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•  Supernova	  Basics	  
•  Thermonuclear	  Supernovae	  

•  Core	  Collapse	  of	  Massive	  Stars	  
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Outline	  

Rough	  Outline	  

•  Core-‐Collapse	  Supernova	  Models	  and	  Mechanisms.	  

•  Mul1-‐Messenger	  Probes	  of	  Core-‐Collapse	  Supernova	  Physics.	  

•  Neutron	  Stars	  and	  Astrophysical	  Constraints	  on	  the	  
Nuclear	  Equa1on	  of	  State.	  

-‐-‐	  Lecture	  I	  -‐-‐	  

-‐-‐	  Lecture	  II	  -‐-‐	  



NGC	  4526	  

Supernova	  (SN)	  1994D	  
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~1	  SN	  /	  sec	  in	  the	  Universe.	  
~1	  SN	  /	  day	  discovered	  	  
(many	  discovered	  by	  amateur	  astronomers!).	  
~1	  SN	  /	  30-‐50	  years	  in	  the	  Milky	  Way.	  



Tycho	  Brahe	  (1572):	  „De	  Nova	  Stella“	  

“Nova	  Stella”	  	  
–	  New	  Star	  
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Fritz	  Zwicky	  
1898-‐1974	  

Walter	  Baade	  
1893-‐1960	  

Palomar	  18”	  Schmidt	  telescope	  



Fritz	  Zwicky	  
1898-‐1974	  

Walter	  Baade	  
1893-‐1960	  “Supernova”	  (1934)	  

[PNAS,	  20:259,	  1934,	  APS	  12/33]	  



A	  Supernova	  Primer	  

M101	  -‐-‐	  Pinwheel	  Galaxy	  
PTF11kly	  –	  SN	  2011fe,	  2011/08/24	  

Thermonuclear	  Supernovae	  
•  Thermonuclear	  explosion	  of	  a	  	  
White	  Dwarf	  star	  	  
(end	  stage	  of	  low-‐mass	  stellar	  evolu1on).	  

•  “Type	  Ia”	  supernova.	  	  
•  No	  compact	  remnant.	  

Core-‐Collapse	  Supernovae	  
•  Gravita2onal	  collapse	  of	  a	  	  
massive	  star’s	  core	  (M	  >	  8-‐10	  MSun).	  

•  Supernova	  Type	  II,	  Ib,	  Ic.	  
•  Neutron	  Star	  or	  Black	  Hole	  remnant.	  
•  Related	  to	  Gamma-‐Ray	  Bursts	  (GRBs).	  
	  

(Palomar	  Transient	  Factory)	  



Chris2an	  David	  O6	  

Cas	  A	  SNR,	  
Cas	  A	  SN	  1667	  (?)	  
HST/Chandra/Spitzer	  
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Crab	  SNR,	  
SN	  1054	  
HST/Chandra/Spitzer	  
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Tycho‘s	  SN	  1572	  
NASA:	  Spitzer/Chandra	  	  
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Kepler‘s	  SN	  1604	  
NASA:	  Chandra	  Teleskop	  
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Betelgeuse	  as	  seen	  by	  
the	  HST,	  	  D	  ≈	  200	  pc	  

Rigel,	  D	  ≈240	  pc	  



SN1987A,	  LMC,	  D	  ≈	  51.4	  kpc	  
Progenitor:	  BSG	  Sanduleak	  -‐69°	  220a,	  18	  MSUN	  

Betelgeuse	  as	  seen	  by	  
the	  HST,	  	  D	  ≈	  200	  pc	  

Rigel,	  D	  ≈240	  pc	  

Supernova	  Explosion	  



Why	  do	  we	  care	  about	  Supernovae?	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  



Distribu2on	  in	  the	  Universe:	  
Hydrogen 	  73,90%	  
Helium 	  24,00%	  	  
Oxygen 	  1,04%	  
Carbon 	  0.46%	  
Neon 	  0.13%	  
Iron 	  0.11%	  
Nitrogen 	  0.09%	  
Silicon 	  0.06%	  
Magnesium 	  0.06%	  
Sulfur 	  0.04%	  
others 	  0.11%	  

	  Big	  Bang	  

Stars	  /	  
Supernovae	  

Astronomy	  Fun	  Fact	  
	  	  	  

All	  elements	  heavier	  than	  H	  &	  He	  
are	  called	  “metals”.	  

Metallicity:	  	  Mass	  frac1on	  of	  
“metals”.	  

	  Z� ⇠ 0.02
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

Source:	  NASA	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

Source:	  NASA	  

Willy	  Fowler	  
1911-‐1995	  

Burbidge,	  Burbidge,	  Fowler,	  Hoyle	  
“Synthesis	  of	  the	  Elements	  in	  Stars”	  
1957	  

Nobel	  Prize	  in	  Physics	  1983	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

•  Dynamical	  impact	  on	  galaxy	  evolu1on.	  
Source:	  NASA	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

•  Dynamical	  impact	  on	  galaxy	  evolu1on.	  
•  Core-‐Collapse	  Supernovae:	  	  
Birth	  sites	  of	  neutron	  stars	  and	  black	  holes.	  

Source:	  NASA	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

•  Dynamical	  impact	  on	  galaxy	  evolu1on.	  
•  Core-‐Collapse	  Supernovae:	  	  
Birth	  sites	  of	  neutron	  stars	  and	  black	  holes.	  

•  Gigan1c	  cosmic	  laboratories	  for	  fundamental	  physics.	  

Source:	  NASA	  

Neutrinos!!!	  
Nuclear	  EOS	  
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[Wilson	  1985;	  Bethe	  &	  Wilson	  1985]	  [Thompson	  et	  al.	  2003,	  Rampp	  &	  Janka	  
2002,	  	  Liebendoerfer	  et	  al.	  2002,2005]	  

•  SNe	  are	  the	  main	  cosmic	  polluters.	  

•  Cosmic	  standard	  candles	  	  (-‐>	  Nobel	  Prize	  in	  Physics	  2011).	  

•  Dynamical	  impact	  on	  galaxy	  evolu1on.	  
•  Core-‐Collapse	  Supernovae:	  	  
Birth	  sites	  of	  neutron	  stars	  and	  black	  holes.	  

•  Gigan1c	  cosmic	  laboratories	  for	  fundamental	  physics.	  

Source:	  NASA	  

Neutrinos!!!	  
Nuclear	  EOS	  



C.	  D.	  O6	  @	  TAUP	  Summer	  School	  2013	   22	  

Thermonuclear	  Supernovae:	  
Explosions	  of	  White	  Dwarfs	  

BBC	  
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∼0.5	  M☉	  <	  M	  <	  ∼7	  M☉	   ∼7	  M☉	  <	  M	  <	  ∼10	  M☉	  

Nuclear	  Burning:	  	  

H	  -‐>	  He	  -‐>	  C/O	  -‐>	  O/Ne/Mg	  -‐>	  Si	  -‐>	  Fe	  
M	  >	  ∼10	  M☉	  

C-‐O	  White	  Dwarf	  

Envelope	  
ejec1on	  

O-‐Ne	  White	  Dwarf	  

C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  

Stellar	  Evolu2on	  

(will	  talk	  about	  that	  later)	  
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White	  Dwarf	  ejec2ng	  its	  Envelope	  

Cat’s	  Eye	  Nebula	  

24	  
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Carbon/Oxygen	  White	  Dwarf	  

How	  can	  we	  explode	  a	  White	  Dwarf?	  

25	  C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  
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Chandrasekhar	  Limit	  
• White	  dwarfs	  -‐>	  supported	  by	  the	  degeneracy	  
pressure	  of	  electrons.	  

M
max

⇡ (~c/G)3/2/m2

p

P = K⇢� � = 4/3 (rela1vis1c	  electrons)	  

• Chandrasekhar	  mass:	  

MCh ⇡ 1.44(2Ye)
2M�

Ye = 0.5 (in	  C/O	  white	  dwarfs)	  

• Radial	  instability	  if	  	  M > MCh

26	  C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  
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Carbon	  Igni2on	  
• M	  >	  MCh	  WD	  contracts,	  heats	  up.	  

27	  C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  

(see,	  e.g.,	  Woosley+	  04)	  

Flash	  Center,	  U	  Chicago/Argonne	  

to small variations in the initial conditions, thus introducing
some degree of chaos in the outcome. Since such observables
as the kinetic energy, nickel mass, and peak luminosity are
sensitive to how the star ignites, Type Ia supernovae, starting
from nearly identical initial conditions, will always exhibit
some irreducible diversity.

The conclusion that multipoint off-center ignition is likely
was challenged by Höflich & Stein (2002). Using a two-
dimensional implicit hydrodynamics code to follow the last
few hours of the white dwarf runaway, they found no evidence
for multiple-spot or strong off-center ignition. Instead, their
model ignited very close to the center at about 30 km, and only
once. Ignition was ‘‘induced by compressional heat.’’ As we
shall see, their results, although a major computational ad-
vance, may have been influenced by attempting to model a
three-dimensional, spherical problem while carrying only a
fraction of the solid angle on a two-dimensional grid. The
resolution and Reynolds number may also have been too low to
see multipoint ignition in a simulation that was, at best, mildly
turbulent and included only a small fraction of the fluctuation
distribution function for the temperature.

In this paper and its companion (M. Kuhlen et al. 2004, in
preparation, hereafter Paper II), we explore the ignition of
nuclear runaways in Chandrasekhar-mass white dwarfs using
two different approaches: an analytic model (this paper) and a
three-dimensional anelastic numerical model. In the analytic
case, we are influenced by recent developments in under-
standing convection in Rayleigh-Benard experiments. These
experiments show that the qualitative character of convection
may change markedly, depending on the Rayleigh number.
Even at a high Rayleigh number, a persistent ‘‘roll’’ dominates
the flow pattern in Rayleigh-Benard convection. The analog to
this in a sphere is a dipole flow pattern. Recent numerical
simulations (Paper II) suggest that such a large-scale flow is
also present in (nonrotating) convective stars. If so, it affects
the mechanics of white dwarf ignition in a major way that can
only be seen by carrying the entire sphere in the calculation.

2. AN ANALYTIC MODEL OF THE RUNAWAY

The final stages of the carbon runaway, wherein roughly
1:1M! of the core becomes convective, goes on for well over
a century. By the time the central temperature reaches T8 ¼
T=108 K ¼ 7 and !9 ¼ !=109 g cm#3 ¼ 2, the typical time-
scale for convection to go a pressure scale height, about
450 km, is $10 s and has become comparable to the nuclear
timescale.

2.1. Nuclear Energy Generation Rate and Timescale

Nuclear energy generation during carbon ignition is given
entirely by the (highly screened) fusion of two 12C nuclei to
form, chiefly, 20Ne and 24Mg. The approximate energy gen-
eration rate (assuming carbon burns to a mixture of 3 parts
20Ne and 1 part 24Mg; Woosley 1986) is

Ṡnuc % 6:7 ; 1025X 2(12C)!9Fsck12;12 ergs g#1 s#1; ð1Þ

where k12;12 is the carbon fusion reaction rate (Caughlan &
Fowler 1988), Fsc is the electron screening function, and
X(12C) is the mass fraction of carbon. For a range of tem-
peratures T8 ¼ 6 8,

k12;12 % 7:6 ; 10#16 T8
7

! "30

: ð2Þ

The electron screening function (Alastuey & Jancovici 1978)
is given by (!9 ¼ 1 3, T8 ¼ 6 8)

Fsc % 1100
!9
2

# $2:3 T8
7

! "#7

; ð3Þ

so the energy generation rate for a composition of 50% car-
bon, 50% oxygen is

Ṡnuc % 2:8 ; 1013
T8
7

! "23 !9
2

# $3:3
ergs g#1 s#1: ð4Þ

The specific energy available is

qnuc ¼ 4:0 ; 1017X (12C) ergs g#1: ð5Þ

The specific heat at constant pressure, which is required to
estimate the nuclear timescale, is (e.g., Chiu 1968, p. 120)

cP ¼ @"

@T

! "

ions

þ @"

@T

! "

electrons

þ @"

@T

! "

radiation

¼ 3NAk

2 Ā

! "
þ #2k2

xmec2
!NAYeT þ 4aT3

!

! "

¼ 9:1 ; 1014 þ 8:6 ; 1013T8

!1=39

þ 3:0 ; 109T3
8

!9
ergs g#1 (108 K)#1;

ð6Þ

where Ā is the mean atomic mass number (13.7 for 50%
carbon, 50% oxygen by mass); m is the mass of the electron;
x ¼ pF=mc is related to the mass density by 9:74 ; 105$ex

3 ¼
!; Ye is the electron mole number, here 0.5; and the other
symbols have their usual meanings. For the conditions of in-
terest, e.g., T8 ¼ 7 and !9 ¼ 2, the heat capacity of the radi-
ation field is negligible and the ions and electrons together
provide 1:4 ; 1015 ergs g#1 (108 K)#1. This relatively small
heat capacity makes the carbon highly incendiary in the sense
that a small amount of burning raises the temperature con-
siderably. For lower densities, however, !9 $ 0:01, the heat
capacity of the radiation field becomes important, and this is
what finally keeps the star from burning entirely to iron.
For central temperatures near T0;8 ¼ 7, the nuclear time

under these conditions is

%nuc ¼
1

Ṡnuc

dṠnuc
dt

! "#1

% 1

Ṡnuc

@Ṡnuc
@T

@T

@t

! "#1

¼ cPT

23Ṡnuc
% 15

7

T8

! "22 2

!9

! "3:3

s: ð7Þ

This is the time for the energy generation in an isolated region
to increase from its starting value at temperature T8 to such
high values that the reactions are virtually instantaneous.
While convection remains efficient, this time is lengthened in
the star by a factor of approximately 50 (x 4.1).

2.2. Luminosity

The long convective episode in the preexplosive star
establishes an overall adiabatic temperature gradient in the
central regions. Using this condition and the known density
structure and energy generation (eq. [4]), and assuming hy-
drostatic equilibrium, one can estimate the luminosity.
Because of the extreme sensitivity of the energy genera-

tion to temperature, the luminosity will originate from a
small fraction of the mass, justifying a first-order polytropic

WOOSLEY, WUNSCH, & KUHLEN922 Vol. 607

Carbon	  fusion	  rate	  
(Caughlan	  &	  Fowler	  88)	  

• WD	  degenerate	  	  
-‐>	  increased	  T	  does	  not	  lead	  to	  expansion.	  
-‐>	  thermonuclear	  runaway!	  	  

•  Igni1on	  details	  s1ll	  uncertain.	  Most	  likely:	  
First	  subsonic	  burning	  (deflagra'on)	  than	  
supersonic	  flame	  propaga1on	  (detona'on).	  

• Burning	  proceeds	  into	  nuclear	  sta1s1cal	  
equilibrium	  (NSE,	  T	  ~5x109	  K).	  	  
Main	  product:	  56Ni,	  typically	  0.6	  M☉	  



28	  

Why	  stop	  at	  Nickel	  56?	  

28	  C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  

Ye	  =	  0.5	  -‐>	  
56Ni:	  
Z=28	  
N=28	  

Densi1es	  mostly	  too	  low	  for	  electron	  capture	  
(neutroniza1on).	  
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Explosive	  Nucleosynthesis	  

29	  

Piro	  &	  Timmes	  
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Energe2cs	  and	  Lightcurve	  
• Burning	  of	  C+O	  to	  Ni	  gives	  ~1018	  erg/g	  (~1	  MeV/nucleon).	  
-‐>	  get	  ~1051	  erg	  for	  burning	  0.6-‐0.8	  M☉.	  

Dado	  &	  Dar	  ‘13	  

• Powered	  by	  radioac1ve	  
decay!	  

56
Ni

6 d�! 56
Co

77d�! 56
Fe
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Supernova	  Spectra	  &	  Types	  

hip://hyperphysics.phy-‐astr.gsu.edu/hbase/astro/imgast/snovspects.gif	  
	  

Thermonuclear:	  
Type	  Ia:	  
no	  H,	  He,	  	  
strong	  Si	  
	  
Core	  Collapse:	  
Type	  II:	  H	  
Type	  Ib:	  no	  H	  
Type	  Ic:	  no	  H,	  He,	  	  
weak	  Si	  
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• “Width-‐Luminosity”	  
Rela1on	  -‐>	  intrinsic	  
luminosity	  of	  distant	  SNe	  

Kim	  et	  al.	  1997	


Type	  Ia	  SNe:	  
Standard	  Candels	  

F =
L

4⇡r2

• 2011	  Nobel	  Prize	  in	  Physics	  
to	  Perlmuier,	  Riess,	  &	  
Schmidt:	  
The	  expansion	  of	  the	  
universe	  is	  accelera1ng.	  
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Type	  Ia	  SN	  Progenitors?	  
• ~97%	  of	  all	  stars	  end	  their	  
lives	  as	  C/O	  WDs.	  

• Typical	  WD	  mass:	  
0.6	  M☉	  

• How	  is	  MCh	  reached?	  

• Explosions	  produce	  range	  
of	  Nickel	  yields:	  
Are	  sub-‐Chandra	  and	  
super-‐Chandra	  explosions	  
possible?	  
• Basic	  idea:	  a	  WD	  somehow	  
gains	  mass	  from	  a	  
companion.	  

(s
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e	  
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	  T
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y	  
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)	  
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Ia	  Progenitor	  Scenarios	  

• Single	  Degenerate	  (SD):	  
WD	  accretes	  from	  normal	  star	  
companion	  un1l	  MCh.	  

• Double	  Degenerate	  (DD):	  
Merger	  of	  two	  white	  dwarfs.	  
Problem:	  0.6	  +	  0.6	  =	  1.2	  <	  MCh	  	  
Would	  need	  rare	  high-‐mass	  WDs.	  

• White	  dwarf	  (head-‐on)	  collisions	  &	  
“violent”	  mergers	  -‐>	  igni1on	  upon	  
merger.	  

• Double	  detona1on	  model:	  
Detona1on	  of	  surface	  He	  layer	  
ignites	  C/O.	  
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Figure 1: PTF g-band image sequence of the field of Messier 101 showing the appearance of
SN 2011fe. From left to right, images are from August 23.22, 24.17, and 25.16 UT. The supernova
was not detected on the first night to a 3-� limiting magnitude of 21.5, was discovered at magni-
tude 17.35, and increased by a factor of 10 in brightness to mag 14.86 the following night. The
supernova peaked at magnitude �9.9, making it the fifth brightest supernova in the past century.
PTF is a wide-field optical experiment designed to systematically explore the variable sky on a
variety of time scales, with one particular focus the very early detection of SNe22, 23. Discoveries
such as this one have been made possible by coupling real-time computational tools to extensive
astronomical follow-up observations24, 25.

Figure 1: Images of M101 obtained on three successive nights, from left to right: 2011 Aug 23.2, Aug
24.2, and Aug 25.2 UT. The green arrow points to SN 2011fe, which was not detected in the first image
but subsequently brightened dramatically. Figure from Nugent et al. (2011b), reprinted by permission
from Macmillan Publishers Ltd: Nature, copyright 2011.

Vinkó et al.: Distance to M101 from SN 2011fe
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Fig. 7. The fitting of SALT2 LCs to the observed data of
SN 2011fe.

3.3.1. MLCS2k2

The fitting of Eq. 2 was performed by using a simple, self-
developed �2-minimization code, which scans through the al-
lowed parameter space with a given step and finds the lowest
�2 within this range. The fitted parameters were the moment of
B-maximum (t0), the V-band extinction AV , the LC-parameter �
and the distancemodulus µ0, with steps of �t0 = 0.1, �AV = 0.01,
�� = 0.01 and �µ0 = 0.01, respectively. At the expense of longer
computation time, this approachmaps the entire �2 hypersurface
and finds the absolute minimum in the given parameter volume.

We have fixed the reddening-law parameter as RV = 3.1
appropriate for Milky Way reddening, although several recent
results suggest that some high-velocity SNe Ia can be bet-
ter modeled with significantly lower RV (Wang et al., 2009;
Foley & Kasen, 2011). Since SN 2011fe su�ered from only mi-
nor reddening and most of it is due to Milky Way dust (see be-
low), it is more appropriate to adopt the galactic reddening law.
Nevertheless, because of the low reddening, the value of RV has
negligible e�ect on the final distance.

The best-fitting MLCS2k2 model LCs are plotted together
with the data in Fig. 5. The final parameters are given in Table 4.
The 1� uncertainties were estimated from the contour of ��2 =
1 corresponding to 68 % confidence interval. Fig. 6 shows the
map of the the �2 hypersurface and the shape of the contours
around the minimum for the two key parameters � and µ0. It is
seen that µ0 is strongly correlated with �, which is the major
source of the relatively large uncertainty �µ = 0.07 mag, despite
the very good fitting quality.

Note that the best-fitting MLCS2k2 template LC corresponds
to �m15(B) = 1.06± 0.06, which is slightly lower than the value
derived by Richmond & Smith (2012) (1.21 ± 0.03), but more
similar to the one given by Tammann & Reindl (2011) (1.10 ±
0.05). Again, all these parameters are consistent with the finding
that SN 2011fe has a nearly perfect fiducial SN Ia LC.

3.3.2. SALT2

The SALT2 fitting was computed by running the code as de-
scribed on the SALT2 website. The fitted parameters provided
by the code are: m�B (rest-frame B-magnitude at maximum), x1
(stretch) and c (color). Note that SALT2 restricts the fitting to
data obtained no later than 40 days after maximum.

Table 5. SALT2 best-fitting parameters

Parameter Value
t0 (JD) 2,455,815.505 (0.047)
m�B (mag) 9.959 (0.027)
x1 �0.296 (0.049)
c �0.030 (0.018)
µ0(G10) (mag) 29.034 (0.078)
µ0(K09) (mag) 29.068 (0.062)
µ0(final) (mag) 29.05 (0.08)

Notes. Errors are given in parentheses. The final distance modulus (last
row) is the average of the G10 and K09 estimates.

Contrary to MLCS, the SALT2 model does not explicitly in-
clude the distance or the distance modulus, thus, it must be de-
rived from the fitting parameters. We followed two slightly dif-
ferent procedures for this: the one presented by Guy et al. (2010)
(G10) and an independent realization given by Kessler et al.
(2009) (K09). Starting from the fitting parameters m�B, x1 and c,
the distance modulus µ0 in the G10 calibration can be obtained
as

mBB = m�B � 0.008(±0.005) · x1 + 0.013(±0.004)
CC = 0.997(±0.097) ·C + 0.002(±0.009) · x1 + 0.035(±0.008)
s = 0.107(±0.006) · x1 + 0.991(±0.006)
µ0 = mBB � MB + a · (s � 1) � b · CC, (5)

where we have adoptedMB = �19.218±0.032,a = 1.295±0.112
and b = 3.181 ± 0.131 (G10).

The K09 calibration applies a simpler formula:

µ0 = m�B � M0 + � · x1 � � · c, (6)

where M0 = �19.157± 0.025,� = 0.121± 0.027 and � = 2.63±
0.22 have been adopted from K09.

The uncertainties in the formulae above were taken into ac-
count by a Monte-Carlo technique: we calculated 10,000 dif-
ferent realizations of the above parameters by adding Gaussian
random numbers having standard deviations equal to the uncer-
tainties above, to the mean values of all parameters, and derived
µ0 from each randomized set of parameters applying Eq. 5 and
6. Then the average and the standard deviation of the resulting
sample of µ0 values are adopted as the SALT2 estimate for the
distance modulus and its uncertainty. Table 5 lists the best-fitting
parameters and errors. The final SALT2 distance modulus were
obtained as an unweigthed average of the two values from the
G10 and K09 calibrations.

4. Discussion
The application of MLCS2k2 and SALT2 LC-fitters resulted in
distance moduli of µ0(MLCS2k2) = 29.21 ±0.07 and µ0(SALT2)
= 29.05 ±0.08, respectively.

It is seen that there is a � 2� disagreement between these
two values. Taking into account that these distance moduli were
obtained by fitting the same, homogeneous, densely sampled,
high-quality photometric data of a nearby SN, and both codes
provided excellent fitting quality, this �µ0 = 0.16 mag disagree-
ment is rather discouraging. Note that the di�erence exists de-
spite correcting the results from both codes to the same Hubble-
constant, H0 = 73 km s�1Mpc�1 (see above).

A similar di�erence of µ0(SALT2)�µ0(MLCS2k2) = ±0.2
mag was found by Kessler et al. (2009) for the “Nearby SNe”

6

Figure 2: BV RI Light curves for SN 2011fe mea-
sured in the Johnson-Cousins system (Vega magni-
tudes). Best-fit SN Ia templates from SALT2 are
plotted as black lines. Figure from Vinkó et al.
(2012), reproduced with permission c�ESO.

Fowler 1960), little direct proof existed until SN 2011fe.

3.1 Radius of the exploded star

The radius of an exploding star (R?) can be estimated
through the phenomenon of shock breakout: when
the SN shock emerges from the surface of the star,
it produces a distinctive photometric signature. Shock
breakout is expected to appear as an early-time excess
in the light curve, with the luminosity and duration
of the excess scaling with the radius of the exploding
star (Rabinak & Waxman 2011; Kasen 2010; Piro et al.
2010).

The shock breakout constraint depends crucially

on knowing the precise time of the explosion. This is
estimated to be UT 2011 August 23 16:29±20 minutes
by Nugent et al. (2011b). They derive this time by
fitting a power law to the early optical light curve,
following the expectation that the SN luminosity L will
increase as the area of the optically-thick photosphere,
producing the relation L / t2. This simple model fits
the photometry very well over the first four days (see
Figures 3 and 4).

The modeling of the shock breakout is aided by the
serendipitous availability of optical imaging of M101
that had been obtained a mere four hours after Nugent
et al.’s estimated time of explosion, but before the SN
was actually discovered (Bloom et al. 2012). These
data, obtained with The Open University’s 0.4-m tele-
scope, yield a robust non-detection at this epoch. The
first detection of SN 2011fe was made 11 hours after
Nugent et al.’s estimated explosion time.

The faint optical flux at very early times places
strong constraints on the shock breakout signal, imply-
ing that the exploding star was compact, with a radius
R? . 0.02 R� (Figure 3). From the measured 56Ni
mass, we know the star was &0.5 M�. Only degen-
erate stars satisfy these mass and radius constraints.
Thus the exploded body in SN2011fe must have been
a neutron star or white dwarf. There are no plau-
sible mechanisms for producing SN Ia-like thermonu-
clear yields from a neutron star (e.g., Jaikumar et al.
2007). Radius constraints therefore provide strong ev-
idence that SN2011fe marked the explosion of a white
dwarf (Bloom et al. 2012).

Several recent papers suggest that this initial anal-
ysis may be too simplistic (Piro 2012; Piro & Nakar
2012, 2013; Mazzali et al. 2013). Since the bolometric
luminosity of a SN Ia is powered by 56Ni at early times,
if the 56Ni is not mixed into the outermost regions of

M101	  Pinwheel	  Galaxy,	  August	  24,	  2011.	  Discovery	  by	  the	  Palomar	  Transient	  Factory	  (PTF)	  
D	  ~	  7	  Mpc.	  	  
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(a)

(b)

Figure 3. Symbols are for clarity within the plot and different ions are represented by different colors, as labeled in panel (b). (a) Based on our time series of synthetic
SYNAPPS spectra, vmin estimates of each ion are plotted vs. time. The dashed line represents the location of our best modeled photosphere. (b) Here we reproduce
panel (a), but include the Doppler widths of our fits. Color intensities are mapped to the normalized sum of a single absorption line component for each ion in every
fit. Therefore, panel (b) only depicts where light has been scattered by a particular ion. Due to telluric features, we have only included our fitted Doppler widths for
the high velocity O i component. The numbered rings (dashed-white) are in increments of 5 kkm s−1.
(A color version of this figure is available in the online journal.)
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Figure 4. “Snap-shots” of unburned material, i.e., spectroscopic signatures of unburned material as best traced by C ii λ6578 and possibly O i λ7774. On the left, we
compare our SYNAPPS fits (red line) to the observations (black line) that show a feature near 6300 Å. At 1.2 days after texpl the C ii absorption minimum corresponds
to a Doppler velocity of 16,000 km s−1, at the upper reaches of photospheric velocities. On the right, we plot the same but instead for the O i λ7774 absorption feature.
Our fits (blue line) place O i in both photospheric and higher velocity regions. The gray band highlights the early evolution of the O i feature and the ⊕ symbol indicates
the location of telluric features.
(A color version of this figure is available in the online journal.)
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Figure 5: The distribution of ions in the ejecta of SN2011fe. The larger background panel (a) plots the
minimum velocity measured for a given ion as a function of time. Points are color-coded to di↵erent ions
as shown in the round panel (b). Panel (b) shows the velocity range observed for dominant ions. The
circular white dotted lines mark radial increments of 5 000 km s�1, spanning ejecta velocities of 0 to
30 000 km s�1. Figure from Parrent et al. (2012), reproduced by permission of the AAS.

the progenitor. Most of this material is carbon, but
the remaining 2% of the mass should represent the
heavier elements in the progenitor white dwarf. By
modeling an Fe-group absorption feature at ⇠4800 Å
in conjunction with HST UV spectroscopy, Mazzali
et al. find a metallicity of ⇠0.25–0.5 Z� for the out-
ermost ejecta. Foley & Kirshner (2013) also use UV
spectroscopy to argue that the progenitor of SN 2011fe
had sub-solar metallicity. M101’s gas-phase metallic-
ity, measured at the galactocentric radius of SN 2011fe,
is ⇠0.5 Z� (Stoll et al. 2011)—consistent with esti-
mates for SN 2011fe’s progenitor system. However,
it is important to keep in mind that SNe Ia show a
range of delays between the formation of the progeni-
tor system and explosion (Maoz & Mannucci 2012); it
would not be surprising if there was an o↵set between
the metallicity of SN 2011fe and the current gas-phase
metallicity in the region.

The metallicity of the progenitor may be important
in shaping a SN Ia, perhaps a↵ecting the yield of 56Ni
(Timmes et al. 2003; Jackson et al. 2010) and also de-
termining the observed spectral energy distribution in
the rest-frame UV, where high-redshift observations of
SNe Ia commonly take place (e.g., Höflich et al. 1998;
Lentz et al. 2000; Maguire et al. 2012). The measure-
ments in SN2011fe are an important data point for
testing the predicted e↵ects of metallicity on observed
SNe Ia.

3.3 Mass of the exploded star

SN Ia models would be strongly constrained if we could
determine whether white dwarfs must reach the Chan-
drasekhar mass to explode, or if sub-Chandrasekhar
explosions are common. Unfortunately, estimates
of the ejected mass are challenging to achieve at
the necessary accuracy (e.g., Mazzali et al. 1997;
Stritzinger et al. 2006). Uncertainties of <15% are
needed to distinguish between Chandrasekhar and sub-
Chandrasekhar models, an extremely di�cult task
given the diversity of elements, densities, and ionic
states in the ejecta of SNe Ia.

Mazzali et al. (2013) estimate ⇠1.1 M� of mate-
rial is ejected at speeds >4 500 km s�1 in SN2011fe;
this determination is a model-dependent lower limit,
as it does not account for the slowest moving mate-
rial. Future work on nebular spectra may lead to a
more complete census of the ejecta mass in SN2011fe
(e.g., Stehle et al. 2005). In the meantime, the 56Ni
mass places a secure lower limit on the ejecta mass in
SN2011fe, Mej > 0.5 M�.

4 How did it explode?

The volume and quality of data available on SN2011fe
enable us to explore the details of the white dwarf’s
destruction. What is the relative significance of sub-
sonic deflagration and super-sonic detonation fronts?
Might the explosion have been triggered by a detona-

36	  36	  C.	  D.	  Oi	  @	  TAUP	  Summer	  School	  2013	  

SN	  2011fe:	  A	  Nearby	  Type	  Ia	  SN	  

• Typical	  type	  Ia	  SN.	  
• NO	  companion	  star	  
found.	  

• 1.1	  M☉	  visible	  ejecta,	  
• 0.5	  M☉	  Ni.	  
• Consistent	  with	  
explosion	  of	  C/O	  WD	  of	  
sub-‐solar	  metalllicity.	  

Review:	  Chomiuk	  ’13,	  arXiv:1307.2721	  

Parrent+’12	  

• Observa2ons	  disfavor	  single	  degenerate	  scenario,	  	  
favor	  double	  degenerate	  scenario.	  



Core-‐Collapse	  
Supernovae	  
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Massive	  Stars	  and	  Their	  Evolu2on	  

•  Mass:	  ∼7	  M☉	  ≤	  M	  ≤	  ∼130	  M☉.	  

M	  <	  ∼7	  M☉	   ∼7	  M☉	  <	  M	  <	  ∼10	  M☉	  

Nuclear	  Burning:	  	  

H	  -‐>	  He	  -‐>	  C/O	  -‐>	  O/Ne/Mg	  -‐>	  Si	  -‐>	  Fe	  
M	  >	  ∼10	  M☉	  

C-‐O	  White	  Dwarf	  

(Red	  
	  	  Super-‐	  
	  	  giant	  )	  

•  Key	  parameters	  
controlling	  stellar	  evolu1on:	  
§  Mass	  
§  Metallicity	  
§  Binary	  Interac1ons	  
§  Rota2on	  
	  

Envelope	  
ejec1on	  

O-‐Ne	  White	  Dwarf	  



Betelgeuse,	  M	  ~	  20	  M☉,	  R	  ~	  8	  x	  1013	  cm	  ~	  1000	  R☉	  
(HST)	  
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Hydrosta2cs	  of	  the	  Iron	  Core	  and	  the	  Onset	  of	  Collapse	  

ρc	  ≈	  1010	  g/cm3	  
T	  ≈	  1	  MeV	  =	  1.16	  x	  1010	  K	  

Ye	  ≈	  0.45	  

Hydrosta1c	  Equilibrium:	  
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Hydrosta2cs	  of	  the	  Iron	  Core	  and	  the	  Onset	  of	  Collapse	  

ρc	  ≈	  1010	  g/cm3	  
T	  ≈	  1	  MeV	  
Ye	  ≈	  0.5	  

Ions:	  Assume	  pure	  Fe	  56	  (not	  quite	  right,	  of	  course)	  

Radia2on	  pressure:	  

(in	  reality:	  	  T	  lower	  	  
and	  Ye	  slightly	  lower)	  

Electrons:	  degenerate	  and	  rela1vis1c	  
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Chandrasekhar	  Mass	  

ρc	  ≈	  1010	  g/cm3	  
T	  ≈	  1	  MeV	  
Ye	  ≈	  0.5	  

Maximum	  mass	  for	  a	  rela2vis2cally	  degenerate	  object:	  

(in	  reality:	  	  T	  lower	  	  
and	  Ye	  slightly	  lower)	  

+	  GR,	  thermal,	  and	  other	  correc1ons.	  
(at	  Ye	  =	  0.5	  -‐>	  MCh	  ≈	  1.45	  MSun)	  

M	  ≥	  MCh	  -‐>	  radial	  instability	  -‐>	  collapse	  

Two	  ways	  to	  get	  there:	  

(1)  Silicon	  shell	  burning	  adding	  mass	  to	  
	  the	  core.	  

(2)  Reduc1on	  of	  Ye.	  
-‐>	  electron	  capture	  

p+ e� �! n+ ⌫e

MCh ⇡ 1.44(2Ye)
2M�
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Collapse	  
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More	  Collapse	  Physics	  

In	  collapse,	  pressure	  support	  is	  reduced	  by	  
•  Photodissocia2on	  of	  heavy	  nuclei:	  ∼125	  MeV/reac1on	  

•  Electron	  Capture	  

• Neutrinos	  stream	  off	  almost	  freely	  at	  densi1es	  below	  ∼1012	  g/cm3.	  
-‐>	  core	  “deleptonizes”	  during	  collapse.	  	  
• Net	  entropy	  change	  is	  small,	  	  
-‐>	  collapse	  proceeds	  prac2cally	  adiaba2cally.	  
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More	  Collapse	  Physics:	  Deleptoniza2on	  

Ye	  

Liebendörfer	  2005	  
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Stellar	  Collapse:	  Neutrino	  Trapping	  

Neutrino	  Trapping	  
• Collapse	  phase:	  Neutrino	  opacity	  dominated	  by	  coherent	  
neutrino-‐nucleus	  scaiering:	  	  

Neutrino	  
mean-‐free	  path:	  

• For	  ρ	  ≥	  3	  x	  1012	  g/cm3,	  diffusion	  1me	  τdiff	  >>	  collapse	  1me	  	  
-‐>	  neutrinos	  become	  dynamically	  trapped	  in	  the	  collapsing	  core.	  

Beta	  Equilibrium	  

Deleptoniza2on	  
stopped	  

Detailed	  simula1ons:	  
• Consequences:	  
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Collapse	  

s1ll	  collapsing...	  
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Stellar	  Collapse:	  Self	  Similarity	  

Self-‐Similarity	  in	  Stellar	  Collapse	  

• Separa1on	  into	  homologously	  (v∝r)	  collapsing	  inner	  core	  
and	  supersonically	  collapsing	  outer	  core.	  	  

Schema1c	  View	  of	  Spherical	  Collapse	  

Analy1c	  similarity	  solu1ons:	  
Goldreich	  &	  Weber	  1980	  
Yahil	  &	  La�mer	  1982	  
Yahil	  1983	  
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Collapse	  

S1ll	  collapsing...	  is	  there	  an	  end?	  
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Nuclear	  EOS	  

The	  Nuclear	  Equa2on	  of	  State	  (EOS)	  
Nuclear	  Sta2s2cal	  Equilibrium	  (ρ	  >	  107	  g/cm3,	  T	  >	  0.5	  MeV)	  
-‐>	  P	  =	  P(ρ,T,Ye)	  
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Nuclear	  EOS	  

The	  Nuclear	  Equa2on	  of	  State	  (EOS)	  
Nuclear	  Sta2s2cal	  Equilibrium	  (ρ	  >	  107	  g/cm3,	  T	  >	  0.5	  MeV)	  
-‐>	  P	  =	  P(ρ,T,Ye)	  
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Nuclear	  EOS	  

The	  Nuclear	  Equa2on	  of	  State	  (EOS)	  
Nuclear	  Sta2s2cal	  Equilibrium	  (ρ	  >	  107	  g/cm3,	  T	  >	  0.5	  MeV)	  
-‐>	  P	  =	  P(ρ,T,Ye)	  

Something	  happens	  
near	  1014	  g/cm3	  !	  
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Nuclear	  EOS	  

The	  Nuclear	  Equa2on	  of	  State	  (EOS)	  
Nuclear	  Physics:	  

recall:	  

“S1ffening”	  
of	  the	  EOS	  

Nuclear	  Density:	  

⇢nuc ⇠ 2.7⇥ 1014 g cm�3
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Nuclear	  EOS	  (1)	  

	  Schema2c	  Nuclear	  	  
	  	  	  	  	  	  	  	  	  	  	  	  Force	  Poten2al	  

Nuclear	  Force	  -‐>	  Nuclear	  Equa2on	  of	  State	  

r	  

r	  ~	  0.7	  fm	  

• Nucleon-‐nucleon	  many-‐body	  
interac1on.	  
•  Consequence	  of	  strong	  force.	  
• Details	  unknown.	  
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Nuclear	  EOS	  

Nuclear	  EOS:	  What	  happens	  near	  ρnuc?	  
Nuclear	  Physics:	  

recall:	  

“S1ffening”	  
of	  the	  EOS	  

Nuclear	  Density:	  

Phase	  transi2on	  from	  
inhomogeneous	  to	  
homogeneous	  nuclear	  
ma6er	  

nucleons,	  alphas,	  nuclei	  

pure	  	  
nucleons	  

• Above	  ≈ρnuc	  :	  repulsive	  core	  

⇢nuc ⇠ 2.7⇥ 1014 g cm�3
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Stellar	  Collapse:	  Nuclear	  EOS	  

Collapse	  and	  Bounce	  

•  Inner	  Core	  reaches	  ρnuc,	  rebounds	  (“bounces”)	  into	  s2ll	  
infalling	  outer	  core.	  	  
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Stellar	  Collapse:	  Bounce	  

Shock	  Forma2on	  

• S1ffening	  of	  EOS	  leads	  to	  sound	  wave	  that	  propagates	  through	  
the	  inner	  core	  and	  steepens	  to	  a	  shock	  at	  the	  sonic	  point.	  

Credit:	  	  
E.	  Müller	  
Saas-‐Fee	  Lectures	  1998	  

Inner	  
Core	  
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Stellar	  Collapse:	  Universality	  of	  Collapse	  

Universality	  of	  Core	  Collapse	  

The	  Mass	  Mic	  of	  the	  inner	  core	  at	  bounce	  is	  determined	  by	  
nuclear	  physics	  and	  weak	  interac2ons,	  is	  ∼0.5	  MSUN	  ,	  and	  is	  

prac2cally	  independent	  of	  progenitor	  star	  mass	  and	  structure.	  

Credit:	  	  
E.	  Müller	  
Saas-‐Fee	  Lectures	  1998	  

Inner	  
Core	  

Mic	  ∝	  (Ylep)2	  	  
+	  GR	  correc1on	  (-‐)	  
+	  thermal	  correc1on	  (+)	  
+	  rota1on	  (+)	  

Mic	  
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Core	  Bounce	  and	  Shock	  Forma1on	  
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Stellar	  Collapse:	  Gesng	  into	  trouble	  

The	  Supernova	  Problem	  

Radius	  (km)	  

Movie	  by	  
Evan	  O’Connor	  
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Stellar	  Collapse:	  Ge�ng	  into	  trouble.	  

Why	  Does	  the	  Shock	  stall?	  

Janka	  et	  al.	  2007	  

• Shock	  loses	  energy	  to:	  
– Dissocia1on	  of	  infalling	  
heavy	  nuclei:	  	  
∼8.8	  MeV/baryon	  
-‐>	  17	  x	  1051	  erg	  /	  M⊙	  

– Neutrinos	  that	  stream	  
away	  from	  behind	  the	  
shock.	  

Inner	  core	  	  -‐>	  Core	  of	  the	  proto-‐
	   	  neutron	  star	  (PNS)	  
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Stellar	  Collapse:	  Neutrinos	  

Neutrino	  Burst	  

Trapping	  

• Op1cal	  depth	  

• Neutrinosphere:	  
	  
	  
Depends	  on	  (єν)2	  

Thompson	  et	  al.	  2003	  
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Stellar	  Collapse:	  Neutrinos,	  Neutrinos,	  Neutrinos	  

Postbounce	  Neutrino	  Emission	  
• Neutrinos	  and	  An1-‐
neutrinos	  of	  ALL	  species:	  Thompson	  et	  al.	  2003	  

Don’t	  par1cipate	  in	  charged-‐current	  
reac1ons.	  Can	  be	  treated	  as	  ‘one’.	  

• Emission:	  	  

• Accre1on	  luminosity	  and	  	  
diffusive	  luminosity.	  

Pair	  processes:	  
hot	  &	  dense	  
environment	  
needed	  
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Neutrinos	  from	  SN	  1987A	  

Neutrinos	  from	  	  
SN	  1987A	  

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Twenty Years After SN 1987A, 23-25 February 2007, Hilton Waikola, Hawaii

Neutrino Burst of Supernova 1987ANeutrino Burst of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,

signals are contemporaneoussignals are contemporaneous

KamiokandeKamiokande--II (Japan)II (Japan)

Water Cherenkov detectorWater Cherenkov detector

2140 tons2140 tons

Clock uncertainty  Clock uncertainty  rr1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)

Water Cherenkov detectorWater Cherenkov detector

6800 tons6800 tons

Clock uncertainty  Clock uncertainty  rr50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope

(Soviet Union), 200 tons(Soviet Union), 200 tons

Random event cluster ~ 0.7/dayRandom event cluster ~ 0.7/day

Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s

G.	  Raffelt	  

Observed	  about	  20	  neutrinos	  from	  
SN	  1987A	  in	  the	  LMC	  in	  
Kamiokande	  II	  (Japan)	  and	  IMB	  (US)	  
experiments.	  

Confirma1on	  of	  the	  basics	  of	  core-‐
collapse	  supernova	  theory.	  
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The	  General	  Picture	  
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The	  General	  Picture	  
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The	  General	  Picture	  
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The	  General	  Picture	  

What	  is	  the	  Mechanism	  of	  shock	  revival?	  

The	  Supernova	  Problem	  
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The	  General	  Picture	  

What	  is	  the	  Mechanism	  of	  shock	  revival?	  

The	  Supernova	  Problem	  
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Stellar	  Collapse:	  Supernova	  Mechanims	  

The	  Essence	  of	  any	  Supernova	  Mechanism	  

Explosion	  mechanism	  must	  tap	  the	  gravita2onal	  
energy	  reservoir	  and	  convert	  the	  necessary	  

frac2on	  into	  energy	  of	  the	  explosion.	  

•  Collapse	  to	  neutron	  star:	  	  
∼3	  x	  1053	  erg	  =	  300	  Bethe	  [B]	  gravita1onal	  energy.	  

•  ∼1051	  erg	  =	  1	  B	  kine1c	  and	  internal	  energy	  of	  the	  ejecta.	  
(Extreme	  cases:	  1052	  erg;	  “hypernova”)	  

•  99%	  of	  the	  energy	  is	  radiated	  as	  neutrinos	  over	  hundreds	  
of	  seconds	  as	  the	  protoneutron	  star	  (PNS)	  cools.	  
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Understanding	  Core-‐Collapse	  Supernovae	  

Core-‐Collapse	  Supernova	  Models	  

C.	  D.	  Oi	  @	  Hanse	  2011,	  2011/07/20	  

Magneto-‐Hydrodynamics	  /	  Plasma	  Physics	  

Nuclear	  and	  Neutrino	  Physics	  

General	  Rela1vity	  

Transport	  Theory	  

Dynamics	  of	  the	  stellar	  fluid.	  

Nuclear	  EOS,	  nuclear	  	  
reac1ons	  &	  ν	  interac1ons.	  

Gravity	  

Neutrino	  transport.	  Fu
lly
	  c
ou

pl
ed

!	  

•  Addi1onal	  Complica1on:	  Supernovae	  are	  3D	  	  
–  Rota1on,	  fluid	  instabili2es	  (convec1on,	  turbulence,	  advec1ve-‐acous1c,	  
rota1onal),	  MHD	  dynamos,	  precollapse	  mul1-‐D	  perturba1ons.	  
-‐>	  Need	  mul2-‐D	  (ideally	  3D)	  treatment.	  

•  Route	  of	  Aiack:	  Computa2onal	  Modeling	  
–  First	  1D	  computa1ons	  in	  the	  late	  1960’s:	  Colgate	  &	  White,	  Arne6,	  Wilson	  
–  Best	  current	  simula1ons	  s1ll	  1D.	  
–  Good	  2D	  Models	  (with	  various	  approxima2ons	  [Gravity/Transport]).	  
–  First	  3D	  Models.	  
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Stellar	  Collapse:	  Supernova	  Mechansims	  

Supernova	  Mechanism:	  First	  Simula2ons	  

Hans	  Bethe	  Dave	  Arnei	  S1rling	  Colgate	   Jim	  Wilson	  

Colgate	  &	  White	  1966	   Arnei	  1966	   Bethe	  &	  Wilson	  1985	  

•  No	  supercomputers	  yet	  (Cray-‐I	  only	  in	  1976!):	  	  	  
Limited	  to	  spherical	  symmetry,	  low	  resolu1on,	  	  
poor	  neutrino	  transport.	  

•  Nevertheless:	  Very	  important	  discovery	  -‐>	  
Energy	  deposi2on	  by	  neutrinos	  may	  revive/drive	  the	  shock.	  
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Stellar	  Collapse:	  Supernova	  Mechansims	  

The	  Neutrino	  Mechanism	  
Neutrino	  cooling:	  
Neutrino	  hea1ng:	  

[O6	  et	  al.	  2008]	  

Gain	  Radius	  

•  Neutrino-‐driven	  mechanism:	  
Based	  on	  subtle	  imbalance	  
between	  neutrino	  hea1ng	  
and	  cooling	  in	  postshock	  
region.	  	  
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Stellar	  Collapse:	  Neutrino	  Mechanism	  

A	  few	  Words	  on	  Neutrino	  Transport	  

•  6D	  problem:	  3D	  space,	  	  	  
3D	  (є,	  θ,	  φ)	  momentum	  space.	  

•  Limi1ng	  cases	  –	  easy	  to	  handle:	  
(1)	  Diffusion	  (isotropic	  radia1on	  field)	  
(2)	  Free	  streaming	  	  

	  (“forward-‐peaked”	  radia1on	  field)	  

30	  km	   60	  km	   120	  km	   240	  km	  
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Stellar	  Collapse:	  Neutrino	  Mechanism	  

Does	  it	  work?	  
•  Yes!	  
BUT:	  	  
Only	  for	  lowest-‐mass	  
massive	  stars.	  
	  
	  

•  FAILS	  in	  spherical	  
symmetry	  (1D)	  for	  more	  
massive	  stars	  in	  
simula1ons	  with	  best	  
neutrino	  physics	  and	  
neutrino	  transport	  

Kitaura	  et	  al.	  2006	  

8.8	  MSUN	  
progenitor	  

(Kitaura	  et	  al.	  2006,	  Burrows	  1988,	  	  
	  	  	  	  Burrows,	  Livne,	  Dessart	  2007)	  
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Stellar	  Collapse:	  Neutrino	  Mechanism	  

Failure	  of	  the	  Neutrino	  Mechanism	  in	  1D	  

Marek	  &	  Janka	  2009	  
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End	  of	  Lecture	  I	  

•  Supernova	  Models	  &	  Mechanisms	  

•  Probes	  of	  the	  Mechanism	  and	  Supernova	  Physics:	  
Neutrinos	  and	  Gravita1onal	  Waves	  

•  Neutron	  stars	  and	  Astrophysical	  Constraints	  	  
on	  the	  Nuclear	  Equa1on	  of	  State.	  

This	  A�ernoon:	  


