of the first (Pop
n 7 lIl) stars inside dark matter
S IAe i\(i\{ mini halos (~10°M_, z~
* * S 20-30)
i\( » Supernova ejecta of the Pop

lll stars re—assemble to
higher mass dark matter
halos (~108M_,, z~10)

» Formation of the 2nd
generation low-mass stars

First galaxies: » Negative feedback effects
due to their SNe (heating,
gas removal, etc) suppress
further star formations

Y

a simple stellar population which was
formed out of ejecta of Pop Ill SNe
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Discovered in SDSS DR5 (Belokurov+06)
D,= 66kpc

Very faint (My=-5.8)
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Color-magnitude diagram

© r<12. R A » Old stellar population
- — Z=0.0001/Age=13.7Gfr e* % o
" Z=0.0001Age=125Gyr " [ 4 . (age>] 3 Gyr)
el Ear v for .
» The age spread:
e < 1Gyr
= Candidate of the first
| galaxies?
24 |
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A large abundance spread in Bootes |?

Feltzing et al 2009
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Presence of a star with anomalous chemical composition
= Inhomogeneity in metals during the formation of this galaxy?



Much smaller abundance spreads?
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Observation and analysis

» High-res. spectroscopy with
Subaru/HDS (Pl:Okamoto, S.)

» A~4000-6000A with
R~30000

» 1D-LTE abundance analysis
(Aoki et al. 2009)

» Elemental abundances:
- —elements (e.g. Mg, Ca, Si)

- Fe-peak elements (e.g. Cr, Ni)

- Neutron-capture elements (Sr
and Ba)

- HD85773 | | | i :
5140 5150 5160 5170 5180 5190
Restframe wavelength ()




[X/Fe] vs [Fe/H]: Carbon to zinc
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Filed red: Bootes |

Open blue: comparison
Gray: MW halo

The nearly
homogeneous [X/Fe]
ratios in over a wide
metallicity range

A small decreasing
trend of [Ca/Fe]
with [Fe/H]




Neutron-capture elements

Filed red: Bootes |

Open blue: comparison » Sr and Ba: produced with

Gray: MW halo ' , , the rapid neutron-capture
B sl T process (r-process) at very
— L x IR N low [Fe/H]

&-1fF L e - » The astrophysical site for
2 P - —o— the r-process is unclear
RF 4—! | (e.g. SNe, neutron-star

05 T merger, etc)
of - T T o = » The smaller [Sr/Fe] in
'g_os 3 roat A AT Bootes | than the MW halo
g _E %@%ﬂ E = Smaller number of r-
: o : process events in a given
B T LT P P [Fe/H] in Bootes | than in
-35 -3 25 -2 progenitors of the MW
[Fe/H] halo

Ishigaki et al. 2014



Implication for the early chemical
enrichments in Bootes |

Multiple SNe + homogeneous ISM Onset of Type la SNe
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Comparison with other dwarf galaxies
‘MI Ishigaki et al. 2014
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[Sr/H] and [Ba/H]

Striking differences in the [Sr, Ba/H] vs [Fe/H] between the two UFDs!
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Bootes | and Seque |

| Bodtes | | Seguel_

M, -5.8 -1.5
M*[M,] 2.9x104 340
r,lpcl 241 29
Mdyn(<rh) 5 5
M. ] 8.1x10°> 2.6x10
Signs of

chemical Yes No
evolution

7S unlikely  likely
galaxy?

([Fe/H])

Seqgue |
Kirby et al. 2013
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Bootes |: one of the darkest
galaxies in which a chemical
evolution took place



The most iron—-poor stars
in the Milky Way halo

b Q)

Do Pop Il SN yields explain

abundance patterns of C-rich
most iron-poor stars?




Carbon enhancement in hyper/ultra
metal(iron)-poor stars ([Fe/H]<-4)

[C/Fe]
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The origin of C-rich stars with [Fe/H]<-4

» Pop Il star formed out of supernova ejecta of Pop lll stars (e.g.
Umeda & Nomoto 2003, Limongi et al. 2003, Heger & Woosley

et al. 2010)
= C from outer layers of SN ejecta

» First generation binary stars that have experienced accretion
from more evolved AGB companion and from interstellar
medium (e.g. Suda et al. 2004)

= C from nucleosynthesis in AGB stars

» Stellar wind from rotating massive stars at very low metallicity
(e.g. Meynet et al. 2006, 2010)

= C from the surface of massive star dredged up from the
interior as a result of convection



Comparison with Pop Il SN vields

! 1 I l ! I ! 1 ' I | I ! I I | L I I 1 1 1 ! I !

C 0 Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn
¢ HE1327-2326 e
| HE0107-5240 a

n oW s O

ITYITI1TIIIIYITYTI1IIIIIII
-
llllllllllllllllllllllllll

[X/Fe]

..........................................................................................

T]’TIII‘I’TI1

Iwamoto et al. 2005



SMSS J031300.36-670839.3:
A C-rich star with [Fe/H]<-7

Relative flux

a Fer N Fer  Fer._ - Fel
| | | | CD-38245 [Fe/H]=-4.1 | ]|

I I

HE 0107-5240 [Fe/H] =-5.3 ]
/

SMSS 0313-6708 [Fe/H]<-7.1

-~

~
-~
-~
-~
~
~
-~
-~
~
~
~
-~
-~
~
o
~

1.00

~
-~
~
-~
-~
-~
~
~a
~

1 jl |
%>
=
S
=

386.2

Keller et al. 2014



C, Mg, Ca abundances in C-rich iron-
poor stars

R R CER CEN S

SMSS
J031300.36-670 < —7.1 >0.1 4.4 1.2 Keller+14
839.3
HE 1327-2326 6.0 0.7 3.1 g | e
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Comparison with a Pop Ill SN yields:
Ca from a hot-CNO cycle

60M, Pop lll supernova

hot-CNO cycle

T T T T T T T I T T T T i
Na Al Ca Ti Cr Fe Ni Zn Sr

Sc V Mn Co Cu

log(element number fraction
relative to the solar value)

10 20 30 40
Atomic number Keller et al. 2014



The origin of CEMP iron-poor stars

» Whether the observed abundance pattern of SMSS
J031300.36-670839.3 is compatible with supernova yields of
Pop Ill stars (is another mechanism to produce Ca needed?)

» What is an acceptable range of parameters (e.g. mass—-cut)
that presumably describe uncertainty in physics of
supernova? (multi-dimentional effect such as mixing of the
supernova ejecta and their fallback onto the central remnant)

» Is it possible to constrain mass a progenitor Pop Il star and
energy of its supernova explosion?

This work: Fitting observed abundances of SMSS
J031300.36-670839.3 by a grid of yields of Pop Ill stars with a
parameterized prescription of mixing-fallback



Abundance distribution in SN ejecta

» Stellar evolution and

- nucleosynthesis calculation
: by Iwamoto et al. (2005)

- and Tominaga et al. (2007)
S for Pop Il stars

» Main-sequence masses: 25
W and 40M,

» Explosion energies
> E¢;=1 and 10 for 25M_, model
> E¢;=1 and 30 for 40M_, model




Mixing-fallback mechanism

oL Tominaga et al. 2007, 2009
» The material inside the

M.(ini) and M_ . (out) is
mixed.

» A fraction f of the mixed
material is ejected while

the remaining material
fall back

R/10™ [em]
_-

25M,

M_,.(ini) 0.1
40M, 1.9 2.5
25M, 1.5 9.0 0.1

M. (out)

40M, 2.0 16.0

log f -7.0 0.0 0.1



The parameter search result

m: Supernova (Es;=1)
A: Hypernova (Es;=10 for M=25M_, E.,=30 for M=40M,)

[X/Ca]

[X/Ca]
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» All four models
(M, E5,)=(25, 1),
(25, 10), (40, 1),
(40, 30) well fit
the observed [C/
Ca] and [Mg/Ca]

» The best-fit
parameters
25M,, E;;=1 case:
© M, (ini)=2.0M,
> M, (out)=5.6M,
> log f =-5.1



Acceptable range in the parameters

*M_,(ini)=2.0M,

[C/Mg]=1 .213
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The best-fit for SMSS 0313-6708 (5%), HE
1327-2326 (O0), HE 0107-5240 (O ), HE
0557-4840 ( A ), and SDSS J1029 (%
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» [C/Ca] = small f
» [C/Mg] =
> M . (out)~5.6M, (25M,)
0 ~13M, (40M,)

» Four C-rich iron-poor
stars: the ejected mass of
Fe (°°Ni)<10-3M, :

= faint supernova




Faint supernovae as a possible origin
of C-rich iron-poor stars

» The Ca production by hot-CNO cycle, which is effective in
massive (60M,) objects, is not nessesarily required

» The lower mass progenitors as examined in this work (25M,
or 40M,) with extensive mixing-fallback (e.g. jet-induced
SNe) can be the progenitor

» The proposed model yields of the faint supernovae can
explain C-enhancement in other C-rich iron-poor stars

» Physical mechanisms of faint supernovae, that likely
correspond to jet-induced supernovae, should be
investigated through hydrodynamical simulations

» Larger number of samples of extremely iron-poor stars are
needed to discriminate among the possible scenarios : a
metallicity distribution function, [C/Fe] trends with [Fe/H]



Summary

» Detailed chemical compositions of metal-poor

stars have imprint about the first galaxies and Pop
[l stars

> The ultra-faint dwarf galaxy Bootes I: although it’s stellar
population is very old, there is a signature of a certain
duration of chemical evolution (c.f. Segue 1)

- The extreme chemical abundance pattern in the most iron-
poor star with [Fe/H]<-7, as well as four other C-rich iron-
poor stars with [Fe/H]<-4.5, are explained by yields of
Population Il faint supernova/hypernova (25M, or 40M,)
with small ejected iron mass (M(°®Ni)<10-3M,).






Four other iron-poor stars

[X/Ca] [X/Ca] [X/Ca]

[X/Ca]
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» Three stars
with carbon
enhancement

» One stars
without
carbon
enhancement



