
Stellar	
  Deaths	
  

Planetary	
  Nebulae	
  &	
  
Supernovae	
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Planetary	
  Nebulae	
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Mass	
  Loss	
  

•  White	
  
dwarfs	
  	
  
–  <	
  1.4	
  Msun	
  

•  Neutron	
  
stars	
  	
  
–  >1.4	
  Msun	
  
–  <2-­‐4	
  Msun	
  

•  Black	
  Holes	
  	
  
–  >	
  2-­‐4	
  Msun	
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EvoluMon	
  of	
  a	
  1	
  Msun	
  star	
  

LeBlanc,	
  2010	
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Video	
  of	
  star	
  sizes	
  

•  hQp://www.youtube.com/watch?
v=7T1LO6nOUdw	
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Interior	
  of	
  a	
  late-­‐stage	
  	
  
AGB	
  star	
  

LeBlanc,	
  2010	
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What	
  drives	
  Mass	
  Loss?	
  

•  Winds	
  (radiaMon	
  pressure,	
  magneMc	
  fields)	
  
•  PulsaMon	
  
•  Helium	
  flash	
  
•  Cyclical	
  burning	
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Planetary	
  Nebulae	
  

Bu.erfly	
  Nebula	
  (HST)	
   Cat’s	
  Eye	
  Nebula	
  (HST)	
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Planetary	
  Nebulae	
  

Helix	
  Nebula	
  (Spitzer)	
   Red	
  Rectangle	
  (HST)	
  

ASTR	
  5420	
  



Planetary	
  Nebulae	
  

Shaped	
  by:	
  
•  Spin	
  
•  Binary	
  Companions	
  
•  Earlier	
  mass	
  loss	
  
•  Ouclows	
  
•  MagneMc	
  fields	
  
•  OrientaMon	
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THERMONUCLEAR	
  ENERGY	
  
GENERATION	
  

Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  
§2.6-­‐2.8,	
  §2.11	
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Average	
  binding	
  energy	
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Double	
  shell	
  burning	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



Layered	
  composiMon	
  of	
  the	
  core	
  of	
  a	
  
massive	
  star	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



Nucleosynthesis	
  progression	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



“Onion-­‐skin”	
  model	
  for	
  	
  
a	
  pre-­‐supernova	
  star	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



s-­‐process	
  and	
  r-­‐process	
  
s-­‐process	
   r-­‐process	
  

neutron	
  capture	
  Mme	
  is	
  greater	
  
than	
  beta	
  decay	
  Mme	
  	
  

neutron	
  capture	
  Mme	
  is	
  less	
  
than	
  beta	
  decay	
  Mme	
  

Add	
  neutrons	
  one	
  by	
  one.	
  	
  If	
  
nucleus	
  is	
  stable,	
  it	
  stays	
  there.	
  	
  
If	
  unstable,	
  beta	
  decay	
  to	
  a	
  
stable	
  nucleus	
  

lots	
  of	
  neutrons	
  added	
  at	
  once,	
  
beta-­‐decay	
  to	
  stable	
  nuclei	
  

Occurs	
  in	
  massive	
  post-­‐main	
  
sequence	
  stars	
  

Only	
  occurs	
  in	
  supernovae	
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Synthesis	
  of	
  heavy	
  elements	
  during	
  a	
  
supernova	
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LeBlanc,	
  2010	
  



s-­‐	
  and	
  r-­‐processes	
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Clayton,	
  1983	
  



Stable	
  nuclei	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



Stable	
  nuclei	
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Hansen,	
  Kawaler	
  &	
  Trimble	
  2004	
  



Supernovae	
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Supernovae	
  (>8-­‐10	
  Msun)	
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Interior	
  of	
  late	
  stage	
  massive	
  star	
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LeBlanc,	
  2010	
  



Supernova	
  Light	
  Curves	
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LeBlanc,	
  2010	
  



Supernova	
  Types	
  
Type Origin Spectral features 
SN Ia white dwarf binary No H lines, strong Si lines 
SN Ib core collapse No H lines, no Si lines 
SN Ic core collapse No H, lines no Si lines, no He lines 
SN II core collapse Strong H lines 
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Pre-­‐Supernova:	
  
Eta	
  Carinae	
  
~100	
  Msun	
  

Outburst	
  in	
  1830s,	
  making	
  
it	
  one	
  of	
  the	
  brightest	
  stars	
  
in	
  the	
  southern	
  sky	
  –	
  since	
  
faded	
  
May	
  go	
  supernova	
  any	
  day	
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SN	
  1987A	
  
Type	
  II	
  supernova	
  
HST	
  observaMons	
  over	
  
Mme	
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Cassiopeia	
  A	
  	
  

HST:	
  op\cal	
   Chandra:	
  X-­‐rays	
  

Supernova	
  observed	
  in	
  Galileo’s	
  Mme:	
  1667	
  or	
  1680	
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Crab	
  Nebula	
  
Supernova	
  observed	
  by	
  Japanese	
  and	
  
Chinese	
  astronomers	
  in	
  1054.	
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Crab	
  Nebula	
  in	
  X-­‐rays	
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SNR	
  0509-­‐67.5	
  
Hubble/Chandra	
  
composite	
  
Type	
  Ia	
  supernova,	
  400	
  
years	
  ago	
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The	
  Solar	
  Neutrino	
  Problem	
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Solar	
  Neutrino	
  Problem	
  

•  Neutrinos	
  are	
  a	
  direct	
  probe	
  of	
  hydrogen	
  
burning	
  

•  They	
  interact	
  weakly,	
  so	
  they	
  have	
  a	
  very	
  
small	
  cross-­‐secMon	
  of	
  interacMon	
  

•  The	
  sun	
  is	
  basically	
  transparent	
  to	
  neutrinos,	
  
so	
  they	
  freely	
  escape	
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Solar	
  Neutrino	
  Problem	
  
•  PP	
  chains:	
  

–  1H + 1H à 2H + e+ + νe
 

–  7Be + e- à 7Li + νe (+γ) 

–  8B à 8Be + e+ + νe 

•  CNO	
  Cycle:	
  	
  
–  13N à 13C + e+ + νe

 

–  15O à 15N + e+ + νe
 

–  17F à 17O + e+ + νe
 

–  18F + e- à 18O + νe
 

•  AddiMonal	
  reacMons:	
  
–   p + p + e- à H + νe + νe (pep) 

–  3He + p + e- à 4He + νe + νe (hep) 
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Neutrino	
  Energies	
  

Hansen,	
  Kawaler,	
  Trimble	
  	
  
ASTR	
  5420	
  



DetecMng	
  Neutrinos	
  
•  Earth	
  is	
  transparent	
  to	
  neutrinos	
  –	
  how	
  to	
  detect	
  
them?	
  

•   νe + 37Cl à e- + 37Ar 
•  37Ar	
  has	
  a	
  half-­‐life	
  of	
  35	
  days	
  
•  Homestake	
  Mine	
  Experiment	
  
–  Kellogg,	
  SD	
  
–  Raymond	
  Davis,	
  Jr.	
  	
  
–  Filled	
  a	
  100,000	
  gallon	
  tank	
  with	
  600	
  tons	
  C2Cl4	
  
(tetrachloroethylene	
  –	
  cleaning	
  fluid)	
  

–  SensiMve	
  to	
  neutrinos	
  >0.814	
  MeV	
  
–  	
  Measured	
  neutrino	
  fluxes	
  from	
  1970-­‐1988	
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Davis	
  Experiment	
  

•  SNU	
  =	
  solar	
  neutrino	
  units	
  =	
  10-­‐36	
  captures	
  per	
  
second	
  per	
  target	
  (less	
  than	
  one	
  detecMon	
  per	
  
day)	
  

•  Expected	
  7.6	
  +/-­‐	
  1.2	
  SNU	
  
•  Measured	
  2.1	
  +/-­‐	
  0.9	
  SNU	
  
•  IniMally	
  blamed	
  on	
  experimental	
  error,	
  bad	
  
technique,	
  errors	
  in	
  models	
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AddiMonal	
  Experiments	
  

•  GALLEX	
  –	
  gallium,	
  >0.23	
  MeV	
  ( 71Ga + νe à 
71Ge + e- )	
  

•  SAGE	
  –	
  gallium	
  
•  Kamiokande	
  –	
  Cherenkov	
  radiaMon	
  in	
  water,	
  
>6.5	
  MeV	
  

•  Super-­‐Kamiokande	
  –	
  (Cherenkov)	
  

•  All	
  detect	
  a	
  deficit	
  of	
  electron	
  neutrinos	
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Sudbury	
  Neutrino	
  Observatory	
  	
  
•  1999-­‐2006	
  
•  Deuterium	
  dissociaMon	
  in	
  heavy	
  water	
  
•   νe + 2H à 1H + 1H + e- 
•   Can	
  measure	
  all	
  neutrinos	
  
•   νx + 2H à νx + 1H + n 
•   νx + e- à νx + e- 
– Neutron	
  scaQering,	
  electrons	
  create	
  Cherenkov	
  
radiaMon	
  

•  Verified	
  neutrino	
  oscillaMons	
  by	
  detecMng	
  the	
  
“missing”	
  neutrinos	
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Neutrino	
  OscillaMons	
  

•  There	
  are	
  three	
  flavors	
  of	
  neutrinos:	
  electron,	
  
mu,	
  tau	
  –	
  	
  corresponding	
  to	
  three	
  flavors	
  of	
  
leptons	
  

•  The	
  flavors	
  convert	
  into	
  each	
  other,	
  so	
  that	
  by	
  
the	
  Mme	
  they	
  reach	
  the	
  earth,	
  there	
  are	
  equal	
  
numbers	
  of	
  each.	
  

•  Also,	
  neutrinos	
  have	
  mass	
  

•  Nobel	
  Prize	
  in	
  Physics	
  2002	
  to	
  Davis	
  &	
  Koshiba	
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Main	
  sequence	
  Stellar	
  Structure	
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Central	
  Temperature	
  
Kippenhahn	
  &	
  Weigert	
  1990	
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ConvecMve	
  Zones	
  
Kippenhahn	
  &	
  Weigert	
  1990	
  

Schwarzchild	
  
criteria:	
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ConvecMve	
  Zones	
  

Upper	
  main	
  sequence:	
  
convecMve	
  core,	
  
radiaMve	
  envelope	
  

Lower	
  MS:	
  	
  
radiaMve	
  core,	
  

convecMve	
  envelope	
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