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normal SNe 

HNe

M ∼ 12–25 M!

M ∼ 25–50 M!

faint SNe 
unimportant for 
nucleosynthesis
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For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.
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stars make 
“metals” after 
the big bang

observations of 
metal abundances by

Keck, VLT, Subaru



M ! 8 M! ⇒ τ " 30 Myr

M ∼ 1–8 M!, 〈M〉 ∼ 2 M! ⇒ τ ∼ 1 Gyr

Stellar sources for early chemical evolution

massive stars

low- and intermediate-mass stars

core-collapse SNe: neutron stars, black holes

AGB: s-process (A > 70), white dwarfs 

WDs in binaries: SNe Ia (Fe group, A ~ 56)

early (first Gyr):

CCSNe over 10 Gyr: ~1/3 of solar Fe

[Fe/H] ! −1.5



Observations of Sr- & Ba-like elements
(Westin et al. 2000; Hill et al. 2002)

A > 130

A ~ 88
to 110 



CS 31082-001
HD 115444
HD 122563
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Summary of observations

• wide variations in the ratio of elements 
between different groups 

• Ba-like elements decoupled from Fe-like 
elements

• there must be an Fe source producing 
no Sr or Ba

three distinct types of sources



O-Ne-Mg

C-O

He

H-He

M ∼ 8–11 M!

low-mass SNe: NS

Three types of core-collapse SNe for nucleosynthesis

M ∼ 12–25 M!

M ∼ 25–50 M!

normal SNe: NS

hypernovae (HNe): BH



sources nucleosynthesis remnants

low-mass SNe
no Fe-like 
elements NS

normal SNe Fe-like elements NS

HNe Fe-like elements BH

Characteristics of stellar sources



Supernovae 
as a neutrino 
phenomenon

production of Sr-like elements 
in the neutrino-driven wind

(Woosley & Hoffman 1992)



sources Fe-like 
elements

Sr-like 
elements 

Ba-like
elements 

low-mass 
SNe

No Yes Yes

normal SNe Yes Yes No

HNe Yes No No

Stellar sources for elements
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Interplay between supernova and neutrino Physics



How to use neutrino signals to identify various CCSNe?
progenitor dependences of neutrino emission

core size, accretion
final NS mass: low-mass & normal SNe
BH formation: HNe & faint SNe

Pons et al. 2001 Fischer et al. 2009



progenitor dependences of neutrino flavor evolution 

density profile

positions and adiabaticity of MSW resonances
modulation by shock propagation 

(Schirato & Fuller 2002)
comparison with neutrino density:

collective oscillations 
(Pantaleone 1992; 

Kostelecky & Samuel 1993;
Duan et al. 2006-09;

Raffelt & collaborators 2006-09)



Tomas et al. 2004



Example of 3-neutrino mixing including self-interaction
neutronization burst from an O-Ne-Mg core-collapse SN 

Duan, Fuller, Carlson, & Qian, PRL 100, 021101 (2008)
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(Duan, Fuller, Carlson, & Qian 2006, 2007)



Other important issues

convection, rotation, magnetic field

asymmetry in explosion,

(Kneller, McLaughlin, & Brockman 2008) 

neutrino emission 
& flavor evolution

how to put it all together? 

self-consistent model of stellar evolution, 
core collapse, explosion, nucleosynthesis,

neutrino emission & flavor evolution


