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Stellar	  Mass	  and	  Fate	  (without	  Mass-‐loss)	  

•  M	  <	  8	  M+	  binary	  :	  SNe	  Ia	  
•  ～8－140M:　Fe	  Core	  collapse	  (SNe) 	  	  

•  ～140－300M： e+-‐e-‐	  Pair	  Instability	  SNe	  

•  >	  ～300M:　Fe	  core	  collapse	  

IntroducHon:	  SN	  progenitors	  	



EvoluHon	  of	  a	  massive	  15M	  star:	  surface	  and	  interior	

1H,	  4He,	  12C,	  14N,	  16O,	  20Ne,	  	  
“Si”,	  “Fe”	



Nucleosynthesis	  calculaHons：	  
nuclear	  reacHon	  networks	

For	  r-‐process	  	  
~	  5000	  isotopes	  Weak	  r-‐process	  elements	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  Sr,Y,Zr	
Pd121	

280	  isotopes:	  	  
To	  calculate	  up	  to	  Fe	  peak	  elements	  （up	  to	  Zn）	  

809	  isotopes	



EvoluHon	  of	  inner	  composiHon	  and	  the	  locaHon	  of	  	  
convecHve	  layers	  (20M,	  Z=0.02	  model)	

6	  -‐10	

ConvecHve	  layers	

Years	



“Standard”	  mass	  loss	  for	  non-‐rotaHng	  stars	  
(Yoshida＆Umeda　2010)	

+	



8 

Mr	  vs	  Log	  R	  

More	  massive	  stars	  are	  
more	  concentrated.	  

Progenitor’s	  density	  distribuHon	  and	  56Ni	  producHon	  

15M	 

20M	 

30M	 

50M	 

	  E=4πR3aT4/3	  	  (radiaHon	  dominant）	  
(T>5・109K	  for	  56Ni	  producHon)	  	  　RNi	  ~	  3700E511/3　(km)	  
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Compactness	  parameter	  and	  explosion	

•  DefiniHon:	  ξ2.5=	  (M/M)/(R(M)/1000	  km)	  for	  M=2.5M@core	  bounce	  

	  	  	  	  	  (O’connor	  &	  Ol	  (2011):	  ξ2.5	  <	  ~0.45	  for	  explosion)	  	  
•  It	  is	  popular	  now	  
•  Free	  fall	  Hme:	  tff	  (@2.5M)=	  0.241	  ξ2.5-‐1.5	  sec	  
•  In	  general,	  if	  ξ2.5	  is	  larger	  free	  fall	  Hme	  is	  fast	  and	  harder	  to	  

explode	  

•  Typically	  more	  massive	  progenitors	  have	  larger	  ξ2.5	  	  
•  But	  this	  is	  not	  monotonic	  funcHon	  of	  M	  

•  Later	  studies	  (e.g.,	  Ugliano	  et	  al	  2012)	  showed	  that	  there	  is	  no	  
clear	  criHcal	  value	  	  ξ2.5	  	  for	  a	  successful	  (failed)	  explosion.	  



Compactness	  parameter	  and	  explosion	



Compactness	  parameter	  and	  explosion	



Compactness	  parameter	  and	  explosion	

•  Typically	  more	  massive	  progenitors	  have	  larger	  ξ2.5	  	  
•  But	  this	  is	  not	  monotonic	  funcHon	  of	  M	  
•  Shell	  C-‐burning	  is	  important	  for	  the	  compactness	  

•  Larger	  X(C)	  ➡　convecHve	  shell	  burning	  ➡　smaller	  ξ2.5	  	  
•  X(C)	  in	  the	  C-‐shell	  depends	  on	  M,	  C(a,g)O	  rate,	  and	  

	  	  	  	  	  the	  behavior	  of	  convecHon	  during	  the	  core	  He	  burning.	  

•  Later	  studies	  (e.g.,	  Ugliano	  et	  al	  2012:	  1D	  explosion	  model)	  
showed	  that	  there	  is	  no	  clear	  criHcal	  value	  	  ξ2.5	  	  for	  a	  successful	  
(failed)	  explosion.	  

•  It	  is	  even	  not	  clear	  if	  ξ2.5	  is	  so	  useful	  to	  discuss	  the	  successful	  
explosion	  (though	  it	  is	  quite	  popular	  right	  now)	  .	  

	  	  	  	  	  (Using	  Mcore,	  dM/dt,	  M(Fe),	  M(PNS)	  instead	  are	  probably	  not	  much	  different.	  	  	  



RotaHng	  stellar	  models	

•  Necessity	  (?):	  several	  facts	  can’t	  be	  explained	  with	  single	  non-‐
rotaHng	  stellar	  models	  

•  Surface	  abundance	  of	  rotaHng	  massive	  stars	  
•  N/C,O	  raHos	  –	  can	  be	  explained	  by	  rotaHonal	  mixing	  

•  BSG/RSG	  raHo	  
•  Spreads	  in	  the	  HR	  diagram	  of	  clusters	  

•  However,	  most	  of	  these	  problems	  may	  also	  be	  explained	  with	  
binary	  stellar	  models	  (but	  probably	  the	  enhancement	  of	  N	  is	  
difficult).	  



RotaHng	  stellar	  models	

• Usually,	 three	 effects	 are	 treated	 in	 1(.5)-dimensional	 
stellar	 evolution	 calculations.	 Rotation	 profiles	 are	 assumed	 
to	 be	 shelluler	 (タマネギ状)	 (Zahn	 92).

1) Deformation	 by	 centrifugal	 force	 (遠心力)
2) Matter	 mixing	 by	 rotationally	 induced	 instabilities
3)  Enhancement	 on	 mass-loss



Grids	  of	  stellar	  models	  with	  rotaHon	  II.	  :	  WR	  populaHons	  and	  supernovae/GRB	  
progenitor	  at	  Z	  =	  0.014	  	  	  C.	  Georgy	  et	  al.	  2012	  	

RotaHon	Non	  RotaHon	
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Massive	  star	  rotaHon	  &	  B/R	  raHo	

	  Observed	  value	  	  
	  0.5~0.8	  	  
	  (SMC,	  Z=0.004)	  

 Maeder & Meynet (2001)	  	



Binary	  model	
Eldridge	  et	  al.	  2008	

BSG/RSG	

←WR/O	  

WC/WN	  
raHo	  also	  OK	



Binary	  model	
SN	  Ib/c	  	  	  /	  	  SN	  II	  raHo	  is	  OK	

but	  	  	  
RSG/WR	  
is	  not	  good	



RotaHng	  stellar	  models	

•  It	 is	 not	 clear	 at	 this	 moment	 if	 currently	 used	 formalisms	 
(parameters)	 for	 rotating	 stars	 represent	 true	 stars.
•  Binary	 effects	 have	 to	 be	 considered	 properly

•  However,	 still	 it	 should	 be	 better	 than	 using	 single-star	 
non	 rotating	 models.

•  We	 have	 to	 be	 careful	 about	 several	 uncertainties
	 	 	 	 	 (as	 well	 as	 convection	 and	 mass-loss):

•  The	 amount	 of	 matter	 mixing
•  Angular	 momentum	 transfer
•  Effects	 of	 magnetic	 field	 (Spruit-Taylor	 dynamo)

•  Very	 limited	 observational	 constraints	 about	 these	 







of	  our	  code	  (Takahashi,	  Umeda,	  Yoshida	  2014,	  ApJ,	  in	  press)	

Spruit-‐Taylor	  
term	



RotaHon,	  CHE	  &	  GRB	  progenitors	  
the	  works	  by	  Yoon	  et	  al.	  are	  famous	  in	  this	  subject	

(Yoon	  2006)	



(Yoon	  2006)	



(Yoon	  2006)	



(Yoon	  2006)	



(Yoon	  2006)	



(Yoon	  2006)	

2006	  A&A	  460,	  199	
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Pop	 III	 Rotating	 Models

Yoon	 et	 al.	 2012 (10-1000	 Msun,	 vrot,0	 =	 ~1500	 km/sec)

Stellar	 fates	 are	 investigated	 in	 the	 
work.	 Fast	 rotators	 are	 suggested	 to	 
evolve	 chemically	 homogeneously,	 
resulting	 to	 yield	 GRBs	 and	 PISNe	 
from	 a	 less	 massive	 region.



RotaHon,	  CHE	  &	  GRB	  progenitors	

•  Alternative	 model	 to	 the	 CHE	 is	 a	 binary	 star	 (merging	 of	 two	 stars)	 
model.	 Currently	 there	 are	 no	 strong	 evidences	 that	 most	 GRBs	 are	 
inconsistent	 with	 the	 CHE	 theory.

•  Magnetic	 field	 effects	 (Spruit-Taylor	 dynamo)	 are	 important	 and	 
critical	 for	 the	 GRB	 progenitor	 models,	 however,	 	 there	 is	 (almost)	 
no	 observational	 evidences	 for	 these	 effects.
•  If	 CHE	 (Yoon)	 model	 for	 GRBs	 are	 consistent	 with	 observations,	 
it	 may	 support	 the	 ST	 dynamo	 theory.

•  It	 should	 be	 important	 to	 investigate	 other	 kind	 of	 magnetic	 field	 
and	 angular	 momentum	 transfer	 models.



Our	  work	  on	  rotaHng	  stellar	  models	

•  With	 Takashi	 Yoshida	 (now	 in	 Kyoto	 Univ.)	 and	 Koh	 Takahashi	 (U-
Tokyo),	 we	 have	 been	 working	 on	 developing	 a	 stellar	 evolution	 
code	 with	 rotation.

•  First	 paper	 just	 accepted:	 K.Takahashi,	 H.Umeda	 &	 T.Yoshida,	 ApJ
•  The	 formulation	 of	 the	 code	 is	 similar	 to	 Yoon	 et	 al.	 &	 Heger	 et	 al.,	 
and	 the	 angular	 momentum	 transfer	 is	 treated	 diffusiverly.	 (c.f.,	 
Geneva	 codes)

•  The	 parametric	 settings	 are	 mostly	 same	 as	 Yoon	 et	 al.	 2012,	 
however,	 not	 exactly	 the	 same.

•  What	 can	 we	 do	 with	 the	 new	 rotation	 code?	 
•  I	 will	 briefly	 explain	 the	 contents	 of	 the	 Takahashi	 et	 al.	 
2014.



of	  our	  code	  (Takahashi,	  Umeda,	  Yoshida	  2014,	  ApJ,	  in	  press)	

Spruit-‐Taylor	  
term	
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IAU307@Geneva 2014.06.23	


Koh Takahashi1, Hideyuki Umeda1, Takashi Yoshida2 
1Department of  Astronomy, The University of  Tokyo 
2Yukawa Institute for Theoretical Physics, Kyoto University 

Stellar Yields of Rotating First Stars:	

Yields of Weak Supernovae and Abundances of 
Carbon-enhanced Hyper Metal Poor Stars	


ApJ accepted, arXiv: 1406.5305 
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the early universe... 

Metal poor stars will have the information about the first 
stars in their abundances. Using this information, 
characteristics of the first stars may be constrained. Christlieb+02 

HE 0107-5240 
([Fe/H]=-5.3) 

HE 1327-2326 
([Fe/H]=-5.7) 

Frebel+05 

SMSS 0313-6708 ([Fe/H]<-7.1) 

Keller+14 

[X/Y]=log10(NX/NY) - log10(NX/NY)"
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These	  stars	  are	  all	  CEMP	  stars.	
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Abundance distribution by an 
evolution calculation 

Abundance Profiling 
Umeda & Nomoto (03) 

By doing abundance matching with a theoretical yield to 
observations, supernova explosion mechanism has been 
constrained.  

However, no abundance properties has been known to constrain the 
initial parameters of the first stars, because of the degeneracy in the 
explosive yields. 

The Mixing-fallback Model 
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There are (mainly) four 
parameters. 

Three M&F parameters 
・NS Mass: MNS 
・Mass cut: Mcut 
・Escape fraction: f 

and Explosion energy: Eexp. 

CEMP stars: 
  Large fallback  
  ➡ weak explosion 

NS Fallback Eject 

MNS Mcut 

Mixing fallback model 



Takahashi	  et	  al.	  2014	



Or	  f	  in	  =	  Min/MCO	



Example	  of	  an	  rotaHon	  yield	  and	  	  
comparison	  with	  other	  codes	
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Results of the abundance profiling

SMSS 0310-6708

mass range: 50-80 Msun

rotation  : only non-rotating models
fin       : 0.96+-0.04 (for 60 Msun)

HE 0107-5240

mass range: 30-40 Msun

rotation  : only rotating models
fin       : 1.07+-0.06 (for 30 Msun)

HE 1327-2326

mass range: 15-40 Msun

rotation  : both rotating and non-rotating models
fin       : 0.96+-0.01 (for non-rot 20 Msun)



Concluding	  Remarks	

•  We	 have	 finally	 published	 a	 paper	 about	 rotating	 stellar	 models.
•  Now	 we	 can	 calculate	 rotating	 progenitor	 models	 for	 SNe	 and	 GRBs	 
(if	 we	 have	 enough	 man	 power).
•  For	 example	 we	 have	 confirmed	 that	 CHE	 (necessary	 for	 GRB	 
progenitors)	 may	 occur	 under	 various	 conditions.
•  However,	 it	 is	 difficult	 to	 justify	 the	 parameter	 used	 because	 
of	 lack	 of	 observations.

•  It	 won’t	 be	 so	 interesting	 if	 we	 simply	 repeat	 similar	 calculations	 
with	 other	 groups’	 (i.e.,	 Yoon	 et	 al’s	 work).

•  So	 I	 strongly	 welcome	 collaborations	 with	 other	 groups	 if	 you	 
have	 any	 good	 ideas.


