
!"#$%&'"()*++#))
,!-+"()./0+#/()1#23-452678)))))))))))))))))))

9:!;):!<:.)*=1.>):!;?=.=@9?!)@99;.>))
))

;/2A-2B))C-D4"/47)EE)B)FGEH

I=J)K=);I9*)9L=ML9))
;I?=1>I=1;);I9)&=!@<&):!>9!N

O?9%!1O9?.=L:)9L=M1;<=.)=C)@:!!<L9)!;:?!



!"#!$!#%&
'(")"#*

'+",-.)!"#&"/&
(0123&04050#)*6&

.(05!.14&
02"-)!"#

*-'0+#"21&7&%+8&9:&
(!%(&+0,/(!*)6&

."*5"4"%!.14&'+"80

+0%-41)!"#*&"/&
*)1+&/"+51)!"#&

(!*)"+3



Supernovae :  
Excellent probes for massive star evolution



Supernovae :  
Excellent probes for massive star evolution
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Supernovae

Type I

Type II

Type Ia

Type Ib

Type Ic

Type IIP

Type IIL

Type IIn

Type IIb

No H

H

No He, Strong Si

He

No He,  
No/weak Si

Pleateau

No Pleateau

narrow 
Halpha 

emission

H in early days, but no H 
but only He in later phases



Standard scenario of massive star evolution 

Ṁwind / L1.5Z0.7

L / M↵, ↵ = 1.0� 3.8



Standard scenario of massive star evolution

)TE>&!!'M&!!4M&!!H&NOE>DJFP9>&
RDF=&W&X&5&X&@Y&<&CA&5NOJ

)TE>&!HZL&NOE>DJFP9>&
RDF=&5&[&@Y&<&CA&5NOJ
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H envelope

core

core

!6/#P/4P)!Q-#/42+)R+4)5"A-4#+3/)A4+$-#26+45
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Supernova Diversity 

COSMIC EXPLOSIONS (OPTICAL TRANSIENTS) 5

transients this would require spectroscopy. At the final level is a clear pigeon holing of
the transient (classification). The importance of this point was re-iterated, even more
forcefully, in the concluding talk (Bloom 2011). It is frustrating to hear some astronomers,
especially at august meeting such as this, to claim a discovery merely on the basis that
they had observed the transient earlier than others.

Recognizing the above issue we adopted a “No Transient Left Behind” strategy. Three-
color photometry on P60 allows for crude classification. Follow up up with low resolution
spectroscopy on a bevy of larger telescopes (Palomar 200-inch, KPNO 4-m, WHT 4.2-m
and the Lick 3-m)9. As a result we have amassed a set of nearly 1500 spectroscopically
classified supernovae of which a good fraction were detected prior to maximum.
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Figure 3. An update of Figure 1 and 2 with new classes and sub-classes of non-
relativistic transients. Notice the emerging class of Calcium-rich halo transients,
.Ia supernovae and two types of Luminous Red Novae (events in the bulges of M85
and V838 Mon; the others are in spiral arms). The color of the symbol is that
at maximum light. Apparently the new data show that novae do not obey the
classical “Maximum Magnitude Rate of Decay” relation (see Kasliwal 2011).

Given that follow-up is at premium having a small sample of transients with desired or
well-understood selection criteria is more valuable than a large sample of transients with
a potpourri of properties. Thus choice of pointings and cadence control are critical. We
have scoured around the sky to select PTF pointings with large local (d . 200Mpc) over

to have the first level of sub-typing (eg. flare star/DN/CV; Ia/Ibc/II SN). This knowledge is essential
given the very large fog of foreground (M dwarf flares, dwarf noave) and background transients (routine
supernovae at a late phase, burps from an AGN).

9Even so, as in real life, two thirds of the transients are unclassified and left behind.
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Recent Paradigm Shift:  
the majority of massive stars are in close binary systems

1HFO:&_A`&FR&=9NNKP>&N:9DN&OJG>DUF&HKJ9DT&KJ:>D9LSFJN6&*9J9&>:&9;?&@AB@



Massive binary systems  
and Type Ib/c supernovae



SN Ibc from hydrogen-deficient progenitors 
Single or Binary Origin?

!! No or little hydrogen is found in SN Ibc: 
"!:Q>&QTGDFU>J&>JP>;FE>&KN&N:DKEE>G&Fa&RDF=&:Q>&EDFU>JK:FD?&
&

!! mass loss by stellar winds : high metallicity 

!! binary interactions : any metallicity – but for SN 
Ibc, high-Z is still preferred (at low Z, SN IIb would be 
more frequently produced). 



Single Wolf-Rayet stars : SN Ibc progenitors? 

b+&N:9DN&9D>&U>J>D9;;T&P>DT&HDKUQ:M&HO:&9;;&9c>=E:N&:F&GKD>L:;T&KG>JSRT&*#&!HL&
EDFU>JK:FDN&Q9P>&R9K;>G&NF&R9D&d*=K:Q&Aef&0;GDKGU>&>:&9;?&BCgM&>^L>E:&:Q>&:>J:9SP>&
L9N>&IK:Q&K'/)BCHPJ&d.9F&>:&9;?&BCg?

*=K:Q&Aef&0;GDKGU>&>:&9;?&BC

L9N>&IK:Q&K'/)BCHPJ&d.9F&>:&9;?&BCg?

*=K:Q&Aef&0;GDKGU>&>:&9;?&BC93+("0+#S)



WR stars as SN Ibc progenitors
%9;9LSL&b+&N:9DNM&IQKLQ&9D>&;O=KJFON&KJ&:Q>&FESL9;M&=9T&JF:&
D>ED>N>J:&*#&!HZL&EDFU>JK:FDN&9:&:Q>&ED><NOE>DJFP9&N:9U>M&9JG&
:Q>KD&GKD>L:&KG>JShL9SFJ&&KJ&ED><NOE>DJFP9&K=9U>N&=9T&H>&P>DT&
GKiLO;:?&&

3FFJ&>:&9;?&@AB@f&b+&G9:9&RDF=&&*9JG>D&>:&9;?&B@



Some recent observational constraints

4T=9J&>:&9;?&dBjg
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Binary stars as SN Ibc progenitors



Binary stars as SN Ibc progenitors
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iPTF13bvn: binary or single star progenitors?
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iPTF13bvn: binary or single star progenitors?
;'-)2O;CEW)Q/#)D-)Y-(()-ZA(/2#-P)D7)/)D2#/47)5756-U)+R)W[\)@5"#)I-)56/4)])FG[WG)@5"#)
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Observational counterparts 
 of SN Ib/c progenitors in binary systems?

Helium stars of 3 Msun ~ 6 Msun.  
 
Some possible candidates: 
 
!! qWR stars (quasi-WR stars) – HD 45166, WR 7a : He 

main sequence stars (~ 4 Msun)?  
!! Sgr, KS Per, LSS 4300 – Evolved helium stars of 

about 3 Msun? 
 



Peculiar Supernovae from massive binary 
systems
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Ultra-faint Type Ic progenitors from binaries
He stars with M < ~ 3 Msun become giants after core He exhaustion:  

"! D9EKG&=9NN&:D9JNR>D&RDF=&(>&N:9D&:F&K:N&LF=E9JKFJ&dKJ&E9DSLO;9D&
LF=E9L:&FHl>L:g&L9J&;>9G&:F&RFD=9SFJ&FR&(><G>hLK>J:M&P>DT&LF=E9L:&
EDFU>JK:FD&FR&*#&!L&IK:Q&hJ9;&=9NN>N&FR&B?Y&n&@&5NOJ?

)9ODKN&>:&9;?&BC



Pair-Instability Supernovae in the Local 
Universe?



Explosion mechanisms according to the initial mass
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Very massive stars in the local Universe 

!! R136a1: 265 Msun (LMC) 
!! R136a2: 195 Msun (LMC) 
!! VFTS 682 : 150 Msun (LMC) 
!! R136a3 : 135 Msun (LMC) 
!! NCG 3603-B: 132 Msun 
!! Eta Carinae A: 120 Msun 
..... 

Some of these stars might produce pair-instability 
supernovae.  



Pair Instability Supernova Models
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Pair Instability Supernova Models
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Pair Instability Supernovae and nucleosynthesis&
*:FJU&"GG<0P>J&>a>L:6&&]FrTD>P9&>:&9;?&@ABjM&(>U>D&&7&bFFN;>T&@AA@&
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Metallicity Dependence of Massive Star Evolution  
and Implications for SNe from High Redshift 



49JU>D&@AB@M&'F>;9D>JGN&>:&9;?&@AAW

Dominance of electron-capture supernovae 
at low-metallicity, for single stars?



Supernova types from binary systems as a 
function of metallicity
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Rotationally induced chemical mixing 
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Bifurcation of massive star 
evolution at low-metallicity

Yoon & Langer 05, Yoon et al. 06,  Woosley & Heger 06, Yoon et al. 12
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!! LSST (Optical) /PanSTARRS-4: 100,000 SNe per 
year : z up to about 1.0 

!! Euclid: 1.2m, NIR survey, z up to about 1.5 
!! WFIRST (from 2024, IR, very high-z SN) 
!! etc, etc, etc 

Supernova Surveys in the GMT/TMT/ELT era


