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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	
  

Failure	
  of	
  the	
  Neutrino	
  Mechanism	
  in	
  1D	
  

Marek	
  &	
  Janka	
  2009	
  



C.	
  D.	
  O6	
  @	
  TAUP	
  Summer	
  School	
  2013	
   81	
  

Stellar	
  Collapse:	
  Neutrino	
  Mechanism	
  

Anyway...	
  What	
  next?	
  

•  Why	
  does	
  the	
  neutrino	
  mechanism	
  fail	
  in	
  1D?	
  
•  Is	
  dimensionality	
  an	
  issue?	
  What	
  is	
  1D	
  missing?	
  

–  Rota1on	
  and	
  magnetohydrodynamics	
  (MHD)	
  
–  Convec1on/Turbulence	
  
–  Other	
  mul1-­‐D	
  processes;	
  e.g.,	
  pulsa1ons	
  
	
  

•  First	
  mul1-­‐D	
  radia1on-­‐hydrodynamics	
  simula1ons:	
  
–  early	
  to	
  mid	
  1990s:	
  	
  
Herant	
  et	
  al.	
  1994,	
  Burrows	
  et	
  al.	
  1995,	
  Janka	
  &	
  Müller	
  1996.	
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Convec1on	
  

Convec2on	
  
•  Ledoux	
  criterion	
  for	
  instability:	
  

<	
  0	
   <	
  0	
  

•  CL	
  >	
  0	
  -­‐>	
  convec1ve	
  instability.	
  
•  Postbounce	
  supernova	
  cores:	
  

•  Nega1ve	
  entropy	
  gradient	
  in	
  postshock	
  region	
  	
  
-­‐>	
  convec1on	
  

•  Nega1ve	
  entropy	
  region	
  inside	
  the	
  	
  
neutrinosphere	
  in	
  the	
  PNS	
  -­‐>	
  convec1on	
  

•  Important	
  effect	
  of	
  convec2on:	
  
•  “Dwell	
  1me”	
  of	
  material	
  in	
  the	
  hea1ng	
  (“gain”)	
  
region	
  is	
  increased	
  -­‐>	
  leads	
  to	
  more	
  favorable	
  
ra1o	
  τadvect	
  /	
  τheat	
  .	
  	
  
	
  

Lepton	
  Gradient	
  

Entropy	
  Gradient	
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SASI	
  

Standing	
  Accre1on	
  Shock	
  Instability	
  
[Blondin	
  et	
  al.	
  ‘03,’06;	
  Foglizzo	
  et	
  al.	
  ‘06,	
  Scheck	
  et	
  al.	
  ‘06,	
  ‘07,	
  Burrows	
  et	
  al.	
  ‘06,	
  ’07]	
  

Advec1ve-­‐acous1c	
  cycle	
  
drives	
  shock	
  instability.	
  
	
  
Seen	
  in	
  simula2ons	
  by	
  
all	
  groups!	
  



How	
  does	
  the	
  SASI	
  work?	
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for	
  details:	
  see,	
  e.g.,	
  	
  Fernandez	
  &	
  Thompson	
  ‘09ab,	
  Foglizzo+	
  ‘06,	
  ‘07,	
  Scheck+	
  ’08,	
  	
  
and	
  many	
  others	
  

Stationary Accretion Shock Instability : SASI 

Blondin et al. 03 

Mechanism of SASI: advective-acoustic cycle 

(Foglizzo 02, Ohnishi et al. 06, Foglizzo et al. 07, Scheck et al. 08,  
  Fernandez & Thompson 09, Guilet & Foglizzo 12) 

shock 
~150km 

neutrinosphere ! 

p
+

+ e
"
# n + $ e

!e 

Advec1ve-­‐acous1c	
  cycle.	
  

(Source:	
  Foglizzo)	
  

Fastest	
  growing	
  mode	
  in	
  
linear	
  analysis:	
  l	
  =	
  1	
  

Non-­‐linear	
  satura1on:	
  
sourcing	
  of	
  Kelvin-­‐Helmholtz	
  
and	
  Rayleigh-­‐Taylor	
  instability	
  

SASI	
  strongest	
  if	
  neutrino-­‐	
  
driven	
  convec1on	
  absent,	
  	
  
e.g.,	
  in	
  idealized	
  simula1ons	
  
w/o	
  neutrino	
  hea1ng.	
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1D	
  -­‐>	
  2D	
  

Murphy	
  &	
  Burrows	
  ’08	
  

1D	
  -­‐>	
  2D	
  

Simple	
  analy1c/ODE	
  
model	
  of	
  	
  
Burrows	
  &	
  Goshy	
  1993.	
  
“Cri2cal	
  Curve”	
  



Results	
  of	
  2D	
  Simula2ons	
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Net	
  effect	
  of	
  2D:	
  
“Dwell	
  1me”	
  in	
  hea1ng	
  
region	
  increases.	
  
	
  
-­‐> 	
  2D	
  models	
  explode	
  
	
  more	
  easily.	
  

The Astrophysical Journal, 756:84 (22pp), 2012 September 1 Müller, Janka, & Marek
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Figure 1. Mass–radius relations of the equations of state LS180 (blue) and LS220 (red) for the gravitational mass (left panel) and the baryonic mass (right panel). Solid
lines display the case of cold neutron stars (T = 0), while curves for the case of a hot proto-neutron star with a constant entropy of s = 1.5 kb nucleon−1 are shown
as dashed lines. The black horizontal line in the left panel corresponds to a mass of 1.97 M" as measured by Demorest et al. (2010) for the pulsar J1614-2230. The
gravitational masses for neutron stars with baryonic masses of 1.36 M" and 1.58 M" are indicated both for T = 0 (solid blue horizontal lines) or s = 1.5 kb nucleon−1

(dashed blue horizontal lines) in the left panel (figures provided by A. Bauswein.)
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Figure 2. Average shock radius and proto-neutron star (PNS) radius (defined
by a fiducial density of 1011 g cm−3) for the 2D models G15 (GR, full rates,
black thick solid line), S15 (GR, reduced rates, blue, thick, dash-dotted), M15
(pseudo-Newtonian, full rates, red, thick, dashed), and M15 (purely Newtonian,
black, thick, dotted). 1D models corresponding to G15, M15, and S15 are also
shown as thin lines for comparison. Note that the shock is located considerably
further out in S15-1D than in G15-1D and M15-1D. This is a consequence
of the strong sensitivity of the shock position rsh to the PNS radius, rPNS, for
a stationary spherical accretion flow (rsh ∝ r

8/3
PNS, see, e.g., Equation (1) of

Marek & Janka 2009). The larger PNS radius in S15-1D can in turn be traced to
less efficient cooling by µ/τ neutrinos and higher temperatures in the density
region 1012–1013 g cm−3. Different PNS radii (caused by PNS convection; see
Appendix C in Buras et al. 2006a) are also responsible for the larger shock
radii in the 2D models G15 and M15 compared to G15-1D and M15-1D at
early times, when multi-dimensional effects in the gain region do not yet play a
significant role. (The data for M15-1D have been provided by L. Hüdepohl.)

4.1.2. Explosion Energy

We can compute a diagnostic “explosion energy” by inte-
grating over the material with positive binding energy ebind at a
certain time. Since this energy does not account for subsequent
nuclear recombination, burning, and the gravitational binding
energy of the outer layers of the star, this quantity does not pro-
vide a direct measure for the final supernova explosion energy.
In the GR case, we define ebind in terms of the lapse function
α, the rest-mass density ρ, the specific internal energy ε, the
pressure P, and the Lorentz factor W as follows:

ebind = α(ρ(c2 + ε + P/ρ)W 2 − P ) − ρWc2. (2)

In order to maintain consistency with previous studies (Buras
et al. 2006a; Marek & Janka 2009; Bruenn et al. 2009), we
exclude rest-mass contributions to the specific internal energy
ε. It can easily be verified that Equation (2) correctly reduces to

ebind → ρ(ε + ρv2/2 + Φ) (3)

in the Newtonian limit (where Φ is the gravitational potential).2
The diagnostic explosion energy is then computed by integrating
over the region where ebind is positive,

Eexpl =
∫

ebind>0

ebind dṼ . (4)

Here, dṼ is the three-volume element for the curved space–time
metric (and not the flat-space volume element).

The time evolution of Eexpl is plotted in the right panel
of Figure 5, which shows that material behind the shock
first becomes nominally unbound 200 ms after bounce for
model G11. This corresponds to the time when the shock
first expands beyond ∼400 km, allowing the temperature to
drop sufficiently for nucleon recombination to α-particles to
set in. The diagnostic explosion energy slowly increases rather
unsteadily at an average rate of 6×1049 erg s−1, and then seems
to level off around 3.5×1049 erg after 600 ms post-bounce with

2 Precisely speaking, we have α → 1 + Φ/c2 and W → 1 + v2/2 in the
Newtonian limit, and obtain the Newtonian expression as an approximation to
O(ε/c2, P/ρc2, v2/c2, Φ/c2).

6

B.	
  Müller+12a,	
  MPA	
  Garching	
  
2D	
  explosions	
  s1ll	
  marginal	
  	
  
and	
  sensi1ve	
  to	
  details:	
  
•  neutrino	
  interac1ons	
  	
  
•  GR	
  vs.	
  Newtonian	
  
•  different	
  codes	
  giving	
  
different	
  results.	
  

15-­‐solar	
  mass	
  
progenitor	
  

Recent	
  2D	
  work:	
  Buras+06,	
  Oi+08,	
  	
  
Marek+09,	
  Murphy+08,	
  Suwa+10,	
  
Müller+12abc,	
  Bruenn+12	
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  missing?	
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[Buras	
  et	
  al.	
  2006ab,	
  Scheck	
  et	
  al.	
  2007,	
  Burrows	
  et	
  al.	
  2006,	
  
2007abc,	
  Marek	
  &	
  Janka	
  2007,	
  Mezzacappa	
  et	
  al.	
  2006,	
  	
  

Fryer	
  &	
  Warren	
  2004,	
  Bruenn	
  et	
  al.	
  2007,	
  	
  
Swesty	
  &	
  Myra	
  2006]	
  

Dimensionality?	
  	
  
2D	
  -­‐>	
  3D	
  

Physics?	
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  Physics:	
  Neutrino	
  Oscilla2ons!?	
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  Oscilla2ons	
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[Wilson	
  1985;	
  Bethe	
  &	
  Wilson	
  1985]	
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• Mul1ple	
  kinds	
  of	
  oscilla1ons:	
  
	
  Vacuum	
  oscilla1ons	
  
	
  Mikheyev–Smirnov–Wolfenstein	
  (MSW)	
  effect:	
  ν-­‐e-­‐	
  scaiering	
  

•  Collec1ve	
  oscilla1ons	
  need	
  
high	
  neutrino	
  density	
  	
  
-­‐>	
  near	
  the	
  core	
  of	
  
a	
  core-­‐collapse	
  supernova.	
  

[Pantaleone	
  ’92,	
  Hannestad/Raffelt	
  et	
  al.	
  ‘06,	
  Duan/Fuller	
  et	
  al.	
  ‘06-­‐’10,	
  Dasgupta/Dighe	
  ‘07-­‐’11]	
  

Dasgupta+	
  ‘12	
  

νe	
  flavor	
  eigenstate	
  

New:	
  Self-­‐induced	
  “collec2ve”	
  oscilla2ons:	
  ν-­‐ν	
  sca6ering	
  
	
  	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6’12]	
   Georg	
  Fuller’s	
  	
  
lecture!	
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•  Example	
  from	
  Dasgupta,	
  O’Connor	
  &	
  Oi	
  ’12	
  –	
  
single-­‐angle,	
  mul1-­‐energy,	
  effec1ve	
  2-­‐flavor	
  approach:	
  νe,	
  νx	
  

•  First	
  oscilla1on	
  calcula1on	
  tagging	
  on	
  to	
  2D	
  radia1on-­‐hydro	
  simula1ons.	
  
Work	
  in	
  1D	
  by	
  Hamburg	
  &	
  Munich	
  groups.	
  

Spectral	
  swaps!	
   Movie	
  by	
  Evan	
  O’Connor	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6	
  2012]	
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• What	
  is	
  the	
  effect	
  on	
  the	
  CCSN	
  mechanism?	
  

	
  

•  Basic	
  idea:	
  swap	
  of	
  νe/νx	
  and	
  an1-­‐νe/an1-­‐νx	
  spectra	
  	
  
-­‐>	
  harder	
  νe/an2-­‐νe	
  spectra	
  -­‐>	
  increased	
  hea1ng.	
  

•  Key	
  prerequisite:	
  	
  
Oscilla1ons	
  must	
  occur	
  below	
  shock	
  radius,	
  	
  
ideally	
  below	
  gain	
  radius.	
  

	
  

Neutrino	
  hea2ng:	
  
Messer	
  et	
  al.	
  ‘98	
  
Janka	
  ‘01	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6	
  ‘12]	
  



Impact	
  of	
  Collec2ve	
  Oscilla2ons	
  (2)	
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[Dasgupta,	
  O’Connor,	
  &	
  O6	
  ‘12]	
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Analy1c	
  &	
  numerical	
  
oscilla1on	
  calcula1ons	
  	
  
based	
  on	
  2D	
  radia1on	
  
fields	
  

See	
  also:	
  
Chakraborty	
  et	
  al.	
  ’11ab	
  
Suwa	
  et	
  al.	
  ‘11	
  
Pejcha	
  et	
  al.	
  ‘11	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6	
  ‘12]	
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[Wilson	
  1985;	
  Bethe	
  &	
  Wilson	
  1985]	
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results	
  
from	
  
actual	
  
calcula2ons	
  See	
  also	
  Suwa	
  et	
  al.	
  ’11,	
  

Chakraborty	
  et	
  al.	
  ‘11ab	
  

Progenitors:	
  
11.2	
  MSun	
  
15	
  MSun	
  
Woosley	
  et	
  al.	
  ‘02	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6	
  ‘12]	
  

op2mis2c	
  
guess	
  by	
  
Suwa	
  et	
  al.	
  
(wrong!)	
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op2mis2c	
  
guess	
  by	
  
Suwa	
  et	
  al.	
  
(wrong!)	
  

results	
  
from	
  
actual	
  
calcula2ons	
  See	
  also	
  Suwa	
  et	
  al.	
  ’11,	
  

Chakraborty	
  et	
  al.	
  ‘11ab	
  

Progenitors:	
  
11.2	
  MSun	
  
15	
  MSun	
  
Woosley	
  et	
  al.	
  ‘02	
  

Conclusion:	
  
Collec1ve	
  neutrino	
  oscilla1ons	
  are	
  
not	
  dynamically	
  relevant	
  for	
  the	
  
core-­‐collapse	
  supernova	
  mechanism	
  

[Dasgupta,	
  O’Connor,	
  &	
  O6	
  ‘12]	
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Phase-­‐Transi1on	
  Induced	
  Mechanism	
  

Magneto-­‐viscous/sonic	
  Mechanism	
  
[Akiyama+’03,	
  Thompson+	
  ’05,	
  	
  
Suzuki+’08,	
  Obergaulinger+’11]	
  

[e.g.,	
  Sagert	
  +’09]	
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  School	
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Acous1c	
  Mechanism	
  

-­‐> 	
  viscous	
  hea1ng	
  by	
  the	
  magnetorota1onal	
  instability	
  [MRI];	
  
-­‐> 	
  and/or	
  dissipa1on	
  of	
  Alfven	
  waves.	
  

-­‐> 	
  hadron-­‐quark	
  phase	
  transi1on,	
  leading	
  to	
  second	
  collapse	
  
	
  and	
  bounce	
  of	
  protoneutron	
  star	
  +	
  shock	
  -­‐>	
  explosion;	
  

-­‐> 	
  requires	
  so�	
  equa1on	
  of	
  state,	
  now	
  disfavored.	
  
	
  	
  

-­‐> 	
  excita1on	
  of	
  protoneutron	
  star	
  pulsa1ons,	
  damping	
  via	
  
	
  sound	
  waves	
  that	
  become	
  shocks	
  &	
  dissipate	
  -­‐>	
  explosion;	
  

-­‐> 	
  disfavored:	
  non-­‐linear	
  mode	
  couplings	
  limit	
  amplitudes,	
  
	
  amplifica1on	
  seen	
  only	
  by	
  one	
  group.	
  
	
  	
  

[e.g.,	
  Burrows+’06,’07,	
  Oi+’06,	
  Weinberg&Quataert’08]	
  

Magnetorota2onal	
  Mechanism	
  
-­‐>	
  see	
  next	
  slide!	
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[LeBlanc	
  &	
  Wilson	
  70,	
  Bisnovatyi-­‐Kogan	
  70,	
  	
  
	
  Burrows+	
  07,	
  Cerda-­‐Duran+07,	
  Takiwaki	
  &	
  Kotake	
  11,	
  Winteler+	
  12]	
  	
  

Rapid	
  Rota2on	
  +	
  
B-­‐field	
  amplifica2on	
  
(need	
  magnetorot.	
  
Instability	
  [MRI])	
  

Energe2c	
  bipolar	
  
explosions.	
  

Results	
  in	
  ms-­‐period	
  	
  
proto-­‐magnetar.	
  
GRB	
  connec1on?	
  

Burrows+07	
  

Burrows+07	
  

Caveat:	
  Need	
  high	
  	
  
core	
  spin;	
  only	
  in	
  	
  
very	
  few	
  progenitor	
  stars?	
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Burrows+’07	
  



•  1D	
  -­‐>	
  2D:	
  neutrino	
  hea1ng	
  more	
  efficient,	
  some	
  models	
  explode.	
  

•  2D	
  -­‐>	
  3D:	
  (1) 	
  Character	
  of	
  turbulence	
  changes;	
  	
  
	
   	
  energy	
  cascades	
  to	
  small	
  scales	
  (large	
  scales	
  in	
  2D).	
  
	
  (2) 	
  Addi1onal	
  degree	
  of	
  freedom:	
  	
  
	
   	
  nonaxisymmetric	
  flow.	
  

	
  

•  Is	
  the	
  neutrino	
  mechanism	
  robust	
  in	
  3D?	
  

The	
  Fron2er:	
  3D	
  Core-­‐Collapse	
  Supernovae	
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• Computa2onal	
  challenge:	
  
– Mul2-­‐scale:	
  Resolve	
  10	
  m	
  (turbulence)	
  -­‐	
  10000	
  km	
  (outer	
  core)	
  
– Mul2-­‐physics:	
  GR,	
  MHD,	
  neutrinos,	
  nuclear	
  EOS,	
  nuclear	
  reac1ons	
  
– 3D	
  es1mates: 	
  Memory	
  footprint:	
  ∼10-­‐100	
  Terabytes	
  	
  

	
  Total	
  #	
  of	
  floa1ng	
  point	
  opera1ons:	
  ∼105	
  Petaflops	
  
-­‐>	
  Approxima1ons	
  must	
  be	
  made!	
  

Nordhaus+,	
  Princeton	
  

O6+	
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rendered	
  by	
  	
  
S.	
  Drasco	
  

Oi+13,	
  
ApJ	
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rendered	
  by	
  	
  
S.	
  Drasco	
  

Oi+13,	
  
ApJ	
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Results	
  of	
  current	
  3D	
  Simula2ons	
  

Does	
  3D	
  help	
  the	
  explosion?	
  

Dolence+	
  13	
  
(Princeton,	
  
	
  	
  Lightbulb)	
  

Yes:	
  
Explosions	
  start	
  
earlier	
  in	
  3D	
  

Nordhaus+10,	
  	
  
Burrows+12,	
  
Dolence+13,	
  	
  
Takiwaki+12	
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Explana1on(s)?	
  
-­‐> 	
  Hanke+12:	
  Higher	
  resolu1on	
  makes	
  it	
  harder	
  to	
  explode	
  in	
  3D. 	
  

	
   	
  Consequence	
  of	
  turbulent	
  cascade?	
  (answer	
  not	
  clear)	
  

CCSNe DIMENSIONALITY 3

communication). Hanke et al. (2012) chose to adjust the neu-
trino opacities used so that their 1D critical curves matched
those of Nordhaus et al. We have not.

We follow the approach proposed by Liebendörfer (2005)
for following the evolution of the electron fraction, Ye. In this
approach, calibrated with 1D Boltzmann transport simulations,
Ye is dependent only on density. This is strictly only applicable
during the pre-bounce collapse phase, however, we continue
to use the density-dependent electron fraction approach post-
bounce, as done by Nordhaus et al. (2010). We have found that
neglecting any changes in Ye post-bounce results in substan-
tially earlier explosions for a given neutrino luminosity. We do
not include the entropy changes due to deleptonization given
in Liebendörfer (2005).

We use 1D spherical, 2D cylindrical, and 3D Cartesian
geometries with adaptive mesh refinement (AMR) as imple-
mented in FLASH via PARAMESH (v.4-dev, MacNeice et al.
2000). For this study we use a fiducial resolution at the max-
imum refinement level of 0.7 km in each direction. We limit
the maximum refinement level with radius such that a pseudo-
logarithmic radial grid spacing is obtained. Our refinement
limiter takes the form

�x

`
i > ⌘r, (6)

where �x

`
i is the grid spacing in the i-direction at refinement

level `, r is the spherical radius, and ⌘ is a parameter that sets
the effective angular spacing. If equation (6) is not satisfied by
a given AMR block, further refinement of that block is prohib-
ited. For our fiducial resolution we set the finest grid spacing
to 0.7 km and ⌘ = 1.25%, resulting in an effective “angular”
resolution of 0.

�
54. In 1D, the simulated domain spans 0 km

to 5000 km, in 2D the domain is 0 km to 5000 km in cylindri-
cal radius, R, and -5000 km to 5000 km in z, and in 3D the
domain is -5000 km to 5000 km in each Cartesian dimension.
At the outer spatial limits of the domain, we set boundary con-
ditions that apply power-law profiles to density and velocity
that approximate the stellar envelope outside the domain. Such
boundary conditions are critically important to the results of
the present study as simple “outflow” boundary conditions
overestimate the mass accretion rate at late times, altering the
explosion time for near-critical luminosities. This is because
“outflow” boundary conditions enforce a zero-gradient condi-
tion for the flow variables which mimics a flat density (etc.)
profile outside the simulation domain artificially enhancing the
mass flux into the domain from the boundary.

We use the 15 M� progenitor of Woosley & Weaver (1995)
in all of our simulations.

3. RESULTS: EXPLOSION TIMES
We have run a series of 1D, 2D, and 3D simulations in which

we varied the driving neutrino luminosity. We start in the pre-
collapsed progenitor phase and follow the evolution through
collapse, bounce, shock stagnation and eventual revival. Figure
1 shows a volume rendering of entropy and the shock surface
in a 3D simulation at 850 ms post-bounce. In Table 1 we
give the explosion delay times for our series of simulations
and Figure 2 shows the average shock radii as a function of
time post-bounce for a number of our simulations. Figure 3
shows the critical luminosity curves as functions of both post-
bounce explosion time and mass accretion rate at explosion.
We consider a model to have exploded once the average shock
radius exceeds 400 km and does not subsequently fall back
below this value (as in Nordhaus et al. 2010; Hanke et al.

Table 1
Explosion times and accretion rates at time of explosion.

0.5 km 0.7 km 0.7 km
L⌫e

a texp
b Ṁexp

c texp Ṁexp texp Ṁexp
(1052 erg/s) (ms) (M�/s) (ms) (M�/s) (ms) (M�/s)

1D

2.0 · · · · · · · · · · · ·
2.1
2.2 · · · · · · · · · · · ·
2.3 943 0.153 822 0.170
2.4 538 0.221 554 0.221
2.5 380 0.262 389 0.262
2.7 216 0.310 212 0.310
2.9 200 0.314 197 0.317

2D 2D 3D

1.7 713 0.190 388 0.260 821 0.175
1.8 490 0.233 309 0.274
1.9 313 0.278 291 0.284 403 0.261
2.0 263 0.294
2.1 247 0.298 222 0.313 238 0.302

a Electron-neutrino luminosity.
b Time after bounce of onset of explosion. A “...” symbol indicates that the model
does not explode during the simulated period of evolution.
c Mass accretion rate at onset of explosion.
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Figure 2. Average shock radii as a function of time relative to bounce for
three neutrino luminosities in 2D and 3D. Also shown for comparison is the
shock radius from the 1D simulation with L⌫,52 = 2.3. Universally, the
shock expands more rapidly in 2D than in 3D. Increasing the resolution in 2D
delays explosion, as shown by the cyan curve.

2012), though other metrics, such as reaching a critical value
of the ratio of advection time to heating time in the gain region
(e.g., Fernández 2012) or satisfying the ‘ante-sonic’ condition
(Pejcha & Thompson 2012) may be used (for a comparison
of the difference between these metrics, see Dolence et al.
2012). We find that the critical luminosity curve is lowered in
multidimensional simulations as compared with spherically-
symmetric simulations, consistent with all previous similar
studies (Murphy & Burrows 2008; Nordhaus et al. 2010; Hanke
et al. 2012; Couch 2012). When comparing 2D to 3D, however,
we find interesting and heretofore unprecedented behavior: at
our fiducial resolution the 2D simulations consistently explode
earlier than 3D simulations at the same neutrino luminosity.
Figure 2 shows that for a given neutrino luminosity the average

Does	
  3D	
  help	
  the	
  explosion?	
  

No:	
  
Hanke+12,13	
  (Garching)	
  
Couch	
  13	
  (Chicago)	
  
3D	
  simula1ons	
  explode	
  	
  
later	
  than	
  2D	
  ones.	
  

Couch	
  2013	
  (Chicago)	
  

Results	
  of	
  current	
  3D	
  Simula2ons	
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Summary:	
  3D	
  Simula2ons	
  
•  Qualita1ve	
  change	
  in	
  the	
  dynamics	
  from	
  2D	
  to	
  3D:	
  
SASI	
  and	
  convec1on	
  both	
  change.	
  

•  Current	
  simula1ons	
  are	
  either	
  parameterized	
  or	
  
underresolved	
  or	
  both.	
  

•  Not	
  yet	
  clear	
  if	
  3D	
  alone	
  can	
  lead	
  to	
  robust	
  explosions.	
  
-  Current	
  simula1ons	
  may	
  be	
  too	
  incomplete	
  /	
  approximate.	
  
-  Physics	
  may	
  be	
  missing.	
  

•  In	
  the	
  near	
  future	
  (this	
  year	
  /	
  next	
  year):	
  
Well	
  resolved	
  3D	
  neutrino	
  radia1on	
  hydro	
  simula1ons	
  
-­‐>	
  Will	
  be	
  in	
  a	
  posi1on	
  to	
  make	
  more	
  reliable	
  statements.	
  

•  See	
  TAUP	
  2013	
  Conference	
  for	
  updates!	
  	
  
-­‐>	
  Talks	
  by	
  Janka,	
  Kotake,	
  Abdikamalov,	
  and	
  others.	
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Red	
  Supergiant	
  	
  
Betelgeuse	
  	
  
D	
  ~200	
  pc	
  

300	
  km	
  800	
  million	
  km	
  
HST	
  

Supernova	
  “Central	
  Engine”	
  

Probing	
  the	
  “Supernova	
  Engine”	
  
-­‐  Gravita2onal	
  Waves	
  
-­‐  Neutrinos	
  	
  
EM	
  waves	
  (op2cal/UV/X/Gamma):	
  	
  
secondary	
  informa1on,	
  	
  
late-­‐1me	
  probes	
  of	
  the	
  engine.	
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•  Emission:	
  Charged	
  current	
  &	
  neutral	
  current	
  weak	
  interac1ons.	
  

•  Detec1on:	
  (see	
  Scholberg	
  ‘12)	
  

C.	
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  Oi	
  @	
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  School	
  2013	
  

Super-­‐Kamiokande	
  	
  

⌫e, ⌫µ, ⌫⌧

⌫̄e, ⌫̄µ, ⌫̄⌧

⌫̄e + p ! n+ e+

-­‐>	
  primary	
  reac1on	
  in	
  Water	
  Cherenkov	
  	
  
	
  detectors	
  like	
  Super-­‐K	
  &	
  IceCube.	
  

⌫
x

+ e� ! ⌫
x

+ e�

⌫e + (N,Z) ! (N � 1, Z + 1) + e�

⌫̄e + (N,Z) ! (N � 1, Z � 1) + e+

Other	
  relevant	
  interac1ons:	
  

Water	
  Cherenkov,	
  liquid	
  scin2llator,	
  
liquid	
  argon,	
  lead	
  detectors.	
  

Most	
  detectors	
  will	
  provide	
  
flux	
  and	
  spectral	
  informa1on.	
  

+	
  mixing	
  
(George	
  Fuller’s	
  lecture)	
  

✏⌫ ⇠ 10MeV
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3	
  emission	
  phases:	
  	
  
(1)	
  Neutroniza1on	
  burst,	
  (2)	
  Accre1on	
  Phase	
  (~0.5s),	
  (3)	
  Cooling	
  Phase	
  (10+s)	
  

SN	
  1987A	
  

hip://www.astrosurf.com/luxorion/Sciences/sn1987a-­‐neutrinos-­‐dwg.gif	
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G. Summary of Detectors

TABLE II: Summary of neutrino detectors with supernova sensitivity. Neutrino event estimates are approximate for 10 kpc; note
that there is significant variation by model. Not included are smaller detectors (e.g., reactor neutrino scintillator experiments)
and detectors sensitive primarily to coherent elastic neutrino-nucleus scattering (e.g., WIMP dark matter search detectors).
The entries marked with an asterisk are surface or near-surface detectors and will have larger backgrounds.

Detector Type Mass (kt) Location Events Live period

Baksan CnH2n 0.33 Caucasus 50 1980-present

LVD CnH2n 1 Italy 300 1992-present

Super-Kamiokande H2O 32 Japan 7,000 1996-present

KamLAND CnH2n 1 Japan 300 2002-present

MiniBooNE∗ CnH2n 0.7 USA 200 2002-present

Borexino CnH2n 0.3 Italy 100 2005-present

IceCube Long string 0.6/PMT South Pole N/A 2007-present

Icarus Ar 0.6 Italy 60 Near future

HALO Pb 0.08 Canada 30 Near future

SNO+ CnH2n 0.8 Canada 300 Near future

MicroBooNE∗ Ar 0.17 USA 17 Near future

NOνA∗ CnH2n 15 USA 4,000 Near future

LBNE liquid argon Ar 34 USA 3,000 Future

LBNE water Cherenkov H2O 200 USA 44,000 Proposed

MEMPHYS H2O 440 Europe 88,000 Future

Hyper-Kamiokande H2O 540 Japan 110,000 Future

LENA CnH2n 50 Europe 15,000 Future

GLACIER Ar 100 Europe 9,000 Future

Table II summarizes existing and future detectors. Note that the live detector mass used for supernova neutrino
detection may be greater than the restricted “fiducial” mass often employed for physics analyses of typical beam,
atmospheric, or solar neutrino experiments, because the background rates during a supernova burst are low compared
with the signal rates. For example, in Super-K, supernova burst events could be analyzed in the full 32-kt inner-
detector volume, whereas the typical mass used for beam, atmospheric and solar neutrino analyses is 22.5 kt or
smaller.

V. POINTING TO THE SUPERNOVA WITH NEUTRINOS

It will be tremendously valuable to determine the direction of the supernova from the neutrino signal itself. First,
this information will be useful for an early alert. For obvious reasons, astronomers want to know where to point their
telescopes. Second, a possible scenario is that the supernova will have no signal in electromagnetic radiation, or only
a very faint signal, and pointing information will be useful for locating a remnant (or a progenitor from catalogs).
Doing so could, for example, allow one to learn the distance of travel by the neutrinos through the Earth for matter
effect evaluation.
The most promising method for neutrino pointing is via elastic scattering (see Section III B), in which the electron

gets kicked in the direction of the neutrino. In a Cherenkov detector, the directionality of the electron can be
determined from the Cherenkov ring. Because elastic scattering represents only a few percent of the total signal,
the problem becomes one of finding a small bump on a nearly isotropic background. In the absence of background,
pointing quality goes roughly as ∼ 25◦/

√
N , where N is the observed number of elastic scattering events. Reduction

of the nearly isotropic background (mostly IBD) can be achieved through the use of neutron tagging with Gd (see
Section IVB). When background is taken into account, the expected pointing quality for Super-K at 10 kpc [130, 131]
is about 8◦, which improves to approximately 3◦ with good IBD tagging. For a megaton detector, better-than-1◦

pointing is achievable.
IBD positrons have only a mild anisotropy [49], which nevertheless could be exploited in a very high statistics

measurement. In principle it is possible to recover some directional information in scintillator by reconstructing the
relative positions of neutron capture and positron energy loss. This IBD directionality has been measured in the

Expected	
  #	
  of	
  neutrino	
  events	
  for	
  a	
  galac2c	
  (10	
  kpc)	
  supernova.	
  

Scholberg	
  2012	
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•  Neutrinos	
  probe	
  thermodynamics	
  and	
  dynamics	
  of	
  the	
  
supernova.	
  From	
  luminosity	
  &	
  spectrum,	
  learn	
  about:	
  

	
   v  Protoneutron	
  star	
  mass	
  	
  &	
  
structure.	
  

v  Nuclear	
  equa1on	
  of	
  state.	
  

v  Accre1on	
  rate.	
  
v  Supernova	
  dynamics.	
  

•  Probe	
  uncertain/new	
  neutrino	
  physics:	
  
	
  v  Mass	
  hierarchy.	
  
v  Collec1ve	
  oscilla1ons.	
  

v  MSW	
  oscilla1ons.	
  
v  New/exo1c	
  physics.	
  

hip://www.par1clezoo.net/	
  
	
  

George	
  Fuller’s	
  
lecture	
  



ongoing Karlsruhe Tritium Neutrino Experiment
(KATRIN) [9]. Assuming KATRIN will confirm this limit,
arrival time dispersion of SN neutrinos will be completely
irrelevant in our context. Should KATRIN discover
eV-scale neutrino masses in violation of cosmological
limits one could return to this study and include time-of-
flight dispersion.

In Sec. II we review the detector response of IceCube to
SN neutrinos. In Sec. III we use the output from the

numerical models of Marek, Janka, and Müller (2009)
[6] and study the signal power as a function of frequency
relative to the detector shot noise. In Sec. IV we briefly
discuss the fluctuations of neutrino energies relative to
luminosity variations. In Sec. V we consider the modifica-
tion caused by a stiffer nuclear equation of state. In Sec. VI
we interpret the results of our analysis on the basis of
present explosion models and our understanding of the
physics relevant in the SN core. We also briefly address
the question what could be learned if SASI and convective
neutrino signal variations were detected. We discuss and
summarize our findings in Sec. VII. In the Appendix we
derive the detector shot noise and define the normalization
of our Fourier transform of binned data.
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FIG. 1 (color online). Top: !!e luminosity of our baseline SN
model sampled at 1 ms intervals. Red line: north hemispheric
average. Black line: moving average with a Gaussian window
function (" ¼ 7 ms). Middle: !!e rms energy. Red and black
lines as the panel above. Bottom: detection rate in IceCube. Also
shown is the 1" range caused by shot noise, assuming a bin
width of 1 ms.
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FIG. 2 (color online). Same as Fig. 1 using the EoS of
Hillebrandt and Wolff. See Sec. V for more details.
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ongoing Karlsruhe Tritium Neutrino Experiment
(KATRIN) [9]. Assuming KATRIN will confirm this limit,
arrival time dispersion of SN neutrinos will be completely
irrelevant in our context. Should KATRIN discover
eV-scale neutrino masses in violation of cosmological
limits one could return to this study and include time-of-
flight dispersion.

In Sec. II we review the detector response of IceCube to
SN neutrinos. In Sec. III we use the output from the

numerical models of Marek, Janka, and Müller (2009)
[6] and study the signal power as a function of frequency
relative to the detector shot noise. In Sec. IV we briefly
discuss the fluctuations of neutrino energies relative to
luminosity variations. In Sec. V we consider the modifica-
tion caused by a stiffer nuclear equation of state. In Sec. VI
we interpret the results of our analysis on the basis of
present explosion models and our understanding of the
physics relevant in the SN core. We also briefly address
the question what could be learned if SASI and convective
neutrino signal variations were detected. We discuss and
summarize our findings in Sec. VII. In the Appendix we
derive the detector shot noise and define the normalization
of our Fourier transform of binned data.
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FIG. 1 (color online). Top: !!e luminosity of our baseline SN
model sampled at 1 ms intervals. Red line: north hemispheric
average. Black line: moving average with a Gaussian window
function (" ¼ 7 ms). Middle: !!e rms energy. Red and black
lines as the panel above. Bottom: detection rate in IceCube. Also
shown is the 1" range caused by shot noise, assuming a bin
width of 1 ms.
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electron capture at the shock and to the quasi-hydrostatic sinking
of the inner core caused by steady neutronization and cooling, an
‘‘‘ ¼ 0’’ component is not in evidence. Shock asphericities with
some ‘ ¼ 1 component are generated, but mostly by the turbulent
motions of neutrino-driven convection during this early phase. It
is only after the core has settled, the electron capture rates at the
shock have decreased due to the gradual decrease in the density of
the accreted material, and there is no net energy loss behind the
shock in the gain region that the advective-acoustic behavior
identified by Foglizzo is clearly manifest. This delay could not
have been captured in the calculations of Blondin et al. (2003).
Second, when the shock instability can finally be identified, the

matter is already convecting nonlinearly due to neutrino heating.
Hence, a linear growth analysis may be inaccurate, or, at the very
least, the seed perturbations for the shock instability are the tur-
bules and plumes of neutrino-driven convection. Third, the non-
linear phase of the shock instability bringswith it secondary shock
waves and the shock oscillation becomes saturated and non-
periodic. By itself, the shock instability is not leading to explosion
and the average radius of the outer shock ceases to increase, al-
though the wobble and top-bottom asymmetry can still be ex-
treme. Fourth, within the first 100–150ms of the shock instability
its behavior not only ceases to be periodic with a clear oscillation
period but also is not a simple normal mode. A new phenomenon

Fig. 1.—Colormap stills of the entropy, taken at 50 (top left), 150 (top right), 275 (bottom left), and 310 ms (bottom right) past core bounce, with velocity vectors
overplotted. Here ‘‘Width’’ refers to the diameter through the middle; the radius through the middle is 375 km. Note that in this figure, as well as in Fig. 2, for ease of
comparison between panels the same colormap is used. It extends up to 100 units (red), above which it saturates (see text for discussion). These calculations have
been done for a full 180", and the axis of symmetry is vertical.
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ideal Fermi-gas approximation (Liebendörfer et al. 2005;
O’Connor & Ott 2010). Leaving out this pressure contribution
leads to ⇠ 5% smaller maximum gravitational PNS masses.
We also include terms due to neutrino pressure and radiation-
field energy in the calculation of the gravitational mass (Equa-
tion 3) and of the metric potential (Equation 4). Since our
leakage scheme does not treat neutrino energy separately from
the internal energy of the fluid, including the energy of the
neutrino gas in the former equations is not fully consistent
with our present approach. This error was discovered and cor-
rected after all simulations were performed. However, a set of
test calculations showed that the error leads to an underesti-
mate of the maximum gravitational PNS mass of only ⇠ 2%
which is well within the error of the overall leakage scheme
(see also §4.2).

2.3. Equations of State and Maximum Neutron Star Masses

We include multiple finite-temperature nuclear EOS in this
study to explore the dependence of postbounce evolution and
BH formation on EOS properties. The Lattimer-Swesty (LS)
EOS (Lattimer & Swesty 1991) is based on the compress-
ible liquid-droplet model, assumes a nuclear symmetry en-
ergy Sv of 29.3MeV, and comes in three variants with differ-
ent values of the nuclear incompressibility of Ks = 180MeV
(LS180), 220MeV (LS220), and 375MeV (LS375). The EOS
of Shen et al. (1998a,b) (HShen EOS), on the other hand, is
based on a relativistic mean-field model, has Sv = 36.9MeV
and Ks = 281MeV. More details on these EOS and their im-
plementation in GR1D is given in O’Connor & Ott (2010).
The EOS tables and driver routines employed in this study are
available for download at http : //stellarcollapse.org.

By solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions (Oppenheimer & Volkoff 1939) with T = 0.1MeV and
assuming neutrinoless �-equilibrium we determine the neu-
tron star baryonic and gravitational mass–radius relationships
that each of these four EOS produce and that are depicted by
Figure 1. The maximum gravitational (baryonic) neutron star
masses are ⇠ 1.83M� (⇠ 2.13M�), ⇠ 2.04M� (⇠ 2.41M�),
⇠ 2.72M� (⇠ 3.35M�), and ⇠ 2.24M� (⇠ 2.61M�) for
LS180, LS220, LS375, and HShen, respectively. The co-
ordinate radii of these maximum-mass stars are ⇠ 10.1km,
⇠ 10.6km, ⇠ 12.3km and ⇠ 12.6km, respectively.

The above maximum neutron star masses hold only for non-
rotating cold NSs. As we will discuss in detail in §4.3, the
PNSs at the heart of the failing CCSNe considered in this
work, are much hotter. They have central temperatures of
⇠ 10-20MeV and tens of MeV in their outer core and mantle.
Thermal effects have a significant effect on their maximum
masses.

In this study, we do not consider hyperonic EOS, e.g., the
hyperonic extension of the HShen EOS by Ishizuka et al.
(2008), or EOS involving other phases of nuclear matter, e.g.,
quarks and pions Nakazato et al. (2010). Such EOS are po-
tentially interesting in failing CCSNe, since their exotic com-
ponents lead to a softening of the EOS at high density, poten-
tially accelerating BH formation (Sumiyoshi et al. 2009). We
also do not consider EOS that include QCD phase transitions
that too may lead to early PNS collapse and potentially to a
second bounce and neutrino burst (Sagert et al. 2009).

3. MODEL SETUP

Figure 1. Baryonic (left) and gravitational (right) neutron mass–radius re-
lations for various hot nuclear EOS. The temperature is taken to be constant
throughout the star at T = 0.1MeV and the electron fraction is determined
through neutrinoless �-equilibrium with an imposed minimum of 0.05 due to
table constraints.

3.1. Presupernova Data

We make use of single-star nonrotating presupernova mod-
els from several stellar evolution studies: Woosley & Weaver
(1995) (WW95), Woosley et al. (2002) (WHW02), Limongi
& Chieffi (2006) (LC06A/B) and Woosley & Heger (2007)
(WH07). Each of these studies evolved stars with a range of
ZAMS masses at solar metallicity (Z�, hereafter denoted with
prefix s in model names) up until the onset of core collapse.
In addition to solar metallicity, WHW02 evolved stars with
ultra low metallicitiy, 10-4 Z� (denoted by prefix u) and zero
metallicity (denoted by prefix z). Rotation is of relevance in
stellar evolution and stellar evolutionary processes affect the
rotational configuration at the presupernova stage. In order to
study BH formation, BH birth properties and their impact on
a potential subsequent evolution to a GRB in such spinning
progenitors, we draw representative models from Heger et al.
(2000) (HLW00) and from Woosley & Heger (2006) (WH06)
who included rotation in essentially the same way as we do in
GR1D.

In Table 1, we list key parameters for all models in our set.
These include presupernova mass, iron core mass (which we
define as the baryonic mass interior to Ye = 0.495), and the
bounce compactness ⇠2.5. The latter is defined as

⇠M =
M/M�

R(Mbary = M)/1000km

���
t=tbounce

, (10)

where we set M = 2.5M�. R(Mbary = 2.5M�) is the radial co-
ordinate that encloses 2.5-M� at the time of core bounce. ⇠2.5
gives a measure of a progenitor’s compactness at bounce. We
choose M = 2.5M� as this is the relevant mass scale for BH
formation. ⇠2.5 is, as we shall discuss in §4.4, a dimension-
less variable that allows robust predictions on the postbounce
dynamics and the evolution of the model towards BH forma-
tion. The evaluation of ⇠2.5 at core bounce is crucial, since this
is the only physical and unambiguous point in core collapse
at which one can define a zero of time and can describe the
true initial conditions for postbounce evolution. Computing
the same quantity at the precollapse stage leads to ambiguous
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Figure 3. Neutrino luminosities (top panels) and average energies (bottom panels) plotted as a function of postbounce time for all 32 models of Woosley & Heger
(2007). The top set of panels shows results obtained with the LS220 EOS. The bottom panel shows the same for the HShen EOS, but includes, for reference, two
LS220 models: s12WH07 and s40WH07. The left, center, and right panels show results for ⌫e, ⌫̄e, and ⌫x, respectively. The curves are color- and line-weight-
coded with increasing compactness (⇠1.75), the mapping from color to compactness parameter is shown on the right. There is a clear trend in all luminosities and
average energies with compactness parameter. The progenitor with the highest compactness, s40WH07, forms a black hole at 502 ms after bounce. None of these
models explode, but the onset of an explosion in any of these models may lead to a sudden deep drop (strongest for ⌫e and ⌫̄e) in the luminosities and average
energies (Fischer et al. 2010), although this is likely suppressed by multidimensional effects. The smaller drop observed for most models models here is due to
the sudden decrease of the accretion rate when the silicon–oxygen interface reaches the stalled shock.
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ideal Fermi-gas approximation (Liebendörfer et al. 2005;
O’Connor & Ott 2010). Leaving out this pressure contribution
leads to ⇠ 5% smaller maximum gravitational PNS masses.
We also include terms due to neutrino pressure and radiation-
field energy in the calculation of the gravitational mass (Equa-
tion 3) and of the metric potential (Equation 4). Since our
leakage scheme does not treat neutrino energy separately from
the internal energy of the fluid, including the energy of the
neutrino gas in the former equations is not fully consistent
with our present approach. This error was discovered and cor-
rected after all simulations were performed. However, a set of
test calculations showed that the error leads to an underesti-
mate of the maximum gravitational PNS mass of only ⇠ 2%
which is well within the error of the overall leakage scheme
(see also §4.2).

2.3. Equations of State and Maximum Neutron Star Masses

We include multiple finite-temperature nuclear EOS in this
study to explore the dependence of postbounce evolution and
BH formation on EOS properties. The Lattimer-Swesty (LS)
EOS (Lattimer & Swesty 1991) is based on the compress-
ible liquid-droplet model, assumes a nuclear symmetry en-
ergy Sv of 29.3MeV, and comes in three variants with differ-
ent values of the nuclear incompressibility of Ks = 180MeV
(LS180), 220MeV (LS220), and 375MeV (LS375). The EOS
of Shen et al. (1998a,b) (HShen EOS), on the other hand, is
based on a relativistic mean-field model, has Sv = 36.9MeV
and Ks = 281MeV. More details on these EOS and their im-
plementation in GR1D is given in O’Connor & Ott (2010).
The EOS tables and driver routines employed in this study are
available for download at http : //stellarcollapse.org.

By solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions (Oppenheimer & Volkoff 1939) with T = 0.1MeV and
assuming neutrinoless �-equilibrium we determine the neu-
tron star baryonic and gravitational mass–radius relationships
that each of these four EOS produce and that are depicted by
Figure 1. The maximum gravitational (baryonic) neutron star
masses are ⇠ 1.83M� (⇠ 2.13M�), ⇠ 2.04M� (⇠ 2.41M�),
⇠ 2.72M� (⇠ 3.35M�), and ⇠ 2.24M� (⇠ 2.61M�) for
LS180, LS220, LS375, and HShen, respectively. The co-
ordinate radii of these maximum-mass stars are ⇠ 10.1km,
⇠ 10.6km, ⇠ 12.3km and ⇠ 12.6km, respectively.

The above maximum neutron star masses hold only for non-
rotating cold NSs. As we will discuss in detail in §4.3, the
PNSs at the heart of the failing CCSNe considered in this
work, are much hotter. They have central temperatures of
⇠ 10-20MeV and tens of MeV in their outer core and mantle.
Thermal effects have a significant effect on their maximum
masses.

In this study, we do not consider hyperonic EOS, e.g., the
hyperonic extension of the HShen EOS by Ishizuka et al.
(2008), or EOS involving other phases of nuclear matter, e.g.,
quarks and pions Nakazato et al. (2010). Such EOS are po-
tentially interesting in failing CCSNe, since their exotic com-
ponents lead to a softening of the EOS at high density, poten-
tially accelerating BH formation (Sumiyoshi et al. 2009). We
also do not consider EOS that include QCD phase transitions
that too may lead to early PNS collapse and potentially to a
second bounce and neutrino burst (Sagert et al. 2009).

3. MODEL SETUP

Figure 1. Baryonic (left) and gravitational (right) neutron mass–radius re-
lations for various hot nuclear EOS. The temperature is taken to be constant
throughout the star at T = 0.1MeV and the electron fraction is determined
through neutrinoless �-equilibrium with an imposed minimum of 0.05 due to
table constraints.

3.1. Presupernova Data

We make use of single-star nonrotating presupernova mod-
els from several stellar evolution studies: Woosley & Weaver
(1995) (WW95), Woosley et al. (2002) (WHW02), Limongi
& Chieffi (2006) (LC06A/B) and Woosley & Heger (2007)
(WH07). Each of these studies evolved stars with a range of
ZAMS masses at solar metallicity (Z�, hereafter denoted with
prefix s in model names) up until the onset of core collapse.
In addition to solar metallicity, WHW02 evolved stars with
ultra low metallicitiy, 10-4 Z� (denoted by prefix u) and zero
metallicity (denoted by prefix z). Rotation is of relevance in
stellar evolution and stellar evolutionary processes affect the
rotational configuration at the presupernova stage. In order to
study BH formation, BH birth properties and their impact on
a potential subsequent evolution to a GRB in such spinning
progenitors, we draw representative models from Heger et al.
(2000) (HLW00) and from Woosley & Heger (2006) (WH06)
who included rotation in essentially the same way as we do in
GR1D.

In Table 1, we list key parameters for all models in our set.
These include presupernova mass, iron core mass (which we
define as the baryonic mass interior to Ye = 0.495), and the
bounce compactness ⇠2.5. The latter is defined as

⇠M =
M/M�

R(Mbary = M)/1000km

���
t=tbounce

, (10)

where we set M = 2.5M�. R(Mbary = 2.5M�) is the radial co-
ordinate that encloses 2.5-M� at the time of core bounce. ⇠2.5
gives a measure of a progenitor’s compactness at bounce. We
choose M = 2.5M� as this is the relevant mass scale for BH
formation. ⇠2.5 is, as we shall discuss in §4.4, a dimension-
less variable that allows robust predictions on the postbounce
dynamics and the evolution of the model towards BH forma-
tion. The evaluation of ⇠2.5 at core bounce is crucial, since this
is the only physical and unambiguous point in core collapse
at which one can define a zero of time and can describe the
true initial conditions for postbounce evolution. Computing
the same quantity at the precollapse stage leads to ambiguous
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ideal Fermi-gas approximation (Liebendörfer et al. 2005;
O’Connor & Ott 2010). Leaving out this pressure contribution
leads to ⇠ 5% smaller maximum gravitational PNS masses.
We also include terms due to neutrino pressure and radiation-
field energy in the calculation of the gravitational mass (Equa-
tion 3) and of the metric potential (Equation 4). Since our
leakage scheme does not treat neutrino energy separately from
the internal energy of the fluid, including the energy of the
neutrino gas in the former equations is not fully consistent
with our present approach. This error was discovered and cor-
rected after all simulations were performed. However, a set of
test calculations showed that the error leads to an underesti-
mate of the maximum gravitational PNS mass of only ⇠ 2%
which is well within the error of the overall leakage scheme
(see also §4.2).

2.3. Equations of State and Maximum Neutron Star Masses

We include multiple finite-temperature nuclear EOS in this
study to explore the dependence of postbounce evolution and
BH formation on EOS properties. The Lattimer-Swesty (LS)
EOS (Lattimer & Swesty 1991) is based on the compress-
ible liquid-droplet model, assumes a nuclear symmetry en-
ergy Sv of 29.3MeV, and comes in three variants with differ-
ent values of the nuclear incompressibility of Ks = 180MeV
(LS180), 220MeV (LS220), and 375MeV (LS375). The EOS
of Shen et al. (1998a,b) (HShen EOS), on the other hand, is
based on a relativistic mean-field model, has Sv = 36.9MeV
and Ks = 281MeV. More details on these EOS and their im-
plementation in GR1D is given in O’Connor & Ott (2010).
The EOS tables and driver routines employed in this study are
available for download at http : //stellarcollapse.org.

By solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions (Oppenheimer & Volkoff 1939) with T = 0.1MeV and
assuming neutrinoless �-equilibrium we determine the neu-
tron star baryonic and gravitational mass–radius relationships
that each of these four EOS produce and that are depicted by
Figure 1. The maximum gravitational (baryonic) neutron star
masses are ⇠ 1.83M� (⇠ 2.13M�), ⇠ 2.04M� (⇠ 2.41M�),
⇠ 2.72M� (⇠ 3.35M�), and ⇠ 2.24M� (⇠ 2.61M�) for
LS180, LS220, LS375, and HShen, respectively. The co-
ordinate radii of these maximum-mass stars are ⇠ 10.1km,
⇠ 10.6km, ⇠ 12.3km and ⇠ 12.6km, respectively.

The above maximum neutron star masses hold only for non-
rotating cold NSs. As we will discuss in detail in §4.3, the
PNSs at the heart of the failing CCSNe considered in this
work, are much hotter. They have central temperatures of
⇠ 10-20MeV and tens of MeV in their outer core and mantle.
Thermal effects have a significant effect on their maximum
masses.

In this study, we do not consider hyperonic EOS, e.g., the
hyperonic extension of the HShen EOS by Ishizuka et al.
(2008), or EOS involving other phases of nuclear matter, e.g.,
quarks and pions Nakazato et al. (2010). Such EOS are po-
tentially interesting in failing CCSNe, since their exotic com-
ponents lead to a softening of the EOS at high density, poten-
tially accelerating BH formation (Sumiyoshi et al. 2009). We
also do not consider EOS that include QCD phase transitions
that too may lead to early PNS collapse and potentially to a
second bounce and neutrino burst (Sagert et al. 2009).

3. MODEL SETUP

Figure 1. Baryonic (left) and gravitational (right) neutron mass–radius re-
lations for various hot nuclear EOS. The temperature is taken to be constant
throughout the star at T = 0.1MeV and the electron fraction is determined
through neutrinoless �-equilibrium with an imposed minimum of 0.05 due to
table constraints.

3.1. Presupernova Data

We make use of single-star nonrotating presupernova mod-
els from several stellar evolution studies: Woosley & Weaver
(1995) (WW95), Woosley et al. (2002) (WHW02), Limongi
& Chieffi (2006) (LC06A/B) and Woosley & Heger (2007)
(WH07). Each of these studies evolved stars with a range of
ZAMS masses at solar metallicity (Z�, hereafter denoted with
prefix s in model names) up until the onset of core collapse.
In addition to solar metallicity, WHW02 evolved stars with
ultra low metallicitiy, 10-4 Z� (denoted by prefix u) and zero
metallicity (denoted by prefix z). Rotation is of relevance in
stellar evolution and stellar evolutionary processes affect the
rotational configuration at the presupernova stage. In order to
study BH formation, BH birth properties and their impact on
a potential subsequent evolution to a GRB in such spinning
progenitors, we draw representative models from Heger et al.
(2000) (HLW00) and from Woosley & Heger (2006) (WH06)
who included rotation in essentially the same way as we do in
GR1D.

In Table 1, we list key parameters for all models in our set.
These include presupernova mass, iron core mass (which we
define as the baryonic mass interior to Ye = 0.495), and the
bounce compactness ⇠2.5. The latter is defined as

⇠M =
M/M�

R(Mbary = M)/1000km

���
t=tbounce

, (10)

where we set M = 2.5M�. R(Mbary = 2.5M�) is the radial co-
ordinate that encloses 2.5-M� at the time of core bounce. ⇠2.5
gives a measure of a progenitor’s compactness at bounce. We
choose M = 2.5M� as this is the relevant mass scale for BH
formation. ⇠2.5 is, as we shall discuss in §4.4, a dimension-
less variable that allows robust predictions on the postbounce
dynamics and the evolution of the model towards BH forma-
tion. The evaluation of ⇠2.5 at core bounce is crucial, since this
is the only physical and unambiguous point in core collapse
at which one can define a zero of time and can describe the
true initial conditions for postbounce evolution. Computing
the same quantity at the precollapse stage leads to ambiguous
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Figure 2. Neutrino luminosities and root mean squared energies plotted as a function of postbounce time for all 32 models. These luminosites (top panels)
and energies (bottom panels) correspond to the models evolved with the LS220 EOS. The leftmost panels correspond to electron neutrinos, the middle panels
correspond to electron antineutrinos, and the rightmost panels correspond to heavy-lepton neutrinos. The curves are color and line-width coded according to the
bounce compactness, the mapping from color to bounce compactness is shown of the right. There is a clear trend in all of the luminosities and root mean squared
energies with the bounce compactness. The model with the highest bounce compactness, s40WH07, forms a black hole at 502 ms after bounce. The onset of an
explosion in any of these models would dramatically effect the subsequent luminosity and root mean squared energies.

Unlike the luminosities, the root mean squared energies
have a strong EOS dependence, For a given model, the root
mean squared electron neutrino and antineutrino energies are
systematically ⇠ 3–5 MeV lower using the HShen EOS in-
stead of the LS220 EOS. The heavy-lepton neutrinos are be-
have similarly for the low-⇠2.5 models but differ even more
dramatically for the high bounce compactness models. This
is for the same reason as described above, the cores of the
models run with the LS220 EOS are much more compact than
the corresponding models with the HShen EOS. In general, in
models runs with the HShen EOS, the Rosseland-mean neu-
trinosphere is systematically located at both a larger radii, and
a lower matter temperature for each species, when compared
to the runs with the LS220 EOS. The density at the neutri-
nosphere is roughly the same with both EOS, with a slightly
tendency towards higher matter densities for the HShen EOS.

In a future galactic core-collapse supernova, neutrino de-
tectors will be most sensitive to the electron antineutrino lu-
minosity through the dominant inverse �-decay interaction,
⌫̄

e

+ p ! n + e

+. To more quantitatively examine the sys-
tem dependence of the postbounce neutrino luminosities we
consider the cumulative emitted electron antineutrino energy.
This is shown in the left panel of Figure 3. We again color
code the models based on their bounce compactness and in-
clude two reference models that use the HShen EOS. This left
panel is the integral of the top middle panel of Figure 2. Up
until the point of explosion, the amount of emitted electron
antineutrino energy from the s40WH07 model is always be-
tween two and three times that of the s12WH07 model. In
fact, the cumulative amount of electron antineutrino energy
emitted during the preexplosion phase is directly correlates
to the bounce compactness of the progenitor model. This is

shown in the middle and right panels of Figure 3. In the mid-
dle panel we plot the cumulative emitted electron antineutrino
energy at 100, 200, 300, and 400 ms postbounce for both EOS
as a function of ⇠2.5. We see a very clear correlation that does
not strongly depend on the choosen EOS. The correlation can
be improved by plotting the cumulative emitted energy as a
function of ⇠1.75. The reasoning behind choosing a lower mass
is clear. Unlike the situation we considered in O’Connor &
Ott (2011), the physics in the early postbounce phase is most
sensitive to the structure at the relevant mass scale—baryonic
masses that are ⇠1.6–1.8—not at the relevant black hole for-
mation mass scale of ⇠ 2.5 M�. The correlation still holds,
but begins to break down after 400 ms of postbounce evolu-
tion for models with small bounce compactness. However, at
this time one expects the shock to either begin to be revived or
already be travelling outwards, this will also break the corre-
lation observed in Figure 3. Once an explosion is launched the
accretion luminosity effectively turns off and only the cooling
luminosity remains. While one also expects this cooling lu-
minosity to show a correlation with the compactness of the
progenitor, it is currently unclear whether one would obtain
a correlation between explosion time/core-collapse outcome
and the core compactness. The recent work of Ugliano et al.
(2012) suggests that there is not a clear correlation—it is un-
likely that without 3D simulations with sophisticated neutrino
physics will we be able to answer this question. We intend on
exploring the progenitor dependence of the cooling phase in
future work.

The question now becomes can we observe the early post-
bounce, preexplosion phase of the next galactic core-collapse
supernova with enough accuracy to distinguish between dif-
ferent presupernova structures. If so, we can experimentally
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2008).

Much more troublesome are the collective neutrino oscilla-
tions that arise from coherent neutrino-neutrino forward scat-
tering. Collective oscillations are very sensitive to the energy
spectra (both the distribution and magnitude) of all neutrino
flavors and the background matter density. Since the gov-
erning equations are highly non-linear, there are currently no
simple analytic expressions predicting the neutrino signal at
Earth based on the output of core-collapse simulations. Re-
cent studies suggest that during the early postbounce, pre-
explosion phase, collective neutrino oscillations may be sup-
pressed (?Chakraborty et al. 2011; ?), however the commu-
nity has not yet reached consensus, see, e.g., Cherry et al.
(2012) and Dasgupta et al. (2012).

6. DISCUSSION

The next nearby core-collapse supernova will be ex-
tremely well observed in neutrinos. Super-Kamiokande alone
will observe ⇠7000 electron antineutrinos from a typical
core-collapse supernova at a fiducial galactic distance of
10kpc. Future detectors of the scale of the proposed Hyper-
Kamiokande may see in excess of 105 interactions. Such
high-statistics observations will provide rich information on
the neutrino signal. Comparison with theoretical model pre-
dictions will allow to falsify or constrain a broad range of
hypotheses in core-collapse supernova astrophysics and nu-
clear/neutrino physics. Unexpected signal features may lead
to the discovery of new physics.

In this study, our focus has been on the imprint of the
progenitor star’s structure on the neutrino signal in the
postbounce preexplosion phase of core-collapse supernovae.
We have carried out a large set of spherically-symmetric
radiation-hydrodynamics simulations of core collapse and the
early postbounce phase with the goal of studying trends in the
neutrino signal with variations in progenitor structure.

Our results show, in agreement with previous work (e.g.,
Burrows & Mazurek 1983; Liebendörfer et al. 2001, 2002,
2003, 2004; Thompson et al. 2003; Kachelrieß et al. 2005;
Buras et al. 2006; Serpico et al. 2012), that the ⌫e signal from
the neutronization burst emerging shortly after bounce has
very little progenitor dependence, due to the universal nature
of homologous inner core collapse.

The neutrino signal in the postbounce preexplosion phase is
determined primarily by the accretion luminosity of outer iron
core, silicon shell, and oxygen shell material. The postbounce
accretion rate depends on the inner structure of the progenitor
at the presupernova stage. Our results show that the preexplo-
sion neutrino signal has an essentially monotonic dependence
on progenitor structure described by a single parameter, the
compactness ⇠M / M/R(M) (where M is a typical baryonic
mass reaching the center over the timescale of interest). The
greater a progenitor’s ⇠M , the higher are the emitted luminosi-
ties and average energies of all neutrino species. Scaling in
the same way is the total emitted energy in neutrinos over the
entire protoneutron star cooling phase for a given explosion
time at which accretion is shut off. These trends are robust
and independent of the nuclear EOS. They are also rather in-
sensitive to the particular choice of the reference mass M in
⇠M as long as it is in the range of typical neutron star baryonic
masses (⇠1.4 - 2.5M�) and we find ⇠1.75 to be a good choice.
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Figure 10. Predictions of the cumulative IBD interactions in Kamiokande–
II for a core-collapse event at 51.4 kpc. The left panel assumes no neutrino
oscillations, while the right panel assumes a swapping of the ⌫̄e and ⌫x spec-
tra. The color coded lines denote different progenitors and are generated with
SNOwGLoBES based on our simulations with the LS220 EOS. More details
are provided in the text. We overlay the cumulative detected interactions
observed in Kamiokande–II from SN 1987A, assuming the first interaction
denotes the time of core-bounce.

The monotonic dependence of the preexplosion neutrino
emission on progenitor compactness translates directly to the
neutrino signal observed by detectors, provided collective
neutrino oscillations do not lead to complicated swaps of fla-
vor spectra that brake the dependence of the observed sig-
nal on progenitor structure. Neutrino observations of the
next nearby core collapse event thus may, in principle, al-
low quantitative constraints on the inner structure of the pro-
genitor star. As an example with real neutrino data, we con-
sider the early postbounce neutrino signal observed from SN
1987A by the Kamiokande–II experiment (Hirata et al. 1987).
Of the eleven interactions that were observed, the first four
occurred within 323 ms of each other. All interactions ob-
served by Kamiokande–II are consistent with being IBD in-
teractions (Hirata et al. 1987). We assume that the first in-
teraction occurs at the onset of the postbounce phase, al-
though the actual bounce time is likely somewhat earlier. In
Fig. 10, we plot the cumulative number of detected inter-
actions observed from SN 1987A in the first 500 ms along
with the SNOwGLoBES prediction from our simulations with
the LS220 EOS using a 2.14 kT water Cherenkov detector at
51.4 kpc. We use the efficiencies quoted in Burrows (1988)
and the smearing matrices from the SNOwGLoBES detector
configuration wc100kt30prct. To show the full range of
the possible effects of MSW neutrino oscillations, we show
the expected number of interactions assuming no oscillations
and assuming a complete switch of the ⌫̄e and ⌫x spectra (as
would be the case in the normal mass hierarchy; the inverted
hierarchy is a combination of these two signals). During the
accretion phase the expected number of detected interactions
from an oscillated ⌫x spectrum can be significantly smaller
than the electron-type neutrino luminosity due to the smaller
neutrino luminosity in the accretion phase. While the quan-
titative results obviously depend on neutrino oscillation de-
tails, the qualitative trend with ⇠M is unbroken. Comparing
our predictions with the interactions observed from SN 1987A
one notes (but must keep the very small-number statistics in
mind) that either the explosion must have occurred early in the
postbounce phase and/or the progenitor must have had a rela-
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