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Extremely Metal-Poor stars



Metal-Poor Stars 
Mega Metal-Poor (MMP):        
Hyper Metal-Poor (HMP):        
Ultra Metal-Poor (UMP):          
Extremely Metal-Poor (EMP) : 
Very Metal-Poor (VMP):           
Metal Poor (MP) :                     
Solar:                                        
Super Metal Rich (SMR):         

[Fe/H]=log(Fe/H)-log(Fe/H)

(Beers & Christlieb 05) 

[Fe/H] < -6
[Fe/H] < -5
[Fe/H] < -4
[Fe/H] < -3
[Fe/H] < -2
[Fe/H] < -1
[Fe/H] ~ 0
[Fe/H] > +0.5



[C/Fe] in Metal-Poor Stars

EMP stars reflect nucleosynthesis in a single Pop III SN.
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Abundance ratios of EMP stars
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1D models with 
mixing and fallback succeeded!!

•[Co/Fe] in HE0107-5240
•What causes the differences?

High entropy

High entropy

EMP stars (e.g., NT, Umeda, & Nomoto 07)

HNe [M(56Ni)~0.1M ]
CEMP stars (e.g., Umeda & Nomoto 05)

Faint HNe [M(56Ni)~10-3M ]
HMP stars (e.g., Iwamoto, Umeda, NT, et al. 05)

Faint SNe [M(56Ni)~10-5M ]

Bessell & Christlieb 05



Gamma-Ray Bursts



Gamma-Ray Bursts (GRBs)

1960’ Vela Satellite 



What is GRB ? (1)

CGRO (1991~2000)

(CGRO BATSE group, 2001)



What is GRB ? (2)

BeppoSAX
(1996~2003) (BeppoSAX team, 1997)

Galama et al. (1998, 1999)

5 arcmin

http://antwrp.gsfc.nasa.gov/apod/image/9703/grb970228_sax_big.gif


GRB – SN Connection

HETE-2 (2000~)

(Hjorth et al. 2003)



Long GRBs with HNe

3 long GRBs are associated with HNe.
GRB 980425/SN 1998bw (z=0.0085, Nakamura et al. 01)

GRB 030329/SN 2003dh (z=0.1687, Mazzali et al. 03)

GRB 031203/SN 2003lw (z=0.1055, Mazzali et al. 06)

HNe are very energetic explosion 
(>1052erg) of massive stars (Mms>30M ).

The luminosities are very high.
M(56Ni)>0.3M

[Cf., GRB 060218/SN 2006aj (z=0.0335, Mazzali et al. 2006) is a X-ray Flash (XRF).]

Γ~ 100 Γ~ 10



GRB 060505 & GRB 060614
Della Valle et al. 06, Gal-Yam et al. 06, 
Fynbo et al. 06, Gehrels et al. 06

GRB 060614 at z=0.125GRB 060505 at z=0.089

http://swift.gsfc.nasa.gov/

The associated SNe have not been detected and 
the upper limits to SNe are ~1/100 of SN1998bw.

M(56Ni)<10-3M



Why the SNe were not detected?

Chance superposition?
Schaefer & Xiao 06, Cobb et al. 06

Short GRBs with long tails?
tlag: Gehrels et al. 06
King et al. 07 (WD-BH merger?)

Long GRBs with faint SNe?
NT et al. 07



Long GRBs with faint SNe?

Faint SNe are Type II SNe. 
SN 1994W (Sollerman et al. 98)

SN 1997D (Turrato et al. 98)

(Detected by bright plateau.)

M(56Ni)<2.6 x 10-3M

10-3M <M(56Ni)<10-2M

The explosion energies are small (E<1051 ergs).

Can small M(56Ni) be compatible with the 
formation of energetic GRBs? 



Summary of introduction

Metal-Poor stars
[Co/Fe] in HE0107-5240.
What causes the differences among the 
EMP, CEMP, HMP stars? 

GRBs
Are no-SN GRBs the deaths of massive 
stars as GRB-HNe? 

To answer them, relativistic hydrodynamical
and nucleosynthesis calculations are required.



Special relativistic hydrodynamics
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Momentum conservation law 

Energy conservation law 

Marti & Muller 1994¨

ρ, v1, v2, v3, e
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: Lorentz factor

: Density

: Momentum density

: Energy density



Code test (Emery step)  Emery 1968

NT et al. 07 in prep.

Zhang & MacFadyen 06

Mizuta et al. 06



Jet-induced explosion
Jet

BH/NS BH

Edep: 
Energy deposition rate

(Rotation, B etc.)

.

cf. “Collapsar”(e.g., MacFadyen et al. 01)

Magnetorotational Supernovae
(e.g., Moiseenko et al. 06)

Jet

Same mass and explosion energy
40M 1.5x1052erg




Jet parameters

Progenitor: Z=0, MMS=40M
Total deposited enegy:  

Edep=1.5x1052erg
Initial remnant mass: 

Mrem=1.4M
Initial opening angle: θjet=15o

Initial velocity: Γjet=100
Ratio of thermal to total 
deposited energies: 

fth=Eth/ Edep=10-3

Mrem

θjet

Edep, Γjet, Edep, fth
. Edep: 

Energy deposition rate

.



Sites of 56Ni production

Explosive nucleosynthesis
(e.g. Maeda & Nomoto 03)

Jet
Mjet~Edep /c2/Γmax

~10-4M

Shock

(Edep =1.5x1052ergs, Γmax=100)

BH




Results

[C/Fe]

[C/O]

Explosive

Jet
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Edep: initiation of the jet injection

Fryer & Meszaros 03
Maeda & NT 07
NT et al. 07

Pjet>Pfall

In order to initiate 
the jet injection,

Pfall∝ ρ vfall
2
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Freefall
3x1051erg/s

Spherical infall
calculation

Infallen Mass (M0)

Edep(Pjet=Pfall)
.

C+O layer: shallow ρ(r)

Pfall

Pjet

ρ, vfall

.

Freefall
∝ ρ0 r0

3/2M0



Dependence: Edep
.

Larger Edep Smaller Edep

Edep↓: Infall↑
M(56Ni)↓

.

. .

.

Infall Infall

O/C layer
He layer

O/Mg layer

Si

Fe



[C/Fe]

[C/O]

HMP stars ([C/Fe]~4)

CEMP stars ([C/Fe]>1)

EMP stars ([C/Fe]~0)

GRB-HNe [M(56Ni)>0.1M ]

No-SN GRBs
[M(56Ni)<10-3M ]

Explosive

Jet
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[C/Fe]

[C/O]

HMP

CEMP

EMP

GRB-HNe
No-SN 
GRBs

Explosive

Jet

[C/Mg]

60%(3/5)
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UMP stars
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Counts

For [Fe/H]<-3.5
13 metal-poor stars

7 EMP stars
4 CEMP stars
2 HMP stars

5 nearby GRBs
3 GRB-HNe
2 no-SN GRBs

(excluding XRF060218)



Summary

BH-forming SNe with relativistic jets
GRBs Metal-poor stars

Edep
.

Larger
EMP stars

CEMP stars
HMP stars

GRB-HNe

No-SN GRBs
Smaller

Some of Pop III SNe were induced 
by relativistic jets as GRB jets.
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