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KITP/UCSB Supernova Workshop 
(Santa Barbara 1997 July - December)  

   Organized by Adam Burrows, Friedel Thielemann, Ken Nomoto 



KITP Supernova Workshop (1997)  

 KITP/UCSB Santa Barbara (1997 July – December) 
     Organized by Adam Burrows, Friedel Thielemann, Ken Nomoto 
 
1) EMP stars:  Abundance patterns of Mn, Cr, Ni, Fe, Zn  
      Organizer’s paper  
 
2) Discovery of SN 1997ef (Sano; November 1997) 
          peculiar spectra  Broad-line SN Ic   
      Discovery of GRB980425 = SN 1998bw  
      Energetic Hypernova models 
 
3) Connecting Hypernovae and EMP stars 
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Spectra of Supernovae & Hypernovae 

Hypernovae： 
  broad features 
   
  blended lines 
     
  “Large mass at 

high velocities” 

Ic: no H,  

     no strong He, 

     no strong Si 

Patat et al. (1999) 



GRB-SN Connection   
(GRB 030329 / SN 2003dh)  

Hjorth et al (2003) Stanek et al (2003) ; Broad Lines! 
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56Co-decay 



Parameters [Mej, E, M(56Ni)] 

Si 

C+O 

He 

H-rich 

MC+O 

Fe 
Collapse 

56Ni   

56Co 

５６Fe 

Mms/M MC+O/M 

~ 40 13.8 
~ 35 11.0 
~ 22 5.0 

Light Curve Spectra 

τ ~ [τdyn • τdiffusion]1/2 

   ~          •              R 
V R c 

κ Mej 1/2 

∝ κ½Mej
¾E -¼ 

E ∝ Mej
3 

E ∝ Mej
 

CO Star Models for SNe Ic  

５６Ni 



Spectral Fitting: SN1997ef 

Normal SN  
(E51=1) 

Small Mej 

Hypernova       
(E51=20) 

Large Mej   
at High Vel.  

Too Narrow Features 

Broad Features 

Iwamoto et al.   
(2000) 

E51=E/1051 erg 



Hypernova – GRB Connection 

GRB SN MCO/M Mms/M E/1051erg M(56Ni)/M 

980425 1998bw 14 40 30 0.4 

030329 2003dh 11 35 40 0.35 

031203 2003lw 16 45 60 0.55 

Three GRB－SNe = all Type Ic Hypernovae 

                                E > 1052 erg (～10×normal SN) 
                                Large Mms →Black Hole Forming SNe 

                             Aspherical 



Hypernova in Prague 
 



Hypernova in Prague 
 



Very narrow lines.  

  V < 1000 km s-1.  

    EK=1-4×1050ergs.  

  V~1000km s-1 

       2002gd, 1999br 

Faint 

  M(56Ni)~2×10-3M  

Type II-P 
SN 1997D 

(Turatto, Mazzali, Young, Nomoto 2002) 



SNe [Mms-E relation] 

Nomoto et al. (2003) 

(Rapidly rotating BH?) 



SNe [Mms-M(56Ni)  relation] 

Nomoto et al. (2003) 



Low energy High energy 

(1) M(Complete Si-burning) 

 (Zn, Co)/Fe 

 (Mn, Cr)/Fe 

 Fe/(O, Si) 

 

(2) More α‐rich       entropy 

 Zn/Fe             64Ge 

 Ti/Fe 

 

(3) More O burns 

 (Si, S, Ca)/O 

Hypernova 
Nucleosynthesis 



Normal SNe ｖｓ Ｈypernovae 

• than 

(Umeda & Nomoto 2002) 

Normal SNe Hypernovae 

complete Si 
burning 

incomplete Si 
burning 



 

Maeda et al. (2002, 2005) 

Type Ibc SNe: 
    Bipolar Explosion  

56Fe 

16O 
[OI] 6300A (SUBARU) 

[Jet + Fallback  
          Mixing and Fallback]  

Double Peaks 



VMP stars vs. Normal SN II (10 - 50 M) 



EMP stars vs. Normal SN II: Poor Fit 

T Tominaga, Umeda, Nomoto (2006) 



EMP stars vs. Hypernova (E51=10) 

Tominaga, Umeda, Nomoto (2006) 



Hyper Metal Poor star: HE0107-5240 

• Discovery： 
          (Christrieb et al. 2002)  
• Red-giant   ~ 0.8 M 

 
• [Fe/H] ~ - 5.7 
  [C/Fe] ~ + 4 

 
• Pop III (first generation) or 

Second generation?  
   

• Formation of Pop III  
     low mass star?  

 



HMP Star: HE1327-2326 
(Frebel et al. 2005) 



Hyper Metal-Poor (HMP) Stars 

 

Christlieb, Frebel, Aoki, et al. 

[Fe/H] < -5       [C, N, O/ Fe] > 3 [X/H] 
(carbon-enhanced! 

unpredicted) 
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 Mixing and Fall-back Model   
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Mixing & Fallback Supernova  

N
S 

 Carbon Enhanced Metal Poor        
(CEMP-no) Stars 
 M(Fe) small  Faint SN (Jet-induced) 



Tominaga et al. 2007 

Jet-induced  
SN models 

HMP Stars 

High E  
High Co/Fe  
 
Fallback  
Small Fe  

(Frebel et al. 2005) 

(Christlieb et al. 2002) 

Dark Hypernova 



Constraints on masses of the Pop III with 
SMSS 0313-6708 (Keller et al. 2014) 

200M◎; Pair-instability SN 

60M◎ Pop III: 
Ca from hot CNO-
cycle of H burning 

25-40M◎Pop III+ non-
spherical SN: 

Ca from explosive 
O/Si burning 

If [Ca/Fe] > 1  Ca = hot CNO cycle  Tc > 108 K  
                      Z ~ 10-10 Z  Pop III 
If [Ca/Fe] ~ 0   Ca from SN explosion  not necessarily Z = 0 



SM0313-6708 ([Fe/H] < -6.5): 
 

Mixing-Fallback  
model : 
 
  
  [Fe/H]  < -7.52 
      -7.8?  -6.5? 
  [Ca/H] = -7.26 
  [Mg/H]= -4.08 
  [O/H] = -2.53 
  [C/H] = -2.55 
 
(O & incomplete 
 Si burning  Ca) 

(Ishigaki+15) 

M(BH) ~ 6 M  

M ~ 25 – 40 M  

(Keller+; Bessel+) 



First Supernovae – CEMP-no Stars  

Fallback Supernovae:   ejecting small Fe 
                large [CNO/Fe]   CEMP-no 
   
 (1) Jet-like Energetic Explosion ? 
               large [Zn/Fe], [Co/Fe], [Ti/Fe]  
                  (correlation with [Ni/Fe] (Ye)) 
  
 (2) Weak Explosion ? 
                   Mixing & Fallback 
 

 



Fallback Supernova  Faint Supernovae 

Light curve of 
25 – 40 M  
stars : 
   *fainter 
   *shorter 
   *bluer 

Tolstov et al. (2016) 
  ApJ 821, 124 
  



Discussion 
 [Zn/Fe] :  larger for  lower [Fe/H]  ? 
                 indicator of jet-induced nucleosynthesis 
 [Fe/H] : mixing of SN ejecta (jet?) with ISM 
 
 If [Ca/Fe] > 1  Ca = hot CNO cycle  Tc > 108 K  
                       Z ~ 10-10 Z  Pop III 
 If [Ca/Fe] ~ 0  Ca from SN explosion  
                       not necessarily Z = 0 
 
 Nucleosynthesis in aspherical explosions 
 PISN ? 
 Mass function of First stars & Black holes   
 
 
               
 



Black-Hole-forming Supernovae ? 

• First Stars Fallback supernovae 
     Jet-induced Mxing & Fallback= Hypernovae?  
     Extremely metal-poor stars 
• Hypernovae (GRB, XRF) 
• Superluminous Supernovae  
        (any connection to EMP stars ??) 

 
• Black Hole forming vs. Magnetar forming   



K. Nomoto, C. Kobayashi, N. Tominaga 

 

   Nucleosynthesis in Stars and  
the Chemical Enrichment of Galaxies 

(Annual Review Astron.  Astrophys. 51, 457, 2013) 
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