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Variations of  
core-collapse 
SNe 

Normal SNe 
（87A, 93J) 
M(56Ni) ~ 0.07M"

Hypernova 
(98bw, 03dh) 
M(56Ni)  
 ~ 0.3-0.6 M"

Peculiar – 99as!
M(56Ni) ~ 4M"

99as



5 

Mr vs Log R 

Mass is more centrally 
Concentrated  for larger M stars 

Progenitor’s density structure and 56Ni production 
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 E=4πR3aT4/3  (Just after shock passage ---Radiation dominant） 
(56Ni for T>5・109K – complete Si-burning) RNi ~ 3700E51
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Normal SNe: 56Ni~ 0.07 M 　
for M~15-20 M, E51=1 

Hypernovae: 56Ni~ 0.3-0.6 M 
for M~30 M, E51=10 



Smith et al. 2007 
Ofek et al. 2007 
Nomoto et al. 2007 

(Z=0.019)

SN Ic ? 
      ↓ 
SN IIn
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PISN 
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PISN (M~150-300M) (too broad) 
and Ni56 SNe (too much Ni?)
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  Most Massive CO-core model for CCSN
  Umeda & Nomoto (2008, ApJ , 673, 1014)

Metal Poor Model 
（to avoid Heavy Mass Loss） 

M=  80M　⇒MCO =34.0M"

M=100M　⇒MCO =42.6M"

For the Most massive models 
56Ni~ 4Mis NOT impossible 
 for E51 ~ 20 
The same results are applicable 
to metal rich models as well  
if MCO is roughly the same.
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Maximum  56Ni mass 
(depend on Mass-cut) 
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  SN1999as (M(56Ni) ～ 4M) possible for　　　　　 
     MCO ≳ 34.0M (M ≳ 80M ), E51 ≳ 20 
  SN2006gy (M(56Ni) ～ 13M) requires 
  Ｅ51(~ 210) even for (MCO  = 42.6M , M= 100M ) 

MCO  ~ 35M is large but not too difficult compared with 
a PISN model (MCO ≳ 70 M for M ≳ 170M, Umeda & Nomoto 2002)  

Such stars may exist at z = 0.127   



They say : not extra-ordinary if M(56Ni) ～ 3M, 
 M(ejecta) ～ 5-14 M + CSM～ 6-10M  
 then E51 ≲ 5 is sufficient."
Our results suggest that  if M(ejecta) ～ 5-14 M 
or M(CO) ≲ 20 (M ≲ 50),  
then E51 ≲ 5 is not sufficient to produce M(56Ni) ～ 3M"

My Conclusion : SN2006gy is extra-ordinary !  





Big Bang 
PopIII Stars ~101-3 M !

(Only massive stars) !

Stellar 
Evolution 

Supernova 
Explosion 

Ejecta Expansion, 
Mixed with ISM 

   HMP & EMP Stars 

    [Fe/H] < -3 stars 
Black hole/ 
Neutron Star 

2nd generation stars 
(low mass stars also) 

◎Origin of HMP & EMP Stars 



[Fe/H] < -5 
[Fe/H] < -4 
[Fe/H] < -3 
[Fe/H] < -2 
[Fe/H] ~ 0 

  Hyper Metal-Poor (HMP):         
  Ultra Metal-Poor (UMP):           
  Extremely Metal-Poor (EMP) :   
  Very Metal-Poor (VMP):            
  Solar:                                         

[Fe/H]= 
log10(N(Fe)/N(H)) 
-log10(N(Fe)/N(H))"

VMP: mixture of all SNe 
EMP: Hypernova 
C-EMP: Faint SN 
HMP: very Faint SN 
(Umeda & Nomoto 2005 ApJ; 
Tominaga et al. 2007 ApJ) 



Our previous models (e.g. Umeda & Nomoto 
2002, 2005; Tominaga, H.U., Nomoto 2008) 
could roughly reproduce EMP stars’ 
abundance up to Zn.
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[Fe/H] 
-4    -3    -2 

[X/Fe]=log(X/Fe) ーlog(X/Fe) 

Hypernovae: 

[Zn/Fe], [Co/Fe] ↑

[Mn/Fe], [Cｒ/Fe]↓

Umeda & Nomoto  
(2002; 2003)
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-4.2<[Fe/H]<-3.5 
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Model: M=25M☉, 2×1052erg 
Umeda & Nomoto 2005; Tominaga et al. 2005 

f=0.1 
Hypernova 

-4.2 < [Fe/H] <-3.5 (Cayrel et al. 2004) 

M=25M,1×1051erg 
Normal SN 



But, some EMP stars show High Sr, Y, Zr/Fe ratios !

Our model



r-process pattern

weak r-process EMP stars 
            (high ratio of Sr,Y and Zr)



25M20foe after explosion
Explosive Nucleosynthesis Fallback Ejecta
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2D Simulation (Janka et al. 03) 

Convection, 
Variety of  Ye 
(Ye :electron fraction) 

Low Ye (~ 0.46) matter 
may be ejected 

Origin of 
weak r-process element ? 



Ye=0.40-0.50
1) Set Ye = 0.40-0.50 for the 
regions below the “mass-cut” 

2) Assume small mass ejection 
(ΔM) below the mass-cut 

Mass 
(M )

Explosion energy 
    (× 10 51  erg )

Model 
name

13 　　　     1.5 1301
 25               1 2501
 25              20 2520

ΔM

　　New model : Same as before except two things.
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Results
Among model-1301,-2501,-2520 
Only the high E model-2520 produce Sr,Y,Zr 

model-2520,  Ye=0.45-0.50,  ΔM=1.2E-4M 
Could reproduce Sr, Y, Zr ratios   ↓ 



  The shock wave of hypernovae (with entropy per         
baryon s/k ～15) can synthesize weak r-process         
 elements (Sr, Y, Zr) if Ye is as small as ～0.45.

  The shock wave of supernovae (with s/k ～3) cannot  p
roduce weak r- elements even with low Ye.

  However, if high entropy matter (s/k ≳15) is ejected     
 from the hot bubble region of normal SNe, Sr, Y, Zr

   may be ejected from normal SNe as well.

  Need to look at all elemental abundances to decide      
the main contributors of the weak r-process elements.

   (future work in progress) 



model-2520  
Ye=0.45 
ρ=1/7


